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Alzheimer’s disease is one of the most serious neurodegenera-
tive diseases afflicting modern society.! The slow transition of pa-
tients from loss of memory to dementia and death not only incurs a
great emotional cost to families, but also carries severe financial
burdens, primarily due to long-term healthcare requirements.’
Decades of research in the pharmaceutical sector has yielded no
disease modifying drugs that halt the progression of the disease,
and so the quest for new protein targets and a deeper biological
understanding of the disease state continues.?

Currently, one of the lead protein targets for the treatment of
Alzheimer’s disease is -secretase-1 (BACE-1).* Over the last decade,
considerable resources within the drug discovery industry have
been devoted to uncovering small molecule inhibitors of BACE-1.
The initial wave of highly potent peptidomimetic BACE-1 inhibitors
suffered from poor brain penetration and permeability due to high
topological polar surface area (tPSA), molecular weight (MW), and
rotatable bond count.® Although many recent efforts have still been
confounded by poor blood-brain barrier permeability, as well as
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off-target effects with Cathepsin D, promising chemical matter is
currently in human trials.® Advances in identifying potent amino-
heterocyclic functional groups that interact with the catalytic aspar-
tic acid residues of BACE-1 have allowed for the reduction of tPSA,
MW, and rotatable bonds of inhibitors, resulting in compounds with
good blood-brain barrier penetration (Fig. 1). In addition to the
aspartic acid binding groups, additional potency can be achieved
by aromatic side chains that extend into the P2’ and P3 pockets of
the active site.”
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Figure 1. Literature bicyclic aminoheterocycle BACE-1 inhibitors.
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Figure 2. Bicyclic aminooxazoline targets.
While our BACE-1 program has focused primarily on the devel-

opment of compounds possessing spirocyclic headgroups (Fig. 2),°
we briefly investigated the fused heterocyclic headgroup strategy,
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which resulted in the synthesis of compounds possessing micro-
molar inhibition of BACE-1. These synthetic efforts are detailed
here and represent a useful extension of the Lellouche-Wipf-Wil-
liams synthesis of oxazolines to fused systems possessing aryl
functionality at the ring junction.®

Given the dihydrothiazine'® and dihydropyrimidinone'' struc-
tural classes of BACE-1 inhibitors in the literature (Fig. 1), we
designed a novel bicyclic aminooxazoline scaffold type (Fig. 2).!?
The choice of an aminooxazoline headgroup was based on previ-
ously reported results for tetrahydronaphthalene-based spirocyclic
compounds (Fig. 2) in which this headgroup displayed the best
combination of moderate efflux properties and potency.® These
bicyclic aminooxazoline targets allow for extension into the P3
pocket (R=Ar), and also provide a vector for aryl or aliphatic
substituents toward P2’ (X or Y = N-Ar, N-aliphatic). In order to
maintain reasonable physical properties, we initially aimed to oc-
cupy either P3 or P2/, but not both pockets simultaneously. Specif-
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Figure 3. Retrosynthetic analysis of bicyclic aminooxazolines.
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Scheme 1. Reagents and conditions: (i) 5 mol % Pd(dppf)Cl,, 3 equiv K,COs, 4:1 dioxane/H,0, 80 °C; (ii) (a) 2 equiv BH3DMS, THF, 0 °C to rt, (b) aq NaOH, H,0,, 0-45 °C; (iii)

(a) 5 equiv CI3C(CO)NCO, CH,Cl,, (b) 6 equiv K,CO3, MeOH; (iv) 10 mol % Rh,(OAc)

4, 1.4 equiv PhI(OAc),, 2.3 equiv MgO, CH,Cl,, 40 °C.
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ically, the two isomeric piperidyl aminooxazolines (X =N, Y = CH,
and X = CH,, Y = N) provide alternate vectors toward P2’. The 2,4-
difluorophenyl group was chosen to occupy P1 for these targets
without a P3 substituent based on existing literature SAR for this
region. The tetrahydropyranyl aminooxazoline (X=0, Y =CH;)
and cyclohexyl aminooxazoline (X =Y = CH,) targets (without a
practical vector to P2’) incorporate a substituent toward P3. These
multiple points of diversity mandated that our synthetic route
enable P2’ or P3 diversification at the last step.

Our retrosynthetic analysis is presented in Figure 3. The most
obvious disconnection (Fig. 3A) was to forge the aminooxazoline
from an aryl alkene D in a single pot by the action of silver(I) cya-
nate and iodine, followed by introduction of ammonia—a method
introduced by Hassner over forty years ago.'”> Alternatively
(Fig. 3B), we envisioned the penultimate preparation of a bicyclic
oxazolidinone via Rh-catalyzed C-H functionalization chemistry
developed by Du Bois.'* Finally (Fig. 3C), the target compound class
could potentially arise from the diethylaminosulfur trifluoride
(DAST)-mediated ring closure technique pioneered by Lellouche,
Wipf and Williams.?

