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Alzheimer’s disease (AD) is a neurodegenerative disease that
leads to progressive decline in cognitive function and ultimate-
ly incapacitation and death.””” One of the most widely accepted
theory of disease causation is that perturbations in the rate of
formation and/or clearance of the A-beta peptide initiate a cas-
cade of events leading to insoluble amyloid plaques, fibrillary
tangles, neuroinflammation, and neuronal cell death.”* The
ABsos, peptide is a fragment of (3-amyloid precursor protein
(APP), generated by the proteolytic action of the 3- and y-sec-
retase enzymes. Of these two enzymes, -secretase (-site APP
Cleaving Enzyme or BACE-1) is a type | membrane associated
aspartyl protease and is considered rate-limiting in this proteo-
lytic process.”?*®! Based on the key role of BACE-1 in the B-amy-
loid cascade, inhibition of BACE-1 is widely recognized as one
of the most promising therapeutic approaches for the treat-
ment and prevention of AD via reduction of APy, levels in
the CNS.®!

The development of small-molecule BACE-1 inhibitors has
been challenging due to the nature of the active site and the
CNS localization of the target. Early substrate-based BACE-Tin-
hibitors typically incorporate transition state isosteres such as
hydroxyethylamine (HEA) and multiple amide/sulphonamide
moieties to ensure efficient binding to the hydrophilic enzyme
active site. As a result, these peptidomimetic inhibitors are
generally susceptible to P-glycoprotein (P-gp) efflux at the
blood-brain-barrier (BBB). This prevents sufficient access to
target brain tissue in which the majority of APP processing by
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BACE-1 takes place.” Our efforts to systematically replace
amide and sulfonamide components with substituents com-
patible with CNS penetration, while maintaining acceptable
potency, has resulted in several reports describing alternative
CNS compatible replacements. The discovery of the oxadiazolyl
tertiary carbinamine motif, replacing both the HEA and the P1
amide, was recently described and is illustrated by inhibitor 1,
shown in Figure 1.”' Alternatively, the HEA could be simplified
to a primary amine as exemplified by compound 2.1 Further-
more, the benzyl amide-containing P3 group of inhibitor 1
could be replaced with a smaller methylcyclopropylmethylami-
no P3-P2 scaffold arrangement.®? Both inhibitors 1 and 2 re-
tained good intrinsic potency (BACE-1 IC5o=12nM and 2 nm,
respectively) and functional activity” in cells (SAPPB_NF ICs,=
65 nm and 71 nwm, respectively) but remained P-gp substrates.®
Assuming that the changes incorporated in compounds 1 and
2 may each have had a positive, though not yet measurable,
effect on P-gp transport, we prepared hybrid 3. While intrinsic
potency was largely retained at 25 nm, functional activity suf-
fered significantly (sAPPB_NF 1C5,=2,500 nm). To our satisfac-
tion, however, P-gp efflux susceptibility was greatly diminished
(B-A/A-B ratio=3.6, P,,,=20x10"°cms™"). Previously pub-
lished studies clearly indicated that both potency and P-gp
susceptibility could be further improved with minimal structur-
al modifications. For instance, “capping” of the P3 methylcyclo-
propylmethylamine NH with a methoxyethyl chain® improved
both potency (BACE-1 IC;,=6 nm) and P-gp susceptibility (B-A/
A-B ratio=1.6, P,,,=25x10"°cms™"). However, functional ac-
tivity (SAPPP_NF 1C5,=1,300 nm) was still not considered suffi-
cient to provide efficacy in vivo. In an effort to discover further
potency enhancements, we turned to modeling studies to
gain insight into the mode of binding of these inhibitors. In
the prototypical oxadiazolyl tertiary carbinamine 1, the oxadia-
zole is twisted 29° out of the plane of the phenyl scaffold in
the bioactive conformation.” It was hypothesized that this ro-
tation away from the ground state conformation was induced
by a weak electrostatic interaction of the oxadiazole nitrogens
with the flap region of the BACE-1 enzyme. Addition of a sub-
stituent on the phenyl scaffold, ortho to the oxadiazole, should
favor a similar out of plane twist in the ground state conforma-
tion, therefore mimicking the bioactive conformation. Indeed,
installation of a chloro substituent at the 3-position on the pyr-
idine ring of compound 3 yielded inhibitor 5, which displayed
a 25-fold boost in intrinsic potency (BACE-1 IC5,=1 nm) and
moderate functional activity (SAPPB_NF 1Cs,= 146 nm).”) P-gp
efflux susceptibility was slightly improved compared to com-
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fonamide lies 70° out of the plane. Interestingly, the
methoxy group terminating the P3 amine cap is
within H-bonding distance of residue GIn73; this
may be responsible for the additional boost in poten-
cy (3 vs 4 and 5 vs 6). Although not depicted in
Figure 2 for clarity reasons, the 10 s loop adopts the
down conformation induced by the permitted
Thr232-Ser10 interaction, as expected.®@ Also not
shown is the proximity of the 3-chloro group to
Thr72 and Arg 23559

