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ABSTRACT: Starting from lead compound 4, the 1,4-oxazine
headgroup was optimized to improve potency and brain
penetration. Focusing at the 6-position of the 5-amino-1,4-oxazine,
the insertion of a Me and a CF3 group delivered an excellent
pharmacological profile with a pKa of 7.1 and a very low P-gp efflux
ratio enabling high central nervous system (CNS) penetration and
exposure. Various synthetic routes to access BACE1 inhibitors
bearing a 5-amino-6-methyl-6-(trifluoromethyl)-1,4-oxazine head-
group were investigated. Subsequent optimization of the P3
fragment provided the highly potent N-(3-((3R,6R)-5-amino-3,6-
dimethyl-6-(trifluoromethyl)-3,6-dihydro-2H-1,4-oxazin-3-yl)-4-
fluorophenyl)-5-cyano-3-methylpicolinamide 54 (NB-360), able to reduce significantly Aβ levels in mice, rats, and dogs in acute and
chronic treatment regimens.

■ INTRODUCTION

Alzheimer’s disease (AD) is the world’s leading cause of
dementia and the most prevalent neurodegenerative disease.
AD currently constitutes a considerable unmet medical need
and is expected to become a major challenge for the healthcare
systems of both industrial and developing countries during the
coming decades. Accumulation of amyloid-β (Aβ) in
parenchymal plaques and the brain vasculature and hyper-
phosphorylated tau in neurofibrillary tangles is a pathological
hallmark of the disease.1 Neuroinflammation, driven by plaque-
activated microglia and astrocytes, is a likely mediator between
amyloid pathology and synaptic and neuronal dysfunction and
neuron loss.2 Currently available longitudinal data suggest that
abnormal deposition of Aβ starts about two decades before the
onset of clinical disease, while markers of neurodegeneration
(elevated tau protein in cerebrospinal fluid (CSF)) can be
detected several years before dementia diagnosis.3−5 Progress
to identify patients with elevated AD risk in the presympto-
matic stage has fueled therapeutic concepts that aim to start
antiamyloid treatments already in the “preclinical” (only Aβ
pathology present) or the “prodromal” (Aβ pathology plus
signs of early neurodegeneration) stage of the disease.6 First
clinical data indicating improved efficacy of the Aβ antibody
solenazumab in patients with early, compared to advanced, AD
further support the current ideas of preventive treatment.7

Aβ is generated in the β-secretase pathway from the large
transmembrane β-amyloid precursor protein (APP). The
membrane-bound aspartic protease BACE1 (EC 3.4.23.46)

initiates the pathway by cleaving APP at position one of Aβ,
generating the secreted amino-terminal part of APP (sAPPβ)
as well as the carboxy-terminal fragment C99. This trans-
membrane fragment is further cleaved by γ-secretase leading to
Aβ. Alternatively, APP may also be processed via the non-
amyloidogenic pathway, which is initiated by the metal-
loprotease α-secretase, which cleaves in the center of Aβ
leading to sAPPα and C83.8,9

Knock out of the BACE1 gene blocks the generation of Aβ
and C99, shifting the APP processing toward the α-secretase
pathway as indicated by an increase in sAPPα and C83.10

Interestingly, mice carrying only a single BACE1 allele showed
a 50% reduction in BACE1 enzyme activity but a much smaller
effect on Aβ.11 Nevertheless, a moderate 12% Aβ decrease in
transgenic mice carrying a single BACE1 allele translated into a
pronounced (70−90%) long-term reduction of Aβ deposi-
tion.12

BACE2 is a closely related protein, with high similarity in
sequence and three-dimensional structure, and its physiological
role is not well understood.13 Current BACE1 inhibitors show
little or no selectivity over BACE2, and it was unknown
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whether such lack of selectivity would have consequences in
chronic pharmacological treatment. BACE1 has a number of
physiological substrates in addition to APP. Germ-line deletion
of the BACE1 gene affected the processing of neuregulin1
(NRG1), resulting in hypomyelination,14,15 APP-like protein1
and 2 (APLP1/2),16 the close homologue of L1 (CHL1),17

seizure-6-protein (SEZ6),18 and others. Nonetheless, general
and consistent malfunction and sickness were not observed in
mice lacking BACE1 activity. Thus, it seems necessary to
elucidate in detail the relative importance of these BACE1
substrates during embryonal development and adult life.
Moreover, it was shown that some BACE1 physiological
substrates are processed in the trans Golgi network, while APP
is primarily cleaved in the more acidic endosomal compart-
ment. The intracellular inhibitor distribution may therefore
contribute to the effects on different BACE1 substrates. While
our understanding of BACE1 biology continues to evolve,
careful monitoring of the safety of BACE1 inhibitors during
clinical trials is critical. Recent clinical data show that strong
pharmacological inhibition of BACE1 is accompanied by signs
of worsening in some cognitive domains.19 Therefore, safety
and efficacy of doses leading to partial BACE1 inhibition need
to be investigated carefully.
BACE1 belongs to the aspartyl protease family with two

aspartic acids constituting the catalytic dyad in the center of a
large binding site extending over 6−8 substrate amino acid
residues. Standard high-throughput screening (HTS) methods
failed in many institutions to deliver suitable hits. Therefore,
the initial phase of the BACE1 inhibitor design was dominated
by peptidomimetic approaches, similar to those used for
inhibitors of renin and HIV protease. These efforts produced
potent inhibitors, which lacked significant brain penetration
and in vivo CNS Aβ lowering activity at pharmacological
doses.20,21 Consequently, the focus shifted to nonpeptidic
BACE1 inhibitors with physicochemical properties within the
CNS drug space. During lead optimization, special attention
has to be paid to the blood−brain barrier (BBB) penetration
capability, as well as cellular activity and metabolic
stability.22,23 A moderate-to-high permeability (>50−150
nm/s) and minimal P-glycoprotein (P-gp) efflux (efflux/flux
ratio (ER) less than 3-fold) in the MDCK-MDR1 assay have to
be attained to achieve a good BBB penetration and is
commonly observed for CNS drugs.24−27 Remaining within
the boundaries of the CNS drug property space during the
structure-based design (MW < 450 Da, PSA < 70 Å, clog P < 4,
HBD < 2, number of oxygen and nitrogen atoms ∑(N + O) <
5 and pKa < 8 to minimize P-gp28−31 and hERG channel32

interactions) should lead to drug candidates with acceptable

pharmacokinetics, brain exposure, and cardiosafety profiles. By
considering these constraints in the design of cyclic
hydroxyethylamine BACE1 inhibitors, we could demonstrate
brain exposure but were unable to overcome the high
metabolic clearance observed in the cyclic sulfone and cyclic
sulfoxide hydroxyethylamine scaffolds.33,34

A key advancement in the BACE1 inhibitor design was the
discovery of amidine- or guanidine-containing heterocycles by
high-throughput or/and fragment-based screening.35−38 An
amidine embedded in a cyclic framework, which can form an
optimal hydrogen-bonding network with both active site
aspartyl moieties, was combined with ideal substitution
vectors, derived from structural knowledge gained by X-ray
crystallography and molecular modeling.
This has led to a series of BACE1 inhibitors with high

potency and ligand efficiency. Selective substitution of the
amidine containing cyclic framework with moieties having a
low P-gp interaction potential and the capability to reduce the
pKa to ∼7 has provided in vivo efficacious BACE1 inhibitors.
Several compounds with slightly different substituted cyclic
amidine headgroups with such a profile have advanced into
clinical studies.39−46

Previously, various groups had disclosed frontrunner BACE1
inhibitors containing amidine headgroups (1−3, Table
1).35−37 Compound 3, bearing an amino-thiazine headgroup,
an aryl moiety in P1, and an extension into P3 via an amide
linker, expanded the field beyond 5- and 6-membered
acylguanidines 1−2 (nomenclature P1, P2, and P3 according
to Schechter and Berger47) while, at the same time, showing
excellent cellular activity and a low efflux ratio (ER) compared
to the amino-dihydropyrimidinone (1) and amino-hydantoin
headgroup (2) containing inhibitors.
To assist in the design of novel 6-membered heterocyclic

amidine headgroups, we co-crystallized compound 3 with
BACE1. In Figure 1, the topology of the active site of BACE1
bound to 3 is highlighted. Tight hydrogen bonds are formed
between the protonated 2-amino-thiazine headgroup and the
catalytic aspartates Asp32 (2.7 and 2.9 Å) and Asp228 (2.8 and
3.0 Å). In addition, the amide N−H forms a hydrogen bond
with the backbone carbonyl of Gly230. The connecting phenyl
ring is engaged in a network of van der Waals contacts with
hydrophobic residues lining the S1 pocket (Ile118, Trp115,
Phe108, and Tyr71 of the enzyme flap). The orientation of the
2-acyl-pyridine moiety projecting into the S3 pocket is
stabilized by a favorable intramolecular electrostatic interaction
between the NH of the amide bond and the pyridyl nitrogen.
An sp2 nitrogen at this position is preferred over an sp2 carbon
atom to minimize steric interaction with the backbone of

Table 1. Examples of Early Disclosed BACE1 Inhibitors with Amidine Headgroupse

1c 2d 3e

hBACE1 IC50 [μM]a 0.49 0.033 0.044
APP CHO IC50 [μM]a 0.48 0.122 0.004
pKa 9.5 6.6 8.8
ERb 25 59 6.1

aValues are means of at least three experiments. bER is the efflux ratio (PBL‑AP/PAP‑BL) in MDCK cells transfected with human MDR1. cRef 35. dRef
36. eRef 37.
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Gly230. This bisarylamide has become a widely used fragment,
especially in substituted 6-membered heterocyclic amidine
BACE1 inhibitors, likely because of its optimal shape
complementary with the S1 and S3 pockets and its
discrimination against cathepsin D.42,43,45,48−50

Based on the understanding of the binding mode of the 2-
amino-1,3-thiazine 3, the interactions of novel 6-membered
amidine heterocycles were assessed together with their
potential BBB penetration properties. From this evaluation,
we selected the 5-amino-1,4-oxazine headgroup as our starting
point.51 The measured pKa value of the 6-unsubstituted 5-
amino-1,4-oxazine headgroup turned out to be too basic and
outside of the target range (Table 2). Therefore, subsequent
fine-tuning with different electron-withdrawing substituents at
the 6- and/or 3-position was envisioned. Even weak electron-
withdrawing substituents at these proximal positions would be
expected to have a considerable pKa lowering effect. In
addition, steric shielding of the amidine headgroup was
postulated to have a positive impact on activity and permeation
by reduced solvation (Figure 2). Additional steric bulk at the
6-position was hypothesized to further increase the chemical
and metabolic stability of the 5-amino-1,4-oxazine headgroup.
Following this strategy, we were able to generate a series of
potent BACE1 inhibitors with druglike properties.