Scheme 1 depicts our results from the initial approaches A and
B. The aryl alkenes 1 and 4 were easily obtained via Suzuki-Miya-
ura cross-couplings of commercially available starting materials.'®

Table 1

Numerous attempts to invoke the Hassner method (Fig. 3A) and
obtain aminooxazolines directly were unsuccessful (not shown).
lodoisocyanate was recalcitrant to engage either alkene 1 or 4 un-
der a variety of conditions. Furthermore, we were not able to per-
form a direct attack of isocyanate nucleophiles onto in situ
generated iodonium or bromonium ions. Although we hypothe-
sized that there might be a prerequisite for an electron rich alkene,
a variant of 1 possessing 4-methoxyphenyl instead of 3-bromo-4-
fluorophenyl was also unreactive.'®

In examining the C-H amination route (Fig. 3B), aryl alkene 1
underwent hydroboration-oxidation to provide a mixture of
regioisomers (+)-2 (Scheme 1, 23% yield). The choice of borane-
dimethylsulfide complex was crucial since neither the tetrahydro-
furan complex, catecholborane, nor 9-borabicyclo[3.3.1]nonane re-
acted with alkene 1, even at elevated temperature. With (+)-2 in
hand, the primary carbamate (+)-3 was secured through one-pot
treatment with trichloroacetyl isocyanate and methanolysis of
the resultant trichloroacetate (35% yield of (+)-3, plus 46% of the
regioisomer).!” In the piperidine series, the hydroboration-oxida-
tion adduct of aryl alkene 4 was transformed directly to the carba-
mate (+)-5 before purification (64% over two steps, plus 13%
regioisomer). For the C-H amination step, tetrahydropyranyl car-
bamate (+)-3 proved completely unreactive under a variety of con-

BACE-1 SAR exploration for compounds based on tetrahydropyranyl aminooxazoline (+)-14 and cyclohexyl aminooxazoline (+)-29
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ditions. Interestingly, the piperidine carbamate (+)-5 reacted
smoothly under the original conditions reported by Du Bois to af-
ford oxazolidinone (+)-6 (71% yield), but with no evidence of the
desired benzylic substitution event.'®

The successful preparation of bicyclic aminooxazoline scaffolds
using approach C (Fig. 3) is presented in Scheme 2. Commencing
with aryl alkene 4, epoxidation to (+)-7 proceeded smoothly with
meta-chloroperbenzoic acid (74% yield). Subsequent ring opening
of epoxide (+)-7 with sodium azide provided azidoalcohol (+)-8
(56% yield, plus 11% recovered starting material). In initial studies
on epoxide opening, we obtained mixtures of regioisomers which
were separated and independently characterized spectroscopi-
cally.’ For the major isomer in this case, a 'H-'>N HMBC NMR
correlation indicated that the azide was benzylic. Furthermore,
oxidation of (+)-8 to the corresponding ketone, along with the
lack of reactivity of the constitutional tertiary alcohol with
Dess—Martin Periodinane provided additional structural proof.
Carrying forward, the amine resulting from azide reduction of
(+)-8 was treated with excess trimethylsilylisocyanate®® in the
presence of water to deliver a urea which, when treated with
diethylaminosulfur trifluoride, produced bicyclic aminoxazoline
(+¥)-9 in 56% yield over three steps. Deprotection of (+)-9 was
accomplished with trifluoroacetic acid to produce 7a-(2,4-difluo-
rophenyl)-3a,4,5,6,7,7a-hexahydrooxazolo[5,4-c]pyridin-2-amine
(£)-10 (78% yield).*!

Tetrahydropyranyl bicyclic aminooxazoline (+)-14 was
obtained in a similar manner from aryl alkene 11 (Scheme 2).
Following epoxidation to (%)-12 (90% yield), ring opening with so-
dium azide was carried out in a mixture of methanol and water to
afford (+)-13 (78% yield, plus 9% of the regioisomer). This solvent
mixture was necessary as trifluoroethanol solvent (used in the
synthesis of compound (+)-8) afforded exclusively the undesired
regioisomer as confirmed by X-ray crystallography of the final
aminooxazoline products. Reduction of azide (+)-13 in this case
was performed with Raney nickel, hydrazine, and formic acid in
methanol. The use of Raney nickel in the absence of hydrazine,
formic acid, or both, resulted in hydrodebromination. The interme-
diate amine was then subjected to urea formation and DAST-med-
iated ring closure to produce bicycle (+)-14 in 64% yield over three
steps.??