Tertiary carbinamine 6 was assessed in an acute
brain penetration model to be only marginally able
to penetrate the BBB (brain/plasma ratio=9% in rats,
2h post-20 mpk ip. dosing in 25%DMSO/75%
PEG300), despite its promising P-gp profile." High
plasma protein binding in rats, as well as dogs, mon-
keys and humans (free fraction <39%), was assumed
to be a strong limiting influence on acute brain pen-
etration."” The question remained, however, as to
whether sustained plasma exposure would allow for
more efficient brain permeation over hours or days.
Unfortunately, inhibitor 6 suffers from high clearance
and poor oral bioavailability in multiple species
(Cl =58 mLmin~"kg ™", Clyog=26 mLmin~"kg ™",
Clpesus=24 mLmin~'kg™"; <2%F in all three species)
as a result of extensive first pass metabolism, imply-
ing that sustained exposure would require continu-
ous i.v. infusion. Metabolism studies indicated that
inhibitor 6 was extensively oxidized by CYP 3A4. Fol-
lowing a strategy originally developed in the HIV pro-

Gly230

Figure 1. Evolution toward isonicotamide derived tertiary carbinamine inhibi-
tors of BACE-1.

pound 3 (B-A/A-B ratio=1.9, P,,,=12x10"°cms™"), possibly
the result of an inductive effect of the chloro group on the un-
capped P3 NH. Combining beneficial modifications observed
with compounds 4 and 5 in a single inhibitor led to the discov-
ery of oxadiazolyl tertiary carbinamine 6, a compound with re-
markable intrinsic potency and good functional activity (BACE-1
IC5=0.4 nm; SAPPP_NF 1C5,=40 nm), along with minimal P-gp
susceptibility suggesting good potential for brain penetration
(B-A/A-B ratio=1.9, P,,,=22x 10" cms™).

An X-ray crystal structure of inhibitor 6 bound to the BACE-1
active site was obtained via the soaking exchange of a weak
ligand (Figure 2)."" The central tertiary carbinamine interacts
with catalytic aspartates Asp32 and Asp228, as well as the
Gly230 residue, and the oxadiazole nitrogens appear to be
within electrostatic interaction distance to the flap region
Thr72 and GIn73, as observed earlier with inhibitor 1.”) The ox-
adiazole ring is now twisted out of the plane defined by the
central aryl scaffold with a dihedral angle of approximately 40°
(compared with 29° dihedral angle for inhibitor 1), and the sul-
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Figure 2. X-ray structure of the BACE-1-inhibitor 6 complex (PDB code:
2NTR), and the chemical structure of inhibitor 6 showing the dihedral
angles.
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tease field,"™® compound 6 was co-dosed with the CYP 3A4 in-
hibitor ritonavir (10 mpk p.o., for both ritonavir and compound
6) resulting in 83% oral bioavailability in rhesus and sustained
plasma exposure upon p. o. dosing. The effect was less pro-
nounced in dogs or rats.