To set the baseline for potency and physicochemical
properties of this new class of 5-amino-1,4-oxazine inhibitors,
the C6-unsubstituted prototype compound 4 was synthe-
sized.51 At that time, the predictive power of our internal
computational tools for pKa values was not very strong and a
large difference between the calculated and experimentally
measured pKa was observed (6.2 vs 9.5, Table 2). To reduce
the amidine pKa to about 7, we favored small fluoroalkyl
substitutions (CF3, CHF2, CH2F) over polar substituents.51

The introduction of hydroxy, alkoxy, amino, amido, sulfone,
and sulfonamide groups was assumed to bear the risk to
increase P-gp-mediated efflux due to the increase in polarity
(HBD > 2, number of oxygen and nitrogen atoms ∑(N + O)
> 5). For estimation of the required fluorination level of a
methyl group at C6, we tried to transfer pKa shifts previously
described in the literature. The established pKa shifts of
fluoroalkyl groups on amines (ΔpKa NHCH2CH2CH3 to
NHCH2CH2CF3 −2.0) have been investigated,52 which
suggested the CF3 group to be a good option to lower the
amidine pKa to around neutrality. Herein, we disclose our
efforts to convert our initial 5-amino-1,4-oxazine lead
compound 4 into the 5-amino-6-methyl-6-trifluoromethyl-
1,4-oxazine containing inhibitors, a class of compounds (A,
Figure 2) with an improved physicochemical property profile
(measured pKa ∼ 7 and low efflux ratio) resulting in a robust
oral effect in CNS Aβ lowering activity. Related approaches
were also pursued by others.39,42,53 We present here, in more
detail, the synthetic access to this highly substituted 5-amino-
1,4-oxazine headgroup and structure−activity relationship
(SAR) of P3 modifications (64a−j).54 A detailed account of
the pharmacokinetic properties and the pharmacological
activity of 54 (NB-360) in preclinical studies has already
been published elsewhere.55

■ CHEMISTRY
Our retrosynthetic analysis is presented in Figure 3. An
obvious disconnection for the C6-unsubstituted 5-amino-1,4-
oxazine headgroup in 4 was to build the more accessible 1,6-
ether linkage in the 1,4-oxazine scaffold from the correspond-
ing N-chloroacetylated intermediate prepared from amino
alcohol B (Path A). The final target compounds could then
arise via amidine formation from the lactam and generation of
the aniline for amide coupling with different P3 fragments. The
same disconnection (Path A) for the 3,3,6,6-tetra-substituted

Figure 1. Co-crystal structure of 2-amino-1,3-thiazine inhibitor 3
bound to human BACE1 (PDB ID: 7B1E).

Figure 2. (A) Binding mode of 2-amino-1,3-thiazine 3 and (B) proposed binding mode of 5-amino-1,4-oxazine inhibitors 4 and compound series
A. Not shielded areas (in blue) decrease with increasing bulk at position 6.
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Figure 3. Retrosynthetic analysis of 4, rac-20, and compound series A.

Scheme 1. Preparation of 4 and rac-20Referring to Retrosynthetic Pathway Aa

aReagents and conditions: (a) NaBH4, BF3-Et2O, tetrahydrofuran (THF), 0−25 °C, 81/84%; (b) chloroacetyl chloride, Na2CO3, CH2Cl2-H2O, 0−
25 °C, 95/38%; (c) t-BuOK, t-BuOH, reflux, 32/52%; (d) Lawesson’s reagent, THF, reflux, 78/59%; (e) t-BuOOH, 7 N NH3 in MeOH, NH3
conc., THF, 25 °C, 50/90%; (f) (Boc)2O, N,N-diisopropylethylamine, CH2Cl2, 25 °C, 93/49%; (g) NaN3, CuI, (1R,2R)-N1,N2-
dimethylcyclohexane-1,2-diamine, Na-ascorbate, EtOH-H2O, 90 °C, 51/54%; (h) H2, Lindlar catalyst, EtOAc, 25 °C, 99/94%; (i) Chiralpak
IA 250 mm × 4.6 mm, hexane/EtOH/MeOH 80:10:10, 1.5 mL/min, 39/41%; (j) 17, EDC, HOAt, N,N-diisopropylethylamine, N,N-
dimethylformamide (DMF), 25 °C, 93/79%; (k) 4 N HCl in dioxane, 25−40 °C, 99/65%.
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5-amino-1,4-oxazine headgroup in compound class A is not
feasible, and alternative pathways had to be identified. The
neopentylic 1,2-ether formation (Path B) was judged to be
very difficult, and only an intramolecular bond forming process
was given some consideration initially. We expected an
intermolecular ether formation to C starting with the
commercially available tertiary alcohol D and a sterically less
demanding reactive electrophile (Path C) to be more
promising. Subsequent asymmetric addition of a methyl
group to a chiral sulfoximine intermediate derived from ketone
C would install the chiral amine for lactam formation.
Immediate addition of the C3 methyl group to the ketone
and transformation of the tertiary alcohol into an amine with
subsequent lactam formation would instead lead to the achiral
3,3,6,6-tetra-substituted 5-amino-1,4-oxazine headgroup, the
common central intermediate of the different pathways.
Alternatively, the attractive but somewhat more speculative

5-amino-1,4-oxazine formation by an intramolecular iodo-
amidination reaction was considered as well (Path D), utilizing
the amidine fragment (E), generated from D via allylic ether
formation and subsequent transformation of the ester moiety
into the corresponding amidine fragment.
After identification of the required absolute configuration at

C6, the development of a more versatile synthetic route to the
chiral key intermediate G was required to facilitate the P3
optimization process. The formation of the neopentylic ether
linkage with an advanced chiral P1 fragment together with the
chiral tert-alcohol D was initially considered attractive, but no
precedence for such transformation was found in the literature
at the time this work was started. Determined to find a more
efficient synthesis, we hypothesized that an activated aziridine
might be sufficiently reactive for a nucleophilic ring-opening
with the tert-alkoxyde D (Path E). By this unprecedented key
transformation, the common key amidine intermediate G

Scheme 2. Preparation of Racemic 38a−eReferring to Retrosynthetic Pathway Ca

aReagents and conditions: (a) TMSCH2N2, NEt3, THF, 0.25 °C, 73/88%; (b) 23, Rh2(TFA)4, CH2Cl2, 25 °C, 35/34%; (c) MeLi, AlMe3, toluene,
−78 °C, 69/65%; (d) TMSN3, BF3-Et2O, toluene, 35 °C, 78/63%; (e) In, 4 N HCl-THF, 25 °C, 76/71%; (f) AlMe3, CH2Cl2, 40 °C, (47/50%)/
(38/44%); (g) P2S5, hexamethyldisiloxane, toluene, 100 °C, 95/85%; (h) t-BuOOH, NH3, THF, 0−25 °C; (i) (Boc)2O, NEt3, acetonitrile, 25 °C,
two steps 56%/57%; (j) NaN3, CuI, (1R,2R)-N1,N2-dimethylcyclohexane-1,2-diamine, Na-ascorbate, EtOH-H2O, 70 °C, 82%/-; (k) H2, 10% Pd-
C, EtOH, 25 °C, 61%/two steps 51%; (l) 34, 35, or 36, EDC, HOAt, N,N-diisopropylethylamine, DMF, 25 °C; (m) 4 N HCl in dioxane, 40 °C,
two steps 33−85%.
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would become readily available via the corresponding amino-
nitrile intermediate.
The synthesis of the C6-unsubstituted 5-amino-1,4-oxazine

lead compounds 4 (R1 = H) and rac-20 (R1 = F) is depicted in
Scheme 1. The chloroacylated amino alcohols rac-7a and rac-
7b were easily obtained from the corresponding commercially
available amino acids rac-5a and rac-5b by borane reduction
and acylation with chloroacetyl chloride. Cyclization to the
3,3-disubstituted morpholin-5-one rac-8a and rac-8b with t-
BuOK followed by thioamide formation with Lawesson’s
reagent and oxidative-mediated transformation into the
amidine with tert-butyl hydroperoxide/ammonia and subse-
quent N-Boc protection with Boc-anhydride provided the
masked headgroup intermediates rac-11a and rac-11b. Trans-
formation of the corresponding aryl-bromide into the anilide
13, 14, and rac-16 was carried out via Cu-catalyzed azide
substitution and subsequent catalytic reduction with the
Lindlar catalyst followed by a separation of the enantiomers
13 and 14 on the chiral stationary phase (Chiralpak IA).
Finally, the target compound 4 and the C4-fluorinated
analogue rac-20 were obtained via 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)-mediated coupling
with the P3 fragment 17 followed by N-Boc deprotection.
The synthesis of the highly substituted 5-amino-3,6-

dimethyl-6-trifluoromethyl-1,4-oxazine containing inhibitors
rac-(3R*,6R*)-38a,e (R1 = H) and rac-(3R*,6R*)-38b−d
(R1 = F) following path C in Figure 3 is depicted in Scheme 2.
Starting from the acid chlorides 21a or 21b, the diazoketones
22a and 22b were prepared with trimethylsilyldiazomethane.
Subsequent Rh-catalyzed O−H insertion on the tert-alcohol
rac-23 provided the tert-ethers rac-24a and rac-24b. Chemo-
selective addition of the methyl group was achieved with
trimethylaluminium at low temperature. The resulting racemic
diastereomeric tertiary benzylic alcohol 25a or 25b was
converted into azide 26a or 26b with trimethylsilyl-azide and
boron trifluoride diethyl etherate in toluene at a slightly
elevated temperature. Indium-mediated reduction of the azides
under acidic conditions at ambient temperature provided the
tert-amino-ester 27a or 27b, which upon treatment with
trimethylaluminium delivered the lactams rac-(2S*,5R*)-28a
and rac-(2R*,5R*)-29a or rac-(2S*,5R*)-28b and rac-
(2R*,5R*)-29b, respectively. The diastereoisomeric pairs
could be easily separated by flash chromatography, and the

Scheme 3. Preparation of 54Referring to Retrosynthetic Pathway Da

aReagents and conditions: (a) NaH, 2,3-dibromoprop-1-ene, DMF, 25 °C, 81%; (b) (2-fluorophenyl)boronic acid, Pd(PPh3)4, CsF, DMF-H2O
10:1, 65 °C, 64%; (c) 7 N NH3 in MeOH, 55 °C, 98%; (d) trifluoroacetic anhydride, NEt3, CH2Cl2, 5−25 °C, 93%; (e) 7 N NH3 in MeOH, N-
acetyl-L-cysteine, 80 °C, 96%; (f) I2, Na2CO3, CHCl3, 100 °C, 44%; (g) H2, 10 Pd-C, NaOAc, MeOH, 25 °C, 97%; (h) KNO3, H2SO4, 0 °C, 39/
46%; (i) CHIRALPAK AD-H 5, CO2-i-PrOH 90:10, 48/48%; (j) (Boc)2O, NEt3, acetonitrile, 25 °C, 90%; (k) H2, 5% Pd-C, i-PrOH-THF 2:1, 50
°C, 92%; (l) EDC, HOAt, N,N-diisopropylethylamine, DMF, 25 °C, 81%; (m) CF3COOH, CH2Cl2, 25 °C, 83%.
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relative configuration of the individual diastereoisomers was
assigned by NMR. In analogy to the sequence for C6-
unsubstituted amino-oxazines (Scheme 1), the N-Boc
protected amidines rac-(2R*,5R*)-31a and rac-(2R*,5R*)-
31b were obtained via their thiolactams rac-(2R*,5R*)-30a
and rac-(2R*,5R*)-30b, respectively, prepared with phospho-
rus pentasulfide and hexamethyldisiloxane in toluene.56

Subsequent oxidative-mediated transformation into the
amidine with tert-butyl hydroperoxide/ammonia followed by
N-Boc protection completed the sequence. Cu-catalyzed
substitution of the aryl-bromides by sodium azide followed
by catalytic hydrogenation of rac-(2R*,5R*)-32a and rac-
(2R*,5R*)-32b with palladium on carbon provided the anilines
rac-(2R*,5R*)-33a and rac-(2R*,5R*)-33b, respectively.
Amide formation with the P3 fragments 34, 35, and 36
followed by acid-catalyzed N-Boc deprotection provided rac-
(3R*,6R*)-38a,e and the fluorinated analogues rac-(3R*,6R*)-
38b−d. Having determined the required relative configuration
at C6 with the individual synthesis of rac-(3R*,6R*)-38a and
rac-(3R*,6S*)-38e, a more viable synthesis of the 5-amino-6-
methyl-6-trifluoromethyl-1,4-oxazine headgroup possessing the
desired pKa had to be identified.
Starting from an allylic ether bearing already the chiral C5−