The synthesis of bicycle (+)-21 began with trifluoromethane-
sulfonation of the enolate derived from N-(tert-butoxycarbonyl)-
piperidone (50% yield of 15, plus 49% regioisomer).”> Subsequent
Suzuki cross-coupling of 15 afforded 16 (67% yield). Epoxidation
(()-17, 73% yield), azide introduction ((+)-18, 23% yield, plus
47% recovered starting material), azide reduction and urea genera-
tion provided compound (+)-19 in 84% yield over two steps. Reac-
tion of (+)-19 with DAST ((+)-20, 41% yield) and N-tert-
butoxycarbonyl deprotection afforded 3a-(2,4-difluorophenyl)-
3a,4,5,6,7,7a-hexahydrooxazolo[4,5-c|pyridin-2-amine (+)-21 in
92% yield.**

Finally, cyclohexane-fused aminooxazoline (+)-29 was con-
structed in nine steps from cyclohexanone (Scheme 2). The requi-
site aryl alkene 23 was produced by lithium-halogen exchange of
1,3-dibromobenzene and carbonyl addition onto cyclohexanone
(22, 90% yield) followed by acid-catalyzed dehydration (75% yield).
Thereafter, epoxidation ((+)-24, 90% yield), azide introduction ((+)-
25, 53% yield), and tert-butyldimethylsilyl protection afforded ()-
26 (83% yield). Azide reduction ((+)-27, 77% yield) was followed by
acidic rupture of the silyl blocking group and urea formation to
afford compound (+)-28 (54% yield over two steps). When com-
pound (+)-28 was submitted to the action of DAST, bicycle (+)-29
was produced in 80% yield.?

The final analogs were synthesized from aminooxazolines (+)-
10, (+)-14, (+)-21, and (%)-29 through Suzuki-Miyaura cross-cou-
plings, Cu-mediated amidations, nucleophilic aromatic substitu-
tions, or alkylations. The piperidyl aminooxazoline analogs based
on compounds (+)-10 and (+)-21 with a variety of P2’ substituents
such as carbamates, alkyls, 2-pyridyls, 2-pyrazinyl, and 2-pyrimid-
yls failed to provide ICsq <50 uM (Table S1). Despite poor binding
affinity, X-ray structures in BACE-1 provided some insight into
their binding mode and confirmed that the aminooxazoline func-
tional group could interact with the catalytic aspartic acids in the
active site (Fig. S1).

Accordingly, the bicyclic scaffolds without P2’ substituents
were subsequently explored. Extending into the P3 pocket with
the cyclohexyl and tetrahydropyranyl fused ring systems improved
binding affinity for BACE-1 (Table 1). P3 aryl ((2)-30 - (£)-32, (+)-
39, (+)-41, (+)-42) and heteroaryl ((£)-33, (£)-34, (1)-40, (+)-43,
(+)-44) substituents on the tetrahydropyranyl aminooxazoline

N

Figure 4. X-ray structures of compound (#)-34 (left, 1.38 A resolution) and compound (+)-40 (right, 1.7 A resolution) in BACE-1.
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and cyclohexyl aminooxazoline scaffolds provided high micromo-
lar activity against BACE-1. The 5-fluoropicolinamido and 5-chlo-
ropicolinamido  substituents on the tetrahydropyranyl
aminooxazoline afforded BACE-1 ICso=27.3 and 3.3 uM, respec-
tively. In the cyclohexyl aminooxazoline scaffold, the 3-chloropyr-
idyl (+)-40, which had an efflux ratio of 2.5 (MDR1-LLC-PK1 @
1uM)?*® was the most potent analog examined (BACE-1
IC50 = 11.8 uM). The analogs shown in Table 1 generally exhibited
good to moderate human liver microsome stability. The X-ray
structures of inhibitors (+)-34 and (+)-40 show the bicyclic amino-
oxazolines engaging the catalytic aspartic acids while occupying
the P1 and P3 pockets (Fig. 4).2” Interestingly, boat conformations
of the tetrahydropyran- and cyclohexane-based inhibitors (+)-34
and (+)-40 were observed in the X-ray cocrystal structures and
may indicate the ligands adopt a potentially unfavorable confor-
mation to accommodate the flap region over the active site.

In summary, rescaffolding of a spiro-aminooxazoline to a bicyclic
aminooxazoline provided new chemical matter. The synthesis of
these bicyclicaminooxazoline compounds was enabled by the intra-
molecular diethylaminosulfur trifluoride (DAST)-mediated ring clo-
sure of a benzylic urea onto a secondary alcohol. Ultimately, these
bicyclic aminooxazoline analogs did not provide an ideal vector to
access the P2’ pocket; however, occupation of the P3 pocket afforded
micromolar biochemical activity against BACE-1.
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(m, 3H), 2.44-2.26 (m, 1H), 1.86-1.71 (m, 1H), 1.48 (s, 9H).

Data for (+)-14: "H NMR (400 MHz, CDCls) 6 7.52 (s, 1H), 7.47 (d, ] = 7.8 Hz, 1H),
7.38 (d, J=7.8 Hz, 1H), 7.29 (dd, J = 7.8, 7.8 Hz, 1H), 4.77 (m, 1H), 4.05 (dd,
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Data for (+)-20: "H NMR (1.1:1 rotamer ratio, * denotes minor rotamer peaks,
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(0.400g, 1.28 mmol) in dichloromethane (10mL) under nitrogen was
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mixture was allowed to warm to 24 °C. After 2.5h, the reaction was
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In vitro MDR1-transfected LLC-PK1 assay run at 1 uM concentration of test
compound.
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