The implantation of a permanent port in the cisterna magna
of rhesus monkeys!'*" provides a convenient access to the
CSF compartment, allowing the assessment of both inhibitor
and biomarker concentrations in the CNS.'* In a multiple
dose oral cross-over study, tertiary carbinamine 6 was adminis-
tered twice daily (p.o., 15 mpk), two hours after ritonavir (p.o.,
10 mpk), for 3.5 days in rhesus monkeys (n=8)."" The peak
concentration of inhibitor 6 averaged over the course of the
experiment was 4.7 um in plasma and 35 nm in CSF, ~35% of
the calculated unbound fraction in plasma.l'® A significant and
sustained reduction of CSF AP,, was observed throughout the
treatment period (Figure 3), averaging 47 % at peak and 42%
for all time points (p <0.001, pairwise t-test, n=28 animals). The
reduction persisted at trough concentrations, which ranged
from 0.7 to 1.9 pum in plasma and averaged 25 nm in CSF.

The synthesis"” of tertiary carbinamine 6 is centered around
the coupling of the sulfonamide and cyclopropylmethylamine
moieties to a central isonicotinate core followed by elaboration
of the oxadiazole ring from the carboxylic acid functionality
(Scheme 1). Amine 7 was prepared from trans-2-methylcyclopro-
pane carboxylic acid via benzylamine coupling, subsequent re-
duction and chiral separation."® The methoxyethyl cap was
added using the same methodology to give amine 8. Mesylme-
thylamine was coupled to methyl-2,6-dichloroisonicotinate
using Pd,dba; and Xantphos to afford acid 9 after hydrolysis of
the corresponding methyl ester. At this point a second Pd’
mediated coupling of amine 8 to aryl chloride 9 provided
intermediate 10. Sequential coupling of Boc-hydrazine (followed
by deprotection) and N-Boc-a-methyl-phenylalanine yielded the
corresponding bis-amide. Cyclodehydration to construct the ox-
adiazole moiety, followed by Boc removal and chlorination™ of
the aryl ring completed the synthesis of tertiary carbinamine 6.
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Figure 3. CSF AB,, reduction (baseline normalized, left Y-axis, l) and [6]cs¢
(right Y-axis, ) in rhesus monkeys, after twice daily treatment with com-
pound 6 (p.o., 15 mpk), two hours following ritonavir treatment (p.o.,

10 mpk), for three and a half days in a full crossover study design. Samples
were collected at baseline (—20, —1 h) prior to first dose, at peak time point
(+4 h) after morning dosing, and finally at recovery, 96 h after the last dose.
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Scheme 1. Synthesis of tertiary carbinamine inhibitors. Reagents and condi-
tions: a) benzylamine, EDC, DCM, recrystallization from EtOAc/hexane, 50 %;
b) chiral separation: Chiralpak OD; c) BH;-THF, THF, 100 %; d) methoxyacetic
acid, EDC, HOAt, Hunig's base, DMF, 91 %; e) BH; THF, THF, 50°C; f) H,,
Pd(OH),/C, EtOH, 93 % (2 steps); g) MeNHSO,Me, Pd,dba,, Xantphos, K;PO,,
dioxane, 73%; h) 1N NaOH, THF, MeOH 99 %; i) Pd(PtBus,),, K;PO,, DMA;

j) (Boc-hydrazine, EDC, HOAt, DCM, 77 % (2 steps); k) HCl;, DCM, 100 %;

1) N-Boc-p-a-Me-Phe, EDC, HOAt, Hunig's base, DMF, 90%; m) Ph,P, CBr,,
imidazole, DCM, 94 %; n) TFA, DCM; o) NCS, DCM, 3-3.5:1 regioisomeric mix,
preparative HPLC, 50-60% (2 steps).

In summary, incorporation of an isonicotinic core containing
a P3 methylcyclopropyl group into our previously reported ox-
adiazolyl tertiary carbinamine based BACE-1 inhibitors has led
to the identification of the exquisitely potent inhibitor 6, which
displays good permeability and low susceptibility to the P-gp
efflux pump. Upon co-dosing with CYP 3A4 inhibitor ritonavir,
tertiary carbinamine 6 was found to be orally bioavailable. Fol-
lowing twice daily oral administration to monkeys, it was
shown to penetrate the CNS and lower A, levels in the CSF
by >40% over the course of a 3 day experiment. Further struc-
tural improvements aimed at optimization of pharmacokinetics
and brain penetration will be the subject of future work, as
will studies of the impact of central BACE-1 inhibitor-mediated
AB., lowering on cognition.