C6 amidine fragment, an intramolecular iodo-amidination
reaction was explored to assemble the 3,3,6,6-tetra-substituted
5-amino-1,4-oxazine scaffold G (Path D, Figure 3). As shown
in Scheme 3, the allylic ether rac-41 was prepared initially from
racemic ethyl 3,3,3-trifluoro-2-hydroxy-2-methylpropanoate
(rac-39) and 2,3-dibromoprop-1-ene followed by a Suzuki
coupling of rac-40 with 2-fluorophenylboronic acid. Con-
version of the ethyl ester rac-41 to the amidine bearing allylic
ether rac-44 was achieved by aminolysis with NH3 in

methanol, conversion of the amide rac-42 to the nitrile rac-
43 with TFAA-NEt3, and final amidine formation with 7 N
NH3 and N-acetyl-L-cysteine in methanol at 80 °C.57 All
attempts to achieve an asymmetric intramolecular iodo-
amidination with chiral oxazolidine and amino acid auxiliaries
attached to the amidine moiety, as reported for the related
iodo-lactamizations, failed.58

On the other hand, an achiral iodo-amidination with the
unsubstituted amidine rac-44 using iodine and Na2CO3 in
chloroform at 100 °C led to the formation of a 1:1 mixture of
racemic diastereoisomeric iodo-amidines rac-45 in moderate
yield.59 Hydrogenolytic removal of iodine with 5% Pd-C in
methanol containing NaOAc and subsequent nitration of rac-
46 with KNO3 in H2SO4 followed by chromatographic
separation of the rac-(2S*,5R*)-47 and rac-(2R*,5R*)-48
diastereoisomers and separation of the enantiomers of rac-
(2R*,5R*)-48 by SFC provided (2S,5S)-49 and (2R,5R)-50.
The remaining transformation to the aniline (2R,5R)-33b, the
key intermediate for the further evaluation of P3 SAR,
consisted of N-Boc-protection of the nitro-amidine derivative
(2R,5R)-50 and catalytic reduction of the aryl-nitro group of
(2R,5R)-51. The final conversion of aniline (2R,5R)-33b into
inhibitor (3R,6R)-54 was initiated by EDC-mediated coupling
with the P3 fragment 52 followed by acid-catalyzed N-Boc
deprotection of (2R,5R)-53 with TFA in dichloromethane. To
enable the quantification of a potential metabolite, some 33b
was converted into aniline 33c.
The most practical route to the key intermediate 33b (Path

E, Figure 3), exploiting the nucleophilic opening of a chiral
aziridine with a chiral alkoxy C5−C6 fragment, is depicted in
Scheme 4. The chiral amino alcohol 56, prepared via borane
reduction of 55,60 was initially transformed by a one-step

Scheme 4. Preparation of 54 and 64a−jReferring to Retrosynthetic Pathway Ea

aReagents and conditions: (a) BH3 Me2S, THF, 65 °C, 99%; (b) 4-nitrobenzene-1-sulfonyl chloride, KHCO3, and Cs2CO3, acetonitrile, 80 °C,
50%; (c) 4-nitrobenzene-1-sulfonyl chloride, NMM, acetonitrile, 0−25 °C, 88%; (d) (i) mesyl chloride, 4-methylmorpholine, acetonitrile, 0−5 °C,
(ii) NMM, acetonitrile, 30 °C, 84%; (e) mesyl chloride, NMM, acetonitrile, 0−5 °C, 95%; (f) DBU, CH2Cl2, 5−30 °C, 73%; (g) (R)-ethyl 3,3,3-
trifluoro-2-hydroxy-2-methylpropanoate, t-BuOK, DMF/THF, 35 °C, 87%; (h) (R)-ethyl 3,3,3-trifluoro-2-hydroxy-2-methylpropanoate, 1 M t-
BuOK in THF, DMF, 20−35 °C, 72%; (i) 7 N NH3 in MeOH, 50 °C, 99%; (j) trifluoroacetic anhydride, NEt3, CH2Cl2, 0−5 °C, 95%; (k) K2CO3,
N-acetyl-L-cysteine, EtOH, 80 °C, 92%; (l) KNO3, H2SO4, 0−5 °C, 81%; (m) (Boc)2O, NEt3, CH2Cl2, 0−25 °C, 90%; (n) H2, 5% Pd-C, dioxane,
45 °C, 92%; (o) 63a−j, EDC, HOAt, N,N-diisopropylethylamine (DIPEA), DMF, 5−25 °C, 16−92%; (p) CF3COOH, CH2Cl2, 25 °C, 62−95%.
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process with excess Ns-Cl and KHCO3 in refluxing acetonitrile
into the nosylated aziridine 59. However, this procedure was
not scalable and was replaced by a reproducible two- or three-
step process requiring no chromatographic separation. Initial
nosylation with Ns-Cl/NMM at 0−5 °C in acetonitrile
provided selectively the N-nosylated amino alcohol 57, which
upon O-mesylation with Ms-Cl/NMM in acetonitrile at 0−5
°C delivered crystalline 58 in excellent yield. Addition of excess
base and increasing the temperature to 30 °C led directly to
the formation of nosylated aziridine 59. Alternatively, 59 can
be generated from 58 with 1,8-diazabicycloundec-7-ene
(DBU) in dichloromethane at ambient temperature. The
opening of aziridine 59 with the chiral tert-alcohol 39 worked
best with t-BuOK as the base in anhydrous N,N-dimethylfor-
mamide at 35 °C. By a controlled acidic workup, the highly
functionalized ether intermediate 60 can be obtained in the
crystalline form. Alternatively, the ether intermediate 60 can be
obtained directly from the crystalline mesylate 58 and chiral
tert-alcohol 39 with excess t-BuOK in N,N-dimethylforma-
mide. Conversion of the ethyl ester 60 to the nitrile bearing
ether 62 was achieved by aminolysis with NH3 in methanol
and conversion of amide 61 to nitrile 62 with TFAA-NEt3.
Removal of the nosyl protecting group and subsequent
formation of the 3,3,6,6-tetra-substituted 3-amino-1,4-oxazine
46 were achieved in one step with K2CO3 and N-acetyl-L-
cysteine in ethanol at 80 °C. The transformation of 46 into the
key intermediate 33b followed the same 3-step reaction
sequence as previously described for the preparation of anilide
33b in Scheme 3. The final conversion of 33b into 64a−j,
bearing the different P3 fragments 63a−j, followed the same 2-
step reaction sequence previously described for (3R,6R)-54 in
Scheme 3.

■ RESULTS AND DISCUSSION
The X-ray co-crystal structure of the initial 6-unsubstituted 5-
amino-1,4-oxazine derivative 4 with BACE1 (Figure 4A)
confirmed an optimal binding arrangement of the amidine with
the catalytic aspartates Asp32 and Asp228 (2.7−2.9 Å).51 In
addition, we learnt that the NH of the amide of 4 formed an
about equally strong hydrogen bond with the backbone
carbonyl of Gly230 as the 2-amino-thiazine inhibitor 3 (3.0 Å
for 3 vs 3.1 Å for 4), in agreement with the nearly equal
potency when the same P1−P3 fragment is used (IC50 44 nM
for 3 vs 70 nM for 4). Closer examination of the binding mode
of the prototype compound 4 confirmed that a small electron-

withdrawing substituent like a CF3 group at C6, to reduce the
pKa from 9.5 to ∼7,52 could be tolerated. Since disubstitution
at C6 was considered to be essential to ascertain sufficient
configurational, chemical, and metabolic stability, the absolute
stereochemistry at C6 could not entirely be predicted by
modeling. Therefore, the diastereoisomeric pair rac-
(3R*,6R*)-38a and rac-(3R*,6S*)-38e was synthesized. The
inhibitor rac-(3R*,6R*)-38a was found to be 50-fold more
potent over rac-(3R*,6S*)-38e. Subsequently, the optimal
binding of the (6R)-configuration was confirmed in the co-
crystal structure with BACE1 (Figure 4B). In addition, the
insertion of fluorine at C4 of the P1 phenyl ring was
considered to be beneficial to reduce the formation of a
possibly toxic aniline metabolite (33c) by hydrolysis of the
P3−amide bond in vivo. As expected, this remote modification
had only a minor effect on the pKa of the amidine (pKa 9.5 for
4 vs 9.3 for rac-20, respectively, and 7.3 for rac-(3R*,6R*)-38a
vs 7.0 for rac-(3R*,6R*)-38b) but led to a ∼2-fold increased in
vitro potency (IC50 20 nM for rac-(3R*,6R*)-38a vs 11 nM for
rac-(3R*,6R*)-38b, Table 2). The improvement in inhibitory
potency may be driven by electrostatic interactions of the
fluorine with Tyr71 and Phe108, which are in close proximity
(3.0 Å), as observed in the co-crystal structure of 38a in Figure
4. Similar potentially beneficial electrostatic interactions of the
fluorine atoms of the CF3 group with the carbonyl of Asp228
(3.0 Å) and the surrounding water network interacting with
Thr72 of the flap can be envisaged, besides shielding of the H-
bonding network between the polar amidine headgroup and
the two catalytic aspartates Asp228 and Asp32, providing a 5-
fold increase in potency (IC50 58 nM for rac-20 vs 11 nM for
rac-(3R*,6R*)-38b). The identification of this highly potent 6-
methyl-6-trifluoromethyl-substituted 5-amino-1,4-oxazine
headgroup with an optimal pKa of 7.0, still allowing
protonation in the acidic environment in which BACE1 is
active, however, was set off by its rather demanding synthetic
accessibility. Excellent BACE1 inhibition in its native cellular
environment could be demonstrated with inhibitor rac-
(3R*,6R*)-38b in wtAPP CHO cells (IC50 22 nM), as well
as a very high selectivity against human cathepsin D (IC50 >
250 μM), for this BACE inhibitor with an amide linker
between P1 and P3 substituents, compared to shorter biaryl
P1−P3 extensions.61 Equally important, a good permeation
(Papp = 67 nm/s) and a very low P-gp-mediated efflux (ER =
1.4) in MDCK cells transfected with human MDR1 could be
observed, which could be pointing to good brain penetration.

Figure 4. Superimposition of cocrystal structures of compounds bound to BACE1. (A) 5-Amino-1,4-oxazine inhibitor 4 (blue) with 2-amino-1,3-
thiazine inhibitor 3 (white); PDB ID: 6FGY and 7B1E. (B) 4 (blue) with 38a (white); PDB ID: 6FGY and 7B1P.
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During the course of our work, we as well as other
groups39,49 explored a wide variety of oxazine-derived scaffolds
to identify BACE1 inhibitor headgroups with a promising in
vitro activity and physicochemical profile and better synthetic
accessibility. However, in view of the difficulties in achieving a
superior physicochemical profile, the 5-amino-6-methyl-6-
trifluoromethyl-1,4-oxazine headgroup merited extra effort to
identify a scalable synthesis. In parallel, the identification of the
most efficacious and druglike P3 substituent was performed.
Early SAR exploration and the co-crystal structures of 4 and

rac-38a (Figure 4) suggested that the important amide NH
hydrogen bond to the backbone carbonyl of Gly230 is
impeded by an sp2 C−H group ortho to the carbonyl of the
amide linking the P3 to the P1 fragment. We therefore focused
our P3 exploration on various 2-substituted pyridine, pyrazine,
and pyrimidine fragments (Table 3). At the beginning of our
SAR exploration, the 5-bromopicoline fragment was used to
compare the physicochemical and activity profiles of the
different headgroups. However, this P3 fragment was not
suitable for in vivo profiling due to the high in vitro clearance in
rat liver microsomes (CLint 154 μL/min·mg for rac-38a and 62