Experimental Section

The Supporting Information contains full experimental details for
the synthesis of the BACE-1 inhibitors outlined in Scheme 1. Details
of the animal studies conducted can also be found in the Support-
ing Information.

All animal procedures were done in accordance with guidelines
from the Institutional Animal Care and Use Committee at Merck.

Acknowledgements

The authors would like to thank C. Ross and J. Murphy for mass
spectral analysis, C. Homnick for chiral separations, J. Hochman

www.chemmedchem.org 39


www.chemmedchem.org

MED

and N. Pudvah for P-gp experiments, E. Price for brain/plasma
ratio experiments, J. Ellis and L. Jin for drug metabolism and
pharmacokinetic studies, D. Gilberto and the Department of Lab-
oratory Animal Resources for the creation and maintenance of

the

cisterna magna ported monkey colony, and B. W. Trotter for

careful proof reading of this manuscript.

Keywords: alzheimer’s disease -

ap reduction - inhibitors -

BACE-1 - B-secretase

1]

[2

e

=

5

=

S

40

a) R. L. Nussbaum, C.E. Ellis, N. Engl. J. Med. 2003, 348, 1356-1364;
b) D. J. Selkoe, Ann. Intern. Med. 2004, 140, 627-638; c) M. P. Mattson,
Nature 2004, 430, 631-639; d) S. J. Stachel, J. P. Vacca, Curr. Top. Med.
Chem. 2006, 6, 551 and following articles; e) P. M. Doraiswamy, G. L.
Xiong, Expert Opin. Pharmacother. 2006, 7, 1-10; f) L. A. Sorbera, J.
Bozzo, N. Serradell, Drugs Future 2007, 32, 625-641.

a) C. Pereira, P. Agostinho, P. . Moreira, S. M. Cardoso, C. R. Oliveira, Curr.
Drug Targets: CNS Neurol. Disord. 2005, 4, 383-403; b) M. S. Wolfe, Sci.
Am. 2006, 294, 72-79; c) E. D. Roberson, K. Scearce-Levie, J. J. Palop, F.
Yan, I. H. Cheng, T. Wu, H. Gerstein, G. Yu, L. Mucke, Science 2007, 316,
750-754; d) J. L. Cummings, N. Engl. J. Med. 2004, 351, 56-67; e) M. Goe-
dert, M. G. Spillantini, Science 2006, 314, 777-781.

a) D. Beher, S.L. Graham, Expert Opin. Invest. Drugs 2005, 14, 1385-
1409; b) T. Guo, D.W. Hobbs, Curr. Med. Chem. 2006, 13, 1811-1829;
c) T. B. Durham, T. A. Shepherd, Curr. Opin. Drug Discov. Devel. 2006, 9,
776-791; d) Z. Ziora, T. Kimura, Y. Kiso, Drugs Future 2006, 31, 53-63;
e) R. E. Olson, L. R. Marcin, Annu. Rep. Med. Chem. 2007, 42, 27-48.

a) K. M. M. Doan, J. E. Humphreys, L. O. Webster, S. A. Wring, L. J. Sham-
pine, C.J. Serabjit-Singh, K. K. Adkinson, J. W. Polli, J. Pharmacol. Exp.
Ther. 2002, 303, 1029-1037; b) R. Didziapetris, P. Japertas, A. Avdeef, A.
Petrauskas, J. Drug Targeting 2003, 11, 391-406.

H. A. Rajapakse, P.G. Nantermet, H.G. Selnick, S. Munshi, G.B.
McGaughey, S. Lindsley, M. B. Young, M. T. Lai, A.S. Espeseth, X. P. Shi,
D. Colussi, B. Pietrak, M. C. Crouthamel, K. Tugusheva, Q. Huang, M. Xu,
A.J. Simon, L. Kuo, D.J. Hazuda, S. Graham, J. P. Vacca, J. Med. Chem.
2006, 49, 7270-7273.