μL/min mg for rac-38b) and inhibition of CYP450 isoforms
2D6 (IC50 0.9 μM for rac-38b) and 2C9 (IC50 3 μM for rac-
38b). Only a partial improvement of the metabolic profile was
observed by substituting the pyridine with the less lipophilic
pyrimidine as shown in 64a, preserving the potency but
increasing the ER to 3.4. Substitution of the bromine with a
cyano group in rac-64b produced a clean CYP450 enzyme
inhibition profile, however at the expense of a large increase in
the ER (3.4 to 17). The combination of the cyano group in
rac-64b with the less efflux-prone pyridine fragment decreased
the ER from 17 to 2. In addition, the high selectivity against
human Cathepsin D (>40 000-fold) was retained and the
cellular potency of 64c was comparable (IC50 9 nM for 64c vs
24 nM for rac-64b). Furthermore, a clean CYP450 profile was
obtained (all IC50 > 20 μM), making 64c the first valid
candidate for a PK/PD experiment in rats. The introduction of
a methyl group at C3 adjacent to the carbonyl moiety in the
pyridine ring, to impede amide hydrolysis in vivo, was well-
tolerated and gratifyingly led to a further improvement of the
cellular potency (IC50 3 nM for 54 vs 9 nM for 64c),
preserving the clean CYP450 profile. In an attempt to further

Table 2. In Vitro Profile of the Initial 5-Amino-1,4-oxazine Lead Compounds51f

4 rac-20a rac-(3R*,6R*)-38aa rac-(3R*,6S*)-38ea rac-(3R*,6R*)-38ba

hBACE1 IC50 [μM]b 0.070 0.058 0.020 1.08 0.011
wtAPP-CHO IC50 [μM]b 0.017 0.003 0.032 1.16 0.022
hCathD IC50 [μM]b >10 >10 73 139 >250
calculated pKa

c 6.2 6.0 4.8 4.8 4.5
measured pKa

d 9.5 9.3 7.3 7.3 7.0
MDCK Papp [nm/s]e 190 124 103 49 67
ERf 30 8.2 1.9 1.6 1.4

aRacemic compounds. bValues are means of at least three experiments. cCalculated using Advanced Chemistry Development (ACD/Labs)
Software V9.06 (1994-2005 ACD/Labs). dMeasured pKa determined by potentiometric titration.62 ePapp is the permeability through an MDR1−
MDCK cell monolayer. fER is the efflux ratio (PBL‑AP/ PAP‑BL) in MDCK cells transfected with human MDR1.

Table 3. P3 Structure−Activity Relation

cmpd R2 R3 X Y

BACE1
IC50
[μM]b

BACE2
IC50
[μM]b

CathD
IC50
[μM]b

wtAPP CHO
IC50 [μM]b ERc

CYP450 3A4/2D6/
2C9 IC50 [μM]

brain Aβ40
red.d [%]

metabolite 33cd

[% of parent]

38ba H Br C C 0.011 0.003 >250 0.022 1.4 17/0.9/3
64a Br N C 0.016 0.003 180 0.005 3.4 8/>20/>20
64ba CN N C 0.034 0.004 >250 0.024 17 >20/>20/>20
64c H CN C C 0.006 0.007 >250 0.009 2 >20/>20/>20 75 14.3
54 Me CN C C 0.005 0.005 >250 0.003 1.9 >20/>20/>20 79 0.16
64d Me CN C N 0.062 0.130 >250 0.105 3.5 >20/>20/>20
64e Cl CN C C 0.006 0.005 >250 0.004 3.7 17/>20/>20 71 <0.2e

64f NH2 CN C C 0.005 0.005 30 0.004 2.0 7/12/>20
64g Me OMe C C 0.033 0.004 >250 0.017 nd >20/9/>20
64h Me OCHF2 C C 0.014 0.012 >250 0.006 1.2 20/4/>20
64i Cl OCHF2 C C 0.016 0.017 >250 0.009 1.9 4/7/17 56 <0.2e

64j Cl Cl C C 0.008 0.002 >250 0.022 1.6 >20/11/>20 66 0.3
aRacemic compounds. bValues are means of at least three experiments. cER is the efflux ratio (PBL‑AP/PAP‑BL) in MDCK cells transfected with
human MDR1. dPercent brain Aβ reduction in rats (n = 5) 4 h post dosing of 10 μmol/kg p.o. relative to vehicle-treated animals. eBelow LLOQ of
LC-MS quantification.
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lower the lipophilicity, the pyrazine compound 64d was
prepared. Only a moderate increase in the ER was observed
compared to the pyrimidine (3.5 for 64d vs 17 for rac-64b),
however, at the expense of a >5-fold lower cellular potency
(IC50 24 nM for rac-64b vs 105 nM for 64d). Interestingly,
64d showed as an only example a slight preference (2-fold) for
inhibition of BACE1 over BACE2, while for all other examples,
no or even 8-fold preference for inhibition of BACE2 (64b,g)
was observed. Substitution of the methyl group at C3 of the
pyridine by Cl (64e) and NH2 (64f) produced the equipotent
analogues 64e and 64f, however, with a less clean metabolic
CYP450 profile. Replacement of the cyano group on the
pyridine fragment with OMe (64g) and OCHF2 (64h,i)
delivered analogues of slightly lower potency and inferior
metabolic profiles, especially for 64i. Substitution of the cyano
and the Me group with Cl produced a nearly equipotent
analogue (IC50 8 nM for 64j vs 6 nM for 54), however, with
lower cellular potency (IC50 3 nM for 54 vs 22 nM for 64j)
and only moderate metabolic stability for the rather lipophilic
derivative (ΔC log P of 1) compared to the best inhibitor 54 in
Table 3.
Only compounds with a promising cellular potency (IC50 <

10 nM), minimal in vitro P-gp efflux (ER < 5), and no
metabolic liabilities were selected for in vivo PK/PD
evaluation. Brain Aβ40-lowering was determined after oral
administration in rats (Sprague-Dawley, n = 5) 4 h post dosing.
Blood and brain samples were taken to assess compound levels
as well as the percentage of Aβ reduction in the forebrain and
optionally also in CSF. Concerned about the potential
formation of the undesired aniline metabolite 33c by metabolic
cleavage of the amide moiety, the amounts of 33c in blood
were routinely coquantified with the parent compound.
Indeed, considerable amounts of this metabolite were observed
with our first PK/PD candidate 64c (14.3%, Table 3). With
the insertion of a small substituent at C3 adjacent to the P3-P1
linking carboxamide of 64c, for example, a methyl, chlorine, or
NH2 group (R2 in Table 3), formation of the aniline
metabolite was almost eliminated, as shown in Table 3 by
comparison of compound 64c with 54, 64e, 64i, and 64j. The
most robust brain Aβ-lowering effect after 4 h was observed
with 54 (−79%), 64e (−71%), and 64j (−66%) after
application of an oral dose of 10 μmol/kg in rats (Table 3).
Compound 54 possessed the most favorable in vitro properties
(cellular IC50 3 nM, >50 000-fold selectivity over human
Cathepsin D, inhibition constants for CYPs 3A4, 2D6, and
2C9 above 20 μM, and a low P-gp efflux ratio of 1.9). An
extended overall profile of 54 is shown in Table 4, and the
binding to BACE1 is shown in Figure 5.
From the candidates selected for an in vivo efficacy

experiment, compound 54 revealed also the best overall PK
parameters (highest area under the curve (AUC) of 973, Cmax
of 128, medium CL, and low Vss), as shown in Table 5. PK
studies of 54 in mice and dogs showed a lower clearance and
volume of distribution in mice than in rats (mice vs rats: CL 16
vs 26, Vss 4.6 vs 9.0) and even much lower values in dogs (dogs
vs rats: CL 0.4 vs 26, Vss 0.9 vs 9.0).
Having achieved moderate-to-high oral bioavailability in

mice, rats, and dogs (37, 77, and 62%, respectively),
compound 54 (NB-360) was further evaluated in animal
models including those displaying characteristics of amyloid
pathology.63 In summary, NB-360 reduced Aβ40 by >80% in
the rat brain and CSF 8 h after oral doses (0.3−30 μmol/kg).
The NB-360 unbound fraction (AUC) was 0.63 μM·h in rat

blood and 0.54 μM·h in rat brain, showing an almost equal
distribution of the compound in both tissues and the absence
of significant efflux at the blood−brain barrier. A single 0.5
mg/kg oral dose of NB-360 in dogs carrying a ventricular port
for repeated CSF collection reduced Aβ peptide 1−40 by more
than 80% and remained significantly inhibited for at least 72
h.63

Chronic treatment of APP-transgenic mice with 100 μmol/
kg NB-360 q.d. for 6 weeks led to a significant reduction of
APP fragments C99, sAPPβ, Aβ 1−38, 1−40, and 1−42.
Amyloid plaques were profoundly reduced compared to
vehicle-treated animals, staying at baseline levels. Furthermore,
treatment with NB-360 strongly reduced the number of
activated microglia cells and astrocytes, markers of neuro-
inflammation.63

In mice chronically treated with NB-360, we observed the
appearance of gray patches in the otherwise black fur. Others
and we investigated this further, with data showing that
inhibition of BACE2 is causally involved in hair depigmenta-
tion, probably via inhibition of the correct processing of the
melanosome protein PMEL-17 and improper melanin
distribution in the hair follicle.64,65

Table 4. Extended Profile of 54 (NB-360)

hBACE1 IC50 μM 0.005
hBACE2 IC50 μM 0.005
pepsin, hCathD, hCathE IC50 μM >250
hAβ40 wtAPP CHO cell IC50 μM 0.003
hAβ40 SweAPP CHO cell IC50 μM 0.033
hAβ42 wtAPP CHO cell IC50 μM 0.003
sAPPβ wtAPP CHO cell IC50 μM 0.004
log P (octanol/water) 3.7
pKa 7.1
log PAMPA (log Pe pH 6.8) [cm/s] -3.6
MDR1−MDCK apical-basolateral (A−B) [nm/s] 141
MDR1−MDCK basolateral-apical (B−A) [nm/s] 263
MDR1−MDCK efflux ratio (B−A/A−B) 1.9
CYP P450 (3A4, 2D6, 2D9) IC50 μM >20
hERG manual patch clamp IC50 μM >30

Figure 5. Co-crystal structure of 54 bound to human BACE1 (PDB
ID: 7B1Q).
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The risk of unknown physiological consequences due to
inhibition of BACE2 led to a discontinuation of development
efforts for NB-360, but the excellent PK/PD properties of this
compound have facilitated research efforts in mechanistic
animal models related to BACE1 inhibition in the context of
AD. For example, a combined histology/magnetic resonance
imaging study in old APP-transgenic mice with vascular
amyloid pathology addressed the question of the possible
occurrence of microhemorrhages as a potential consequence of
treatment with BACE1 inhibitors.66 Antiamyloid-β antibody
treatment in AD patients frequently resulted in cerebral
microbleeds. We did not observe such bleedings in APP23
mice treated with NB-360, indicating that microhemorrhages
are a consequence of the specific mechanism of action of
antibodies, but not a direct consequence of blocking the
generation of amyloid-β peptides via direct inhibition of
BACE1. Furthermore, chronic studies performed with NB-360
in APP-transgenic mice showed that BACE1 inhibition
markedly reduces the increase of downstream neurodegenera-
tion markers Tau protein and the neurofilament light chain, as
well as deposition of vascular amyloid-β.67−69

■ CONCLUSIONS

In summary, we have reported the discovery of a novel 3-aryl
substituted (3R,6R)-5-amino-3,6-dimethyl-6-trifluoromethyl-
3,6-dihydro-2H-1,4-oxazine headgroup. Selective structural
modifications at C6 of the 1,4-oxazine-based prototype
compound 4 aimed at fine-tuning the pKa and at shielding
the amidine and ether oxygen as much as possible from
undesired chemical and metabolic transformations. This
resulted in the identification of a 3-aryl substituted (3R,6R)-
5-amino-3,6-dimethyl-6-trifluoromethyl-3,6-dihydro-2H-1,4-
oxazine headgroup bearing an optimal pKa of ∼7.0. While
retaining the good brain penetration properties of the initial
lead compound 38a, the potency, pharmacokinetics, and
metabolic profile were further optimized by structure-based
modifications of the P3 fragment. From the candidates with
the best in vitro profile (cellular potency, minimal CYP and
hERG liabilities, and low P-gp efflux ratio) and the most robust
brain Aβ peptide reduction in rats (Table 3), compound 54
(NB-360) demonstrated an excellent overall profile (Table 4)
and was selected for a more comprehensive PK/PD assessment
in rats, dogs, and APP-transgenic mice. The lowering of pKa of
1,4-oxazine with CF3 substitution had a profound effect on
activity and P-gp efflux. Further optimization of P3 improved
metabolic stability, delivering with NB-360 an orally active
BACE1 inhibitor with an excellent PD profile in mice, rats, and
dogs. Compound NB-360 did not enter clinical trials in
Alzheimer’s disease since hair discoloration observed in mice
was considered a sign for off-target inhibition of BACE2

occurring at therapeutic doses. Involvement of BACE2 in
pancreatic β-cell function and melanoma cell proliferation is
documented, and BACE2 may have other, yet undetected
physiological functions.70,71 This was considered a safety risk,
in particular for long-term prevention trials. Another oxazine
derivative, CNP520 (umibecestat), with a superior safety
profile was identified and entered long-term trials in AD.72

However, we decided to make NB-360 available to a large
number of interested academic institutions for preclinical
studies. Using a potent tool compound in a standardized way,
in terms of source, doses, and formulations, contributed
significantly to deepening our understanding of the physio-
logical function of BACE1. Furthermore, NB-360 treatment of
APP-transgenic mice led to the discovery of various aspects of
BACE1 inhibition on Alzheimer’s disease biomarkers, neuronal
activity and networks, and to the kinetics of amyloid plaque
growth.73,74

■ EXPERIMENTAL SECTION
In Vitro Potency and Profiling Assays. Assays for human and

mouse BACE1, human BACE2, porcine pepsin, and human cathepsin
D and E were performed as described.63 Cellular potency was
determined in Chinese hamster ovary cells stably transfected with
human APP751 as described.63

The octanol/water distribution coefficient was derived from the
apparent permeability across an artificial liquid membrane.75 The
PAMPA assay was performed as described.24 MDCK cells over-
expressing human p-glycoprotein (MDR1−MDCK cells, obtained
from Prof. A. Berns, Netherlands Cancer Institute) were grown on
multiwell plates, 1 μm pore size (Becton Dickinson). After formation
of a tight monolayer, test compounds were applied to either the upper
or the lower chamber. After 1 h, liquid was removed from the upper
and lower chambers and analyzed by high-performance liquid
chromatography-mass spectrometry (HPLC-MS). Apical-to-baso-
lateral and basolateral-to-apical transport rates were calculated.

Human CYP450 Enzymes Inhibition Assays. The following
substrates were used to assess the reversible inhibition of the CYP450
enzymes: CYP3A4, midazolam; CYP2D6, Bufuralol; and CYP2C9,
Diclofenac. Assays were performed in human liver microsomes
supplemented with NADPH. Test compounds were diluted to 0.5−20
μM final concentrations. The incubation time was 10 min in 50 mM
sodium phosphate buffer (pH 7.5). After stopping and centrifugation,
analysis was performed using a solid-phase-extraction (SPE) mass
spectrometry system consisting of a TSQ Quantum Discovery MAX
mass spectrometer controlled by Xcalibur 3.0 and equipped with an
electrospray ion source (Ion Max electrospray interface) from
Thermo Fisher Scientific (Reinach, Switzerland) and a RapidFire
high-throughput SPE system from Agilent Technologies (Waldbronn,
Germany).

Animal Experiments. All animals were maintained under
standard housing conditions with access to standard pelleted food
and water ad libitum, throughout the experiments. Animal experi-
ments were conducted in accordance with Swiss national animal
welfare regulations, under the ethically approved animal experimenta-

Table 5. Pharmacokinetic Parameters in Rats, Mice, and Dogs

cmpd species
dose

[μmol/kg]a
AUC(0‑∞)
[nM·h]a,b

Cmax
[nM]a,b %F

Hep. CLint
[μL/min/106 cells]

in vivo clearance
[mL/min/kg]c

Vss
[L/kg]c

t1/2
[h]c

64e rat 6d 511 74 61 98 43 8.6 2.8
64i rat 6d 873 80 61 97 24 7.6 5.6
64j rat 6d 564 83 70 74 47 7.1 2.3
54 rat 6d 973 128 77 17 26 9.0 4.9
54 mouse 6 882 152 37 n.d. 16 4.6 3.6
54 dog 0.67 67 370 1880 62 n.d. 0.4 0.9 36

aOral (6 μmol/kg for rats and mice, 0.3 mg/kg for dogs). bDose normalized. cIntravenous (2 μmol/kg for rats and mice, 0.1 mg/kg for dogs).
dCassette of five compounds with 6 μmol/kg.
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tion licenses authorized by the Cantonal Veterinary Authority of Basel
City and the Federal Veterinary Office of Switzerland.
Pharmacokinetic studies used male Sprague-Dawley rats, C57BL6

mice, and Beagle dogs, obtained from Charles River (France, rodents)
and Marshall (Italy, dogs). Compounds were dosed intravenously as a
solution (NMP/PEG200-based mixtures), whereas for oral dosing,
compounds were suspended in methylcellulose 0.5% (w/v)/99.5%
water/0.1% Tween 80 and applied via oral gavage. Mouse blood was
collected by sublingual bleeding or at sacrifice, whereas a serial blood
sampling allowed obtaining individual PK profiles in rats and dogs.
Blood samples were taken between 5 min (intravenous) and 15 min
(oral) intervals and then longer, subsequently up to 24 h (mice), 48 h
(rat), and 408 h (dog). Brain exposures were determined in the
pharmacological studies by collecting the brain after decapitation at
selected time points after dosing.
For bioanalytics, brain samples were homogenized with 2 mM

KH2PO4 buffer (approx. 1/2, w/v). A structurally similar internal
standard was added to the blood or brain homogenate samples, and
compounds were extracted by quenching with a fourfold volume of
acetonitrile and an aliquot of the supernatant was directly injected
into the LC/MS/MS system. Separation from endogenous
components was achieved using a reverse-phase column and a
gradient elution with water/1% formic acid and acetonitrile/1%
formic acid. BACE1 inhibitors were ionized with the positive
electrospray mode and quantified in the MRM mode.
For rat pharmacokinetic/pharmacodynamics studies, male Charles

River Sprague-Dawley rats of approx. 300 g body weight were used,
and experiments were done as described before.63

X-ray Analysis. The catalytic domain of human BACE1 was
expressed in Escherichia coli and refolded, as already described in
Hanessian et al. (2015), Supporting Information.76 The crystal
structures of the complexes with 3, 38a, and 54 were obtained by
soaking orthorhombic crystals of unliganded BACE1, grown at 19 °C
from 15% PEG 1500 in water by the method of vapor diffusion in
hanging drop using 15.0−16.4 mg/mL BACE1 (residues 46−447 of
Uniprot entry P56817) in 10 mM Tris-HCl pH 7.4, 25 mM NaCl.
The soaking buffer was 28.5−30.0% PEG 1500, 50 mM sodium
citrate pH 5.2−5.5, with 1.0 mM compound and 0.9−1.8% DMSO.
Crystals were directly flash-frozen, and diffraction data were collected
either at the Swiss Light Source (SLS, in Villigen, Switzerland)
beamline X10SA, with a MAR CCD 225 (compound 3) or a Pilatus
(compound 54) detector, or in the laboratory (compound 38a), using
an FR-E superbright rotating anode X-ray generator and a
SATURN92 CCD detector. All diffraction data were processed with
XDS77 as implemented in APRV.78 The diffraction data extended to
between 1.62 and 1.94 Å. All structures were determined by difference
Fourier and refined using CNX79 and Coot,80 to crystallographic R-
factors ranging from 18.6 to 18.9% (free R-factors ranging between
21.1 and 21.8%).
Synthesis. Unless otherwise mentioned, all reagents were

obtained from commercial suppliers and used without further
purification unless noted otherwise. Anhydrous solvents were
obtained from Aldrich and used directly. All reactions involving air-
or moisture-sensitive reagents were performed under a nitrogen or
argon atmosphere. All microwave-assisted reactions were conducted
with a Smith synthesizer from Personal Chemistry, Uppsala, Sweden.
Silica gel chromatography was performed using either glass columns
packed with silica gel (230−400 mesh) or prepacked silica gel
cartridges from Isco. All NMR spectra were collected on a Bruker 360,
400, or 600 MHz or on a Varian 300 or 400 MHz spectrometer. The
chemical shifts were expressed as ppm (δ units) with tetramethylsi-
lane or residual protonated solvent used as the reference. All tested
compounds were purified to ≥95% purity as determined by reverse-
phase ultrahigh-pressure liquid chromatography (UPLC). UPLC
analysis was obtained on a Waters ACQUITY UPLC and UPLC-MS.
UPLC method A (2.0 min UPLC run): Acquity UPLC HSS T3 C18
column, 50 mm × 2.1 mm, 1.7 μm, 35 °C; mobile phase, A = 0.1%
TFA in H2O, B = 0.1% TFA in AcCN; gradient, 0.0−1.5 min, 5−
100% B; flow rate 1 mL/min; 218 and 254 nM; 1 min post time; 1 μL
injection. UPLC-MS (2.0 min UPLC run): Acquity UPLC HSS T3

C18 column, 50 mm × 2.1 mm, 1.8 μm, 50 °C; mobile phase, A =
0.05% formic acid + 3.75 mM ammonium acetate in H2O, B = 0.04%
formic acid in AcCN; gradient, 0.0−1.4 min, 2−100% B; flow rate 1.2
mL/min; 218 and 254 nM; 1 min post time; 1−5 μL injection. All
assay compounds had a measured purity of ≥95% (by thin-layer
chromatography (TLC) and UV) as determined using this analytical
UPLC or UPLC-MS system. Low-resolution mass spectral (MS) data
were determined on an Agilent 1100 mass spectrometer using ES
ionization modes (positive and/or negative) and water-MeOH 3:7 +
2 of 25% ammonium hydroxide solution. High-resolution mass
spectral (HRMS) analyses were performed using electrospray
ionization in the positive ion mode after separation by liquid
chromatography (Nexera from Shimadzu). The elemental composi-
tion was derived from the mass spectra acquired at the high resolution
of about 30 000 on an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific). The high mass accuracy below 1 ppm was obtained using a
lock mass.

The procedures for the syntheses of compounds 4 and rac-20
(Scheme 1, retrosynthetic pathway A), compounds rac-(3R*,6R*)-
38a−d and rac-(3R*,6S*)-38e (Scheme 2, retrosynthetic pathway C),
and compound 54 (Scheme 3, retrosynthetic pathway D) are available
in the supplementary part including the separation of (rac-49) and 50.
The final steps to 51, 33b, 53, and 54 are identical, as described in
procedure E.

Procedure for the Synthesis of Compounds 54 and 64a−64j
(Scheme 4, Retrosynthetic Pathway E).

(R)-2-Amino-2-(2-fluorophenyl)propan-1-ol Hydrochloride (56).
To a suspension of (R)-2-amino-2-(2-fluorophenyl)-propanoic acid
hydrochloride (55) (34.0 g, 150 mmol) in THF (350 mL) was added
under argon the BH3 dimethylsulfide complex (42.7 mL, 450 mmol)
at 50 °C over a period of 1 h. The reaction mixture was heated at
reflux for 16 h. The excess borane was carefully destroyed by slow
addition of MeOH at 25−35 °C. After multiple evaporations with
MeOH, the residue was dissolved in 2 N aq. HCl (90 mL) and stirred
at 80−90 °C for 0.5 h. The cold reaction mixture was extracted with
tert-butylmethyl ether, and the aqueous phase was evaporated to
dryness. Residual water was removed azeotropically with AcCN/
toluene. The residual hydrochloride salt was dried under reduced
pressure at 50 °C for 24 h to provide 56 (30.8 g, 99%) as a white
solid, which was used without further purification. 1H NMR (360
MHz, DMSO-d6) δ 8.68 (s, 3H), 7.51−7.39 (m, 2H), 7.34−7.22 (m,
2H), 3.87−3.71 (m, 2H), 1.62 (s, 3H). MS m/z = 170 [M + H]+.