a) S. R. Stauffer, M. G. Stanton, A.R. Gregro, M. A. Steinbeiser, J. Shaffer,
P. G. Nantermet, J. C. Barrow, K. E. Rittle, D. Colussi, A. S. Espeseth, M. T.
Lai, B. Pietrak, M. K. Holloway, G.B. McGaughey, S. Munshi, J. H. Hoch-
man, A.J. Simon, H.G. Selnick, S. Graham, J.P. Vacca, Bioorg. Med.
Chem. Lett. 2007, 17, 1788-1792; b) M. G. Stanton, S.R. Stauffer, A.R.
Gregro, M. A. Steinbeiser, P.G. Nantermet, S. Sankaranarayanan, E.A.
Price, G. Wu, M. C. Crouthamel, J. Ellis, M. T. Lai, A.S. Espeseth, X. P. Shi,
L. Jin, D. Colussi, B. Pietrak, Q. Huang, M. Xu, A. J. Simon, F. L. Graham,
J. P. Vacca, H. G. Selnick, J. Med. Chem. 2007, 50, 3431-3433; c) The re-
moval of the P3 amide functionality allows the enzyme to adopt a “10 s
loop down” conformation induced by the Thr232-Ser10 interaction
that is now allowed. This conformation results in a smaller S3 pocket,
which is best filled by a small hydrophobic group such as the methyl-
substituted cyclopropyl moiety. For more details see G. B. McGaughey,
D. Colussi, S.L. Graham, M.T. Lai, S.K. Munshi, P.G. Nantermet, B.
Pietrak, H.A. Rajapakse, H.G. Selnick, S.R. Stauffer, K. M. Holloway,
Bioorg. Med. Chem. Lett. 2007, 17 1117-1121; K. P. Moore, H. Zhu, H. A.
Rajapakse, G.B. McGaughey, D. Colussi , E.A. Price, S. Sankaranara-
yanan, A.J. Simon, N. T. Pudvah, J. H. Hochman, T. Allison, S. K. Munshi,
S. L. Graham, J. P. Vacca, and P. G. Nantermet, Bioorg. Med. Chem. Lett.
2007, 17, 5831-5835; along with [6a].

Amyloid precursor protein (APP) modified with the NFEV sequence at
the site of proteolysis was used in our assays. Intrinsic potency refers to
the inhibition of the BACE-1 enzyme in a cell free medium. Functional
potency refers to the inhibition of APP processing by BACE-1 transfect-
ed to a HEK293 cell line. See: X.P. Shi, K. Tugusheva, J. E. Bruce, A.
Lucka, E. Chen-Dodson, B. Hu, G. X. Wu, E. Price, R. B. Register, J. Line-
berger, R. Miller, M. J. Tang, A.S. Espeseth, J. Kahana, A. Wolfe, M. C.
Crouthamel, S. Sankaranarayanan, A.J. Simon, L. Chen, M. T. Lai, B. Pie-
trak, J. DiMuzio, Y. Li, M. Xu, Q. Huang, V. Garsky, M. K. Sardana, D. J.
Hazuda, J. Alzheimers Dis. 2005, 7, 139-148.

www.chemmedchem.org

(8]

S

[10]
[l

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

a) J. H. Hochman, M. Yamazaki, T. Ohe, J. H. Lin, Curr. Drug Metab. 2002,
3, 257-273; b) M. Yamazaki, W. E. Neway, T. Ohe, I. W. Chen, J. F. Rowe,
J.H. Hochman, M. Chiba, J. H. Lin, J. Pharmacol. Exp. Ther. 2001, 296,
723-735.

The 3-chloro group could exert beneficial electronic effects as well as
inducing additional positive interactions with the enzyme (i.e. proximity
to Thr72 (3.6 A) and Arg235 (3.8 A)), which could both result in im-
proved potency. Studies with alternate 3-substituents of various size
and electronic nature (F: 8.5x boost, Br: 30x boost, CN: 20x boost)
seem to indicate the prevalence of a gearing effect based on steric and
electronic repulsion between the 3-substituent and the oxadiazole
nitrogen. Deconvoluting the individual contributions is not possible
from the available data.

1.8 A resolution, PDB code: 2NTR.

Mouse P-gp ratio=2.3. Higher brain levels have been observed in mice
after 100 mpk i.p. dosing.