(R)-N-(2-(2-Fluorophenyl)-1-hydroxypropan-2-yl)-4-nitrobenze-
nesulfonamide (57). To a suspension of (R)-2-amino-2-(2-
fluorophenyl)propan-1-ol hydrochloride (56) (4.05 g,19.6 mmol) in
AcCN (25 mL) were added 4-methylmorpholine (5.4 mL, 49.1
mmol) and 4-nitrobenzene-1-sulfonyl chloride (4.87 g, 21.56 mmol)
at 0−5 °C. The reaction mixture was stirred for 0.5 h at 0−5 °C and 2
h at 25 °C. The reaction was diluted with water (100 mL), and the
AcCN was slowly removed under reduced pressure. The remaining
water mixture was stirred for 1 h in an ice bath before the precipitated
product was filtered off and washed with cold water and a small
amount of Et2O. The title compound 56 was obtained as a white solid
(6.15 g, 88%) after drying under reduced pressure at 60 °C for 24 h
and was used without further purification. 1H NMR (400 MHz,
CDCl3-d) δ 8.12 (d, J = 8.6 Hz, 2H), 7.77 (d, J = 8.6 Hz, 2H), 7.34
(dd, J = 8.1, 1.5 Hz, 1H), 7.22−7.15 (m, 1H), 7.10 (td, J = 7.6, 1.4
Hz, 1H), 6.65 (ddd, J = 12.8, 8.1, 1.4 Hz, 1H), 5.57 (s, 1H), 4.26 (dd,
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J = 11.3, 5.4 Hz, 1H), 3.78 (dd, J = 11.3, 7.8 Hz, 1H), 2.17 (dd, J =
7.9, 5.6 Hz, 1H), 1.60 (s, 3 H). MS m/z = 372 [M + NH4]

+.

(R)-2-(2-Fluorophenyl)-2-(4-nitrophenylsulfonamido)propyl
Methanesulfonate (58). To a suspension of (R)-N-(2-(2-fluoro-
phenyl)-1-hydroxypropan-2-yl)-4-nitrobenzenesulfonamide (57) (5.7
g, 16 mmol) in AcCN (60 mL) were added 4-methylmorpholine (2.5
mL, 22.4 mmol) and a solution of methanesulfonyl chloride (1.62 mL,
20.8 mmol) in AcCN (5 mL) at 0−5 °C over a period of 20 min.
After stirring for 0.5 h at 20 °C, the reaction mixture was poured onto
ice-water and the AcCN was removed under reduced pressure. The
aqueous phase was stirred for 1 h at 0−5 °C, and the crystallized
product was filtered off. The residue was washed with Et2O and dried
under reduced pressure at 50 °C for 24 h to provide 58 (6.62 g, 95%)
as a light-yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 8.99 (s,
1H), 8.23−8.14 (m, 2H), 7.66−7.58 (m, 2H), 7.37 (td, J = 8.1, 1.8
Hz, 1H), 7.26−7.18 (m, 1H), 7.13 (td, J = 7.6, 1.3 Hz, 1H), 6.69
(ddd, J = 12.9, 8.1, 1.3 Hz, 1H), 4.67 (d, J = 9.7 Hz, 1H), 4.61 (d, J =
9.7 Hz, 1H), 3.24 (s, 3H), 1.67 (s, 3H). MS m/z = 337 [M −
MsOH]+.

(R)-2-(2-Fluorophenyl)-2-methyl-1-((4-nitrophenyl)sulfonyl)-
aziridine (59). Method A. To a solution of (R)-2-amino-2-(2-
fluorophenyl)propan-1-ol hydrochloride (56) (200 mg, 0.875 mmol)
in AcCN (5 mL) were added under argon 2-nitrobenzene-sulfonyl
chloride (480 mg, 2.1 mmol) and KHCO3 (442 mg, 4.38 mmol), and
the reaction mixture was heated at reflux for 16 h. To accelerate the
aziridine formation, Cs2CO3 (285 mg, 0.875 mmol) was added and
the reaction mixture was heated for another 6 h at reflux. The reaction
mixture was added to cold sat. aq. NaHCO3 solution, and the product
was extracted with EtOAc. Combined extracts were washed with
water and brine, dried over MgSO4, filtered, and concentrated. The
residual oil was purified by flash chromatography on silica gel
(hexane/EtOAc 10) to provide 59 (152 mg, 50%) as a yellow oil. 1H
NMR (360 MHz, CDCl3) δ 8.33−8.28 (m, 2H), 8.14−8.09 (m, 2H),
7.38 (td, J = 7.6, 1.8 Hz, 1H), 7.26−7.19 (m, 1H), 7.07 (td, J = 7.5,
1.2 Hz, 1H), 6.96 (ddd, J = 10.5, 8.2, 1.2 Hz, 1H), 3.00 (s, 1H), 2.57
(s, 1H), 1.98 (s, 3H). MS m/z = 337 [M + H]+.
Method B. To a suspension of (R)-N-(2-(2-fluorophenyl)-1-

hydroxypropan-2-yl)-4-nitrobenzenesulfonamide (57) (5.0 g, 13.4
mmol) in CH2Cl2 (150 mL) were added at 0−5 °C NEt3 (7.5 mL,
53.6 mmol) and at 0−5 °C a solution of methanesulfonyl chloride
(2.1 mL, 26.8 mmol) in CH2Cl2 (10 mL). The reaction mixture was
stirred for 0.5 h at 10−15 °C and for 2 h at 25−30 °C to complete
aziridine formation and then poured onto cold 10% Na2H2PO4
solution, and the product was extracted with EtOAc. Combined
extracts were washed with water and brine, dried over MgSO4,
filtered, and concentrated. The crude product was crystallized from
EtOAc/hexane to provide 58 (3.8 g, 84%) as a yellow solid. TLC
(hexane/EtOAc 1:1) Rf = 0.66. 1H NMR (360 MHz, CDCl3) δ 8.33−
8.28 (m, 2H), 8.14−8.09 (m, 2H), 7.38 (td, J = 7.6, 1.8 Hz, 1H),
7.26−7.19 (m, 1H), 7.07 (td, J = 7.5, 1.2 Hz, 1H), 6.96 (ddd, J = 10.5,
8.2, 1.2 Hz, 1H), 3.00 (s, 1H), 2.57 (s, 1H), 1.98 (s, 3H). MS m/z =
337 [M + H]+.
Method C. To a solution of (R)-2-(2-fluorophenyl)-2-(4-

nitrophenylsulfonamido)propyl methanesulfonate (58) (1.3 g, 3
mmol) in CH2Cl2 (30 mL) was added DBU (0.7 mL, 4.5 mmol) at
0−5 °C, and the reaction mixture was stirred for 2 h at 25 °C. The
mixture was added to cold 10% Na2H2PO4 solution, and the product

was extracted with EtOAc. Combined extracts were washed with
water and brine, dried over MgSO4, filtered, and concentrated. The
crude product was crystallized from EtOAc/hexane to provide 59
(0.74 g, 73%) as a yellow solid. TLC (hexane/EtOAc 1:1) Rf = 0.66.
1H NMR (360 MHz, CDCl3) δ 8.33−8.28 (m, 2H), 8.14−8.09 (m,
2H), 7.38 (td, J = 7.6, 1.8 Hz, 1H), 7.26−7.19 (m, 1H), 7.07 (td, J =
7.5, 1.2 Hz, 1H), 6.96 (ddd, J = 10.5, 8.2, 1.2 Hz, 1H), 3.00 (s, 1H),
2.57 (s, 1H), 1.98 (s, 3H). MS m/z = 337 [M + H]+.

(R)-Ethyl 3,3,3-Trifluoro-2-hydroxy-2-methylpropanoate (39). To
a solution of (R)-3,3,3-trifluoro-2-hydroxy-2-methylpropanoic acid
(130.0 g, 822 mmol) in EtOH (420 mL) were added trimethyl-
orthoformate (244.0 g, 1645 mmol) and H2SO4 (9.2 mL, 173 mmol),
and the reaction mixture was heated at reflux for 50 h. The reaction
mixture was reduced to half of its volume, and the remaining solution
was added to sat. aq. NaHCO3 solution (300 mL), and the product
was extracted with tert-butylmethyl ether. Combined extracts were
washed with brine, filtered, and concentrated under normal pressure.
The residual oil was purified by vacuum distillation at 200 mbar (b.p.
88−90 °C) to provide 39 (131.4 g, 86%) as a colorless oil. 1H NMR
(400 MHz, CDCl3) δ 4.44−4.26 (m, 2H), 3.82 (s, 1H), 1.58 (s, 3H),
1.34 (td, J = 7.1, 1.3 Hz, 3H).

(R)-Ethyl 3,3,3-Trifluoro-2-((R)-2-(2-fluorophenyl)-2-(4-
nitrophenylsulfonamido)propoxy)-2-methylpropanoate (60).
Method A. To a solution of (R)-ethyl 3,3,3-trifluoro-2-hydroxy-2-
methylpropanoate (39) (2.89 g, 15.5 mmol) in anhydrous DMF (20
mL) was added a 1 M solution of tert-butoxide in THF (15 mL, 15
mmol), and after 10 min of stirring, (R)-2-(2-fluorophenyl)-2-methyl-
1-((4-nitrophenyl)sulfonyl)aziridine (59) (3.37 g, 10 mmol) was
added at 35 °C and the reaction mixture was stirred for 6−10 h at 35
°C (monitored by HPLC). The reaction mixture was neutralized with
1 N aq. HCl at 0−5 °C to pH 7 and diluted with water (30 mL), and
after stirring at 0−5 °C for 1 h, the precipitated product was collected
and dried. Recrystallization from EtOAc-hexane gave 60 (4.54 g,
87%) as yellow crystals. 1H NMR (400 MHz, CDCl3) δ 8.24−8.19
(m, 2H), 7.92−7.83 (m, 2H), 7.66 (td, J = 8.1, 1.8 Hz, 1H), 7.29−
7.23 (m, 1H), 7.19 (td, J = 7.6, 1.4 Hz, 1H), 6.86 (s, 1H), 6.76 (ddd, J
= 12.7, 8.1, 1.4 Hz, 1H), 4.42 (qq, J = 10.7, 7.1 Hz, 2H), 3.82 (d, J =
8.9 Hz, 1H), 3.67 (d, J = 8.9 Hz, 1H), 1.62 (s, 3H), 1.60 (s, 3H), 1.40
(t, J = 7.1 Hz, 3H). MS m/z = 540 [M + NH4]

+.
Method B. To a solution of (R)-2-(2-fluorophenyl)-2-(4-

nitrophenylsulfonamido)propyl methanesulfonate (58) (4.0 g, 9.1
mmol) in anhydrous DMF (60 mL) were added under argon (R)-
ethyl 3,3,3-trifluoro-2-hydroxy-2-methylpropanoate (39) (3.05 g,
16.38 mmol) and at 20−25 °C a 1 M solution of potassium tert-
butoxide in THF (27.3 mL, 15 mmol). The reaction mixture was
stirred for 30 min at 35 °C and then quenched by slow addition to
cold 1 N aq. 1 N HCl, and the product was extracted with tert-
butylmethyl ether. Combined extracts were washed with sat. aq.
NaHCO3 solution and brine, dried over MgSO4, filtered, and
concentrated. The crude product was recrystallized from EtOAc/
diisopropylether/hexane to provide 69 (4.73 g, 72%) as a crystalline
yellow solid. TLC (hexane/EtOAc 1:1) Rf =0.59.

1H NMR (400
MHz, CDCl3) δ 8.24−8.19 (m, 2H), 7.92−7.83 (m, 2H), 7.66 (td, J =
8.1, 1.8 Hz, 1H), 7.29−7.23 (m, 1H), 7.19 (td, J = 7.6, 1.4 Hz, 1H),
6.86 (s, 1H), 6.76 (ddd, J = 12.7, 8.1, 1.4 Hz, 1H), 4.42 (qq, J = 10.7,
7.1 Hz, 2H), 3.82 (d, J = 8.9 Hz, 1H), 3.67 (d, J = 8.9 Hz, 1H), 1.62
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(s, 3H), 1.60 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H). MS m/z = 540 [M +
NH4]

+.

( R ) - 3 , 3 , 3 - T r ifluo ro - 2 - ( ( R ) - 2 - ( 2 -fluo ropheny l ) - 2 - ( 4 -
nitrophenylsulfonamido)propoxy)-2-methylpropanamide (61). A
solution of (R)-ethyl 3,3,3-trifluoro-2-((R)-2-(2-fluorophenyl)-2-(4-
nitrophenylsulfonamido)propoxy)-2-methylpropanoate (60) (4.5 g,
8.6 mmol) in 7 N NH3 in MeOH was stirred in a sealed glass vessel at
50 °C for 36 h. The reaction mixture was concentrated, and the
residual foam was dried under reduced pressure to afford the title
compound 61 (4.4 g, 99%) as a yellow amorphous solid, which was
used without further purification. 1H NMR (400 MHz, DMSO-d6) δ
8.85(s, 1H), 8.20 (d, J = 8.8 Hz, 2H), 7.91 (s, 1H), 7.73 (d, J = 8.8
Hz, 2H), 7.63 (s, 1H), 7.44 (td, J = 8.0, 1.8 Hz, 1H), 7.23 (m, 1H),
7.14 (td, J = 7.6, 1.4 Hz, 1H), 6.78 (m, 1H), 3.98 (d, J = 8.9 Hz, 1H),
3.72 (d, J = 8.9 Hz, 1H), 1.63 (s, 3H), 1.48 (s, 3H). MS m/z = 511
[M + NH4]

+.

N-((R)-1-(((R)-2-Cyano-1,1,1-trifluoropropan-2-yl)oxy)-2-(2-
fluorophenyl)propan-2-yl)-4-nitrobenzenesulfonamide (62). To a
solution of (R)-3,3,3-trifluoro-2-((R)-2-(2-fluorophenyl)-2-(4-
nitrophenylsulfonamido)propoxy)-2-methylpropanamide (61) (4.28
g, 8.5 mmol) and NEt3 (2.96 mL, 21.25 mmol) in CH2Cl2 (50 mL)
was added dropwise trifluoroacetic anhydride (1.45 mL, 10.2 mmol)
over a period of 30 min. After stirring for 2 h at 0−5 °C, the reaction
mixture was added to cold 5% aq. NaHCO3 solution and the product
was extracted with tert-butylmethyl ether. Combined extracts were
washed with water, 0.1N aq. HCl, sat. aq. NaHCO3 solution, and
brine, dried over MgSO4, filtered, and concentrated. The crude
product was crystallized from EtOAc/heptane to provide the title
compound 62 (3.85 g, 95%) as a white solid. 1H NMR (400 MHz,
DMSO-d6) δ 8.87(s, 1H), 8.18 (d, J = 8.9 Hz, 2H), 7.65 (d, J = 8.8
Hz, 2H), 7.36 (td, J = 8.0, 1.8 Hz, 1H), 7.20 (m, 1H), 7.12 (td, J =
7.6, 1.4 Hz, 1H), 6.69 (m, 1H), 4.29 (d, J = 8.9 Hz, 1H), 4.09 (d, J =
8.9 Hz, 1H), 1.78 (s, 3H), 1.62 (s, 3H). MS m/z = 493 [M + NH4]

+.

(2R,5R)-5-(2-Fluorophenyl)-2,5-dimethyl-2-(trifluoromethyl)-5,6-
dihydro-2H-1,4-oxazin-3-amine (46). To a solution of N-((R)-1-
(((R)-2-cyano-1,1,1-trifluoropropan-2-yl)oxy)-2-(2-fluorophenyl)-
propan-2-yl)-4-nitrobenzenesulfonamide (62) (10.7 g, 22.5 mmol) in
EtOH (70 mL) were added 2-acetamido-3-mercaptopropanoic acid
(7.34 g, 45 mmol) and K2CO3 (6.84 g, 49.5 mmol), and the reaction
mixture was heated at reflux for 72 h. The reaction mixture was
concentrated to one-third of its volume and added to 10% aq. K2CO3
solution, and the product was extracted with tert-butylmethyl ether.
Combined extracts were washed with brine, dried over MgSO4,
filtered through a plug of silica gel, and concentrated. The residual
foam was dried under reduced pressure at 50 °C for 16 h to afford the

title compound 46 (6.05 g, 92%) as a yellow amorphous solid, which
was used without further purification. 1H NMR (400 MHz, CDCl3) δ
7.46 (td, J = 8.1, 1.9 Hz, 1H), 7.23 (ddt, J = 9.7, 4.9, 2.4 Hz, 1H), 7.10
(td, J = 7.6, 1.3 Hz, 1H), 7.02 (ddd, J = 12.4, 8.1, 1.3 Hz, 1H), 4.36
(br s, 2H), 4.07 (d, J = 11.7 Hz, 1H), 3.98−3.90 (m, 1H), 1.54 (d, J =
1.3 Hz, 3H), 1.46 (s, 3H). MS m/z = 291 [M + H]+.

(2R,5R)-5-(2-Fluoro-5-nitrophenyl)-2,5-dimethyl-2-(trifluoro-
methyl)-5,6-dihydro-2H-1,4-oxazin-3-amine (50). To a solution of
(2R,5R)-5-(2-fluorophenyl)-2,5-dimethyl-2-(trifluoromethyl)-5,6-di-
hydro-2H-1,4-oxazin-3-amine (46) (6.0 g, 20.6 mmol) in 98% sulfuric
acid (40 mL) was added in portions KNO3 (2.19 g, 21.65 mmol) at
0−5 °C over a period of 0.5 h, and the reaction mixture was stirred for
3 h at 22 °C. The reaction mixture was added to ice-water and was
basified to pH 8−9 at 15−25 °C with 30% aq. NaOH. The product
was extracted with EtOAc. Combined extracts were washed with
brine, dried over MgSO4, filtered, and concentrated. The crude
product was purified by flash chromatography on silica gel (hexane/
EtOAc 10:1 to 1:1) to provide the title compound 50 (5.62 g, 81%)
as a light-yellow solid. TLC (toluene/EtOAc 3:1) Rf = 0.34. 1H NMR
(400 MHz, CDCl3) δ 8.52 (dd, J = 6.7, 3.0 Hz, 1H), 8.15 (dt, J = 8.9,
3.6 Hz, 1H), 7.17 (dd, J = 10.6, 8.9 Hz, 1H), 4.76 (s, 2H), 4.06 (d, J =
11.6 Hz, 1H), 3.92 (d, J = 11.7 Hz, 1H), 1.56 (s, 3H), 1.49 (s, 3H).
MS m/z = 336 [M + H]+.

tert-Butyl ((2R,5R)-5-(2-Fluoro-5-nitrophenyl)-2,5-dimethyl-2-
(trifluoromethyl)-5,6-dihydro-2H-1,4-oxazin-3-yl)carbamate (51).
To a solution of (2R,5R)-5-(2-fluoro-5-nitrophenyl)-2,5-dimethyl-2-
(trifluoromethyl)-5,6-dihydro-2H-1,4-oxazin-3-amine (50) (5.4 g,
15.9 mmol) in CH2Cl2 (100 mL) were added Boc2O (4.5 g, 20.63
mmol) and NEt3 (4.42 mL, 31.7 mmol), and the reaction mixture was
stirred overnight at 22 °C. The reaction mixture was added to 10% aq.
NaH2PO4 solution, and the product was extracted with CH2Cl2.
Combined extracts were washed with water, dried over MgSO4,
filtered, and concentrated. The residue was crystallized from EtOAc/
diisopropylether to provide the title compound 51 (6.38 g, 90%) as a
light-yellow solid. TLC (hexane/EtOAc 3:1) Rf = 0.37. 1H NMR (400
MHz, CDCl3) δ 11.11 (s, 1H), 8.33−8.25 (m, 2H), 7.32 (t, J = 9.9
Hz, 1H), 4.43 (d, J = 12.4 Hz, 1H), 4.14 (d, J = 12.4 Hz, 1H), 1.73 (s,
3H), 1.57 (d, J = 1.9 Hz, 9H), 1.55 (s, 3H). MS m/z = 436 [M + H]+.

tert-Butyl ((2R,5R)-5-(5-Amino-2-fluorophenyl)-2,5-dimethyl-2-
(trifluoromethyl)-5,6-dihydro-2H-1,4-oxazin-3-yl)carbamate (33b).
A solution of tert-butyl ((2R,5R)-5-(2-fluoro-5-nitrophenyl)-2,5-
dimethyl-2-(trifluoromethyl)-5,6-dihydro-2H-1,4-oxazin-3-yl)-
carbamate (51) (6.2 g, 14.18 mmol) in dioxane (100 mL) was
hydrogenated at atmospheric pressure with 5% Pd-C (1.5 g) for 3 h at
45 °C. The reaction mixture was filtered through Celite, and the
filtrate was lyophilized. The white residue was recrystallized from tert-
butylmethylether/hexane to provide the title compound 33b (5.28 g,
92%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 10.85 (s, 1H),
6.84 (dd, J = 11.8, 8.5 Hz, 1H), 6.60−6.48 (m, 2H), 4.32 (d, J = 12.1
Hz, 1H), 4.00 (d, J = 12.1 Hz, 1H), 3.62 (s, 2H), 1.61 (s, 3H), 1.51
(s, 3H), 1.49 (s, 9H). MS m/z = 406 [M + H]+.
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t e r t - B u t y l ( ( 2 R , 5 R ) - 5 - ( 2 - F l u o r o - 5 - ( 5 - c y a n o - 3 -
methylpicolinamido)phenyl)-2,5-dimethyl-2-(trifluoromethyl)-5,6-
dihydro-2H-1,4-oxazin-3-yl)carbamate (53). To a solution of tert-
butyl ((2R,5R)-5-(5-amino-2-fluorophenyl)-2,5-dimethyl-2-(trifluoro-
methyl)-5,6-dihydro-2H-1,4-oxazin-3-yl)carbamate (33b) (3.49 g, 8.6
mmol) in DMF (30 mL) were added at 0−5 °C 5-cyano-3-
methylpicolinic acid (1.54 g, 9.46 mmol), EDC (1.74 g, 11.18 mmol),
and HOAt (1.52 g, 11.18 mmol), and the reaction mixture was stirred
overnight at 20 °C. The reaction mixture was added to sat. aq.
NaHCO3 solution, and the product was extracted with tert-
butylmethylether. Combined extracts were washed with brine, dried
over MgSO4, filtered, and concentrated. The crude product was 2×
recrystallized with diisopropylether to provide the title compound 53
(3.88 g, 81%) as a white crystalline solid. 1H NMR (400 MHz,
CDCl3) δ 11.08−11.03 (m, 1H), 10.03 (s, 1H), 8.72 (d, J = 1.9 Hz,
1H), 7.95 (d, J = 1.8 Hz, 1H), 7.77 (dt, J = 8.5, 3.4 Hz, 1H), 7.61 (dd,
J = 7.1, 2.6 Hz, 1H), 7.13 (dd, J = 11.5, 8.8 Hz, 1H), 4.42 (d, J = 12.2
Hz, 1H), 4.09 (d, J = 12.1 Hz, 1H), 2.85 (s, 3H), 1.70 (s, 3H), 1.59−
1.53 (m, 12H). MS m/z = 550 [M + H]+.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-cyano-3-methylpicoli-
namide (54). To a solution of tert-butyl ((2R,5R)-5-(2-fluoro-5-(5-
cyano-3-methylpicolinamido)phenyl)-2,5-dimethyl-2-(trifluorometh-
yl)-5,6-dihydro-2H-1,4-oxazin-3-yl)carbamate (53) (3.86 g, 7.0
mmol) in CH2Cl2 (30 mL) was added trifluoroacetic acid (5.1 mL,
70 mmol), and the reaction mixture was stirred for 2.5 h at 22 °C.
The reaction mixture was added to excess 10% aq. NaHCO3 solution,
and the product was extracted with EtOAc. Combined extracts were
washed with brine, dried over MgSO4, filtered, and concentrated. The
crude product was 2× recrystallized from iPrOH and dried at 50 °C
for 24 h to provide the title compound 54 (2.64 g, 83%) as a colorless
solid. M.p. 101−102 °C. TLC (CH2Cl2/MeOH 10:1) Rf =0.16.