J. H. Lin, Curr. Drug Metab. 2008, 9, 46-59.

For recent reviews see: a) A. Mastrolorenzo, S. Rusconi, A. Scozzafava,
C. T. Supuran, Expert Opin. Ther. Pat. 2006, 16, 1067-1091; b) A. Mastro-
lorenzo, S. Rusconi, A. Scozzafava, G. Barbaro, C. T. Supuran, Curr. Med.
Chem. 2007, 14, 2734-2748.

a) D. B. Gilberto, A. H. Zeoli, P.J. Szczerba, J. R. Gehret, M. H. Holahan,
G.R. Sitko, C. A. Johnson, J.J. Cook, S.L. Motzel, Contemp. Top. Lab.
Anim. Sci. 2003, 42, 53-59; b) J. Cook, S. Sankaranarayanan, M. Holahan,
M. Michener, M. Crouthamel, D. Colussi, G. Wu, B. Pietrak, R. Miller, D.
Barbacci, C. Paweletz, A. Lee, R. Hendrickonn, V. Devanarayan, M. Shear-
man, A. Simon, Translational biomarker discovery in rhesus monkey csf
and plasma, Vol. 4 presented at Alzheimer’s and Parkinson’s diseases:
progress and new prospectives 8" international conference. Salzburg,
Austria, March 18-21, suppl. 1, 2007, 144; c) It is now widely accepted
that CSF concentrations reflect free fraction concentrations in the brain,
especially when measured at the cysterna magnum. See reference [12].
S. Sankaranarayanan, M. A. Holahan, D. Colussi, M. Crouthamel, V. Deva-
narayan, J. Ellis, A. Espeseth, A.T. Gates, S. L. Graham, A.R. Gregro, D.
Hazuda, J. Hocheman, K. Holloway, L. Jin, J. Kahana, M. Lai, J. Lineberg-
er, G. McGaughey, K. P. Moore, P. Nantermet, B. Pietrak, E. A. Price, H. Ra-
japakse, S. Stauffer, M. Steinbeiser, G. Seabrook, H. G. Selnick, X. Shi, M.
Stanton, J. Swestock, K. Tugusheva, K. X. Tyler, J. P. Vacca, J. Wong, G.
Wu, M. Xu, J. J. Cook, A.J. Simon, J. Pharamcol. Exp. Therap. 2008; DOI:
10.1124/jpet.108.143628.

Although the rhesus monkey P-gp could not be measured, the African
green monkey P-gp ratio was measured at 2.5.

A detailed procedure for the synthesis of compound 6 is provided in
the Supporting Information. For the preparation of inhibitors 3-5 and
related analogues see a) J. C. Barrow, G. B. McGaughey, P. G. Nantermet,
H. A. Rajapakse, H. G. Selnick, S. R. Stauffer, J. P. Vacca, S. J. Stachel, C. A.
Coburn, M. G. Stanton (Merck & Co., West Point, USA), WO2005103043,
2005; b)P. G. Nantermet, M. G. Stanton, H. A. Rajapakse, H. G. Selnick,
J. C. Barrow, S. R. Stauffer, J. P. Vacca, K. P. Moore, S. J. Stachel, (Merck &
Co., West Point, USA), WO2006057945, 2006.

The N-benzyl-trans-2-methylcyclopropanecarboxamide was resolved on
a 50x5 cm, 20 um Chiralpack OD, 95/5 hexane/EtOH (hexane modified
with 0.1% TFA), 70 mLmin ", Each individual enantiomer was converted
to a BACE-1 inhibitor and the “active enantiomer” was identified as the
second eluting peak. X-ray crystallography of a complex of BACE-1 and
an inhibitor derived from the “active enantiomer” indicated the §,S-
trans configuration of the methylcyclopropylmethylamine moiety.
Conditions were carefully optimized to yield full conversion and a 3-
3.5:1 ratio of chlorination between sulphonamide and oxadiazole moi-
eties (as desired) as opposed to between sulphonamide and cyclopro-
pylmethylamine moieties. The isomers were separated by reverse phase
HPLC (Waters Sunfire C18 OBD 5 pum, 30x 150 mm, multiple 0.7 mL
injections at 320 mgmL™" in DMF; CH,CN/water 35 mLmin~' gradient
(with 0.1% TFA modifier): 5-30% over 2 min, 30-45 % over 8 min, ramp
to 100% over 1 min and wash with 100% over 3 min).
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