1H
NMR (600 MHz, DMSO-d6) δ 10.73 (s, 1H), 8.99 (s, 1H), 8.41 (s,
1H), 7.79 (dd, J = 7.4, 2.8 Hz, 1H), 7.72 (m, 1H), 7.16 (dd, J = 11.8,
8.7 Hz, 1H), 6.09 (s, 2H), 3.91 (d, J = 11.5 Hz, 1H), 3.81 (d, J = 11.4
Hz, 1H), 2.54 (s, 3H), 1.47 (s, 3H), 1.42 (s, 3H). 13C NMR (151
MHz, DMSO-d6) δ 163.74, 156.17 (d, 1JCF = 241.9 Hz), 153.68,
152.31, 148.78, 143.31, 134.19, 133.29 (d, 2JCF = 13.1 Hz), 133.14,
124.65 (q, 1JCF = 287.6 Hz), 121.93, 120.66 (3JCF = 8.5 Hz), 116.58,
115.99 (d, 2JCF = 25.2 Hz), 110.03, 72.07 (q, 2JCF = 27.2 Hz), 67.27,
54.97, 25.63, 18.53, 18.29. 19F NMR (376 MHz, DMSO-d6) δ −74.67
(s, 3F), −117.10 (s, 1F). HRMS (ESI+): m/z calcd for
C21H19N5O2F4 [M + H]+ 450.15476, found 450.15485.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-bromopyrimidine-2-
carboxamide Hydrochloride (64a). 64a was obtained according to
the procedure described for compounds 53 and 38a starting from 33b
and 5-bromopyrimidine-2-carboxylic acid (63a) as an off-white solid
(85, 88%). 1H NMR (600 MHz, DMSO-d6) δ 11.7 (s, 1H), 11.1 (s,
1H), 9.61 (s, 2H), 9.32 (s, 2H), 7.99 (m, 1H), 7.93 (d, J = 3.2 Hz,
1H), 7.36 (dd, J = 11.8, 8.7 Hz, 1H), 4.34 (d, J = 11.5 Hz, 1H), 4.08
(d, J = 11.4 Hz, 1H), 1.65 (s, 3H), 1.59 (s, 3H). MS m/z = 490/492

[M + H]+. HRMS (ESI+): m/z calcd for C18H17N5O2BrF4 [M + H]+

490.04963, found 490.04965.

rac-N-(3-((3R*,6R*)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-
3,6-dihydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-cyanopyrimi-
dine-2-carboxamide Trifluoroacetate (rac-64b). rac-64b was
obtained according to the procedure described for compounds 53
and 54 starting from rac-33b and 5-cyano-3-methylpyrazine-2-
carboxylic acid (63b) as an off-white solid (16, 94%). 1H NMR
(400 MHz, CDCl3) δ 11.16 (s, 1H), 9.95 (s, 1H), 9.18 (s, 2H), 8.96
(s, 2H), 7.95−7.87 (m, 1H), 7.57−7.49 (m, 1H), 7.10 (dd, J = 11.5,
8.7 Hz, 1H), 4.45 (d, J = 12.5 Hz, 1H), 4.01 (d, J = 12.5 Hz, 1H),
1.73 (s, 3H), 1.67 (s, 3H). MS m/z = 437 [M + H]+.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluoro-phenyl)-5-cyanopicolinamide
Hydrochloride (64c). 64c was obtained according to the procedure
described for compounds 53 and 54 starting from 33b and 5-cyano-3-
methylpyrazine-2-carboxylic acid (63c) as an off-white solid (86,
91%). 1H NMR (400 MHz, DMSO-d6) δ 10.85 (s, 1H), 9.26−9.10
(m, 1H), 8.56 (dd, J = 8.2, 2.2 Hz, 1H), 8.32−8.16 (m, 1H), 7.93 (dd,
J = 7.4, 2.7 Hz, 1H), 7.84−7.62 (m, 1H), 7.16 (dd, J = 11.8, 8.9 Hz,
1H), 6,25 (br s, 2H), 3.94 (d, J = 11.5 Hz, 1H), 4.81 (d, J = 11.6 Hz,
1H), 1.49 (s, 3H), 1.43 (s, 3H). HRMS (ESI+): m/z calcd for
C20H18N5O2F4 [M + H]+ 436.13911, found 436.13904.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-cyano-3-methylpyra-
zine-2-carboxamide (64d). 64d was obtained according to the
procedure described for compounds 53 and 54 starting from 33b and
5-cyano-3-methylpyrazine-2-carboxylic acid (63d) as an off-white
solid (55, 79%). 1H NMR (400 MHz, MeOD-d4) δ 9.01 (s, 1H), 7.86
(dd, J = 7.4, 2.8 Hz, 1H), 7.74 (m, 1H), 7.20 (dd, J = 11.8, 7.7 Hz,
1H), 4.19 (d, J = 11.5 Hz, 1H), 3.35 (d, J = 11.4 Hz, 1H), 2.93 (s,
3H), 1.57 (s, 3H), 1.32 (s, 3H). HRMS (ESI+): m/z calcd for
C20H19N6O2F4 [M + H]+ 451.15001, found 451.15018.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-3-chloro-5-cyanopicoli-
namide Hydrochloride (64e). 64e was obtained according to the
procedure described for compounds 53 and 54 starting from 33b and
3-chloro-5-cyanopicolinic acid (63e) as a white solid (81, 95%). 1H
NMR (600 MHz, DMSO-d6) δ 10.92 (s, sH), 9.12 (d, J = 1.5 Hz,
1H), 8.82 (d, J = 1.5 Hz, 1H), 7.71 (d, J = 5.7 Hz, 2H), 7.25−7.08
(m, 1H), 6.11 (s, 2H), 3.93 (d, J = 11.5 Hz, 1H), 3.79 (d, J = 11.4 Hz,
1H), 1.46 (s, 3H), 1.42 (s, 3H). HRMS (ESI+): m/z calcd for
C20H17N5O2ClF4 [M + H]+ 470.10014, found 470.10043.
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3-Amino-N-(3-((3R,6R)-5-amino-3,6-dimethyl-6-(trifluorometh-
yl)-3,6-dihydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-cyanopicoli-
namide (64f). 64f was obtained according to the procedure described
for compounds 53 and 54 starting from 33b and 3-amino-5-
cyanopicolinic acid (63f) as a light-yellow foam (53, 77%). 1H NMR
(600 MHz, DMSO-d6) δ 10.51 (s, 1H), 8.21 (s, 1 H), 7.84 (m, 1H),
7.69 (m, 1H), 7.63 (s, 1H), 7.24 (s, 2H), 7.13 (dd, J = 11.2, 7.6 Hz,
1H), 6.08 (s, 1H), 3.80−3.92 (m, 2H), 1.48 (s, 3H), 1.39 (s, 3H).
HRMS (ESI+): m/z calcd for C18H17N5O2BrF4 [M + H]+ 451.15001,
found 451.15012.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-methoxy-3-methylpi-
colinamide (64g). 64g was obtained according to the procedure
described for compounds 53 and 54 starting from 33b and 5-
methoxy-3-methylpicolinic acid (63g) as a light-yellow foam (62,
94%). 1H NMR (400 MHz, DMSO-d6) δ 11.54 (s, 1H), 10.67 (s,
1H), 9.55 (m, 2H), 8.24 (d, J = 2.5 Hz, 1H), 7.98 (m, 1H), 7.89 (dd,
J = 7.7, 2.4 Hz, 1H), 7.43 (d, J = 3.3 Hz, 1H), 7.30 (dd, J = 12.1, 8.8
Hz, 1H), 4.31 (d, J = 12.6 Hz, 1H), 4.07 (d, J = 12.8 Hz, 1H), 3.91 (s,
3H), 2.62 (s, 3H), 1.76 (s, 3H), 1.72 (s, 3H). HRMS (ESI+): m/z
calcd for C21H23N4O3F4 [M + H]+ 455.17008, found 455.17020.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-5-(difluoromethoxy)-3-
methylpicolinamide Hydrochloride (64h). 64h was obtained
according to the procedure described for compounds 53 and 54
starting from 33b and 5-(difluoromethoxy)-3-methylpicolinic acid
(63h) as a light-yellow foam (76, 62%). 1H NMR (400 MHz, DMSO-
d6) δ 11.53 (s, 1H), 10.78 (s, 1H), 9.54 (m, 2H), 8.45 (d, J = 2.5 Hz,
1H), 7.97 (m, 1H), 7.88 (dd, J = 7.5, 2.5 Hz, 1H), 7.75 (d, J = 2.3 Hz,
1H), 7.45 (t, 1H), 7.32 (dd, J = 12.1, 8.8 Hz, 1H), 4.32 (d, J = 12.6
Hz, 1H), 4.08 (d, J = 12.6 Hz, 1H), 2.60 (s, 3H), 1.75 (s, 3H), 1.72
(s, 3H). HRMS (ESI+): m/z calcd for C21H21N4O3F6 [M + H]+

491.15124, found 491.15131.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1 ,4-oxazin-3-y l ) -4-fluorophenyl ) -3-chloro-5-
(difluoromethoxy)picolinamide (64i). 64i was obtained according to
the procedure described for compounds 53 and 54 starting from 33b
and 3-chloro-5-(difluoromethoxy)picolinic acid (63i) as a white solid
(92, 86%). 1H NMR (600 MHz, DMSO-d6) δ 10.74 (s, 1H), 8.59 (d,
J = 2.3 Hz, 1H), 8.13 (d, J = 2.3 Hz, 1H), 7.74 (dd, J = 7.3, 2.7 Hz,
1H), 7.72−7.66 (m, 1H), 7.50 (t, J = 72.7 Hz, 1H), 7.17 (dd, J = 11.7,
8.8 Hz, 1H), 6.10 (s, 2H), 3.93 (d, J = 11.5 Hz, 1H), 3.79 (d, J = 11.5
Hz, 1H), 1.47 (s, 3H), 1.42 (s, 3H). HRMS (ESI+): m/z calcd for
C20H18N4O3ClF6 [M + H]+ 511.09661, found 511.09677.

N-(3-((3R,6R)-5-Amino-3,6-dimethyl-6-(trifluoromethyl)-3,6-di-
hydro-2H-1,4-oxazin-3-yl)-4-fluorophenyl)-3,5-dichloropicolina-
mide Hydrochloride (64j). 64j was obtained according to the
procedure described for compounds 53 and 54 starting from 33b and
3,5-dichloropicolinic acid (63j) as a white solid (90, 88%). 1H NMR
(400 MHz, DMSO-d6) δ 10.72 (s, 1H), 8.87−8.64 (m, 1H), 8.43 (d, J
= 1.9 Hz, 1H), 7.84−7.59 (m, 2H), 7.29−7.04 (m, 1H), 6.05 (br s,
2H), 3.91 (d, J = 11.7 Hz, 1H), 3.77 (d, J = 11.3 Hz, 1H), 1.45 (s,
3H), 1.40 (s, 3H). HRMS (ESI+): m/z calcd for C19H17N4O2Cl2F4
[M + H]+ 479.06592, found 479.06598.
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