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Inhibition of the aspartyl protease BACE-1 has the potential to deliver a disease-modifying therapy for
Alzheimer’s disease. We have recently disclosed a series of transition-state mimetic BACE-1 inhibitors
showing nanomolar potency in cell-based assays. Amongst them, GSK188909 (compound 2) had favor-
able pharmacokinetics and was the first orally bioavailable inhibitor reported to demonstrate brain amy-
loid lowering in an animal model. In this Letter, we describe the reasons that led us to favor a second
generation of inhibitors for further in vivo studies.

� 2009 Elsevier Ltd. All rights reserved.
Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder for which no disease-modifying treatment is currently
available.1 It is characterized pathologically by the presence of
extracellular senile plaques and intracellular neurofibrillary tan-
gles.2 These plaques are mainly comprised of Amyloid-b (Ab) pep-
tides, predominantly of 40 or 42 amino acids in length (Ab40,
Ab42), generated by the proteolytic processing of a larger mem-
brane-bound precursor protein, known as the amyloid precursor
protein (APP). The identification of BACE-1 (b-site APP cleaving en-
zyme) as the elusive b-secretase, a key enzyme in the production of
Ab peptides was a major advance in the field of AD.3 Due to the po-
tential for disease modification, many pharmaceutical companies
and academic institutions have been actively developing BACE-1
inhibitors for the treatment of AD.4

We have recently reported the discovery of a series of novel
hydroxyethylamine BACE-1 inhibitors from a micromolar hit 1
(Fig. 1).5 Exemplars from this advanced series of inhibitors demon-
strated nanomolar potency in cell-based assays and GSK188909
(compound 2), an example with high potency and favorable
in vivo pharmacokinetics was successfully used to demonstrate
that inhibiting BACE-1 lowered brain amyloid levels in transgenic
mice.6 A second generation of inhibitors, typified by compound 3,
demonstrated improved pharmacokinetics whilst retaining the
All rights reserved.

x: +44 0 1438768232.
Demont).
same high level of potency.4c Herein, and in the following papers,
we will present the data that led us to the discovery of these inhib-
itors and the advantages they offered over earlier compounds.

Inhibitors 4 and 5 (Fig. 2) are further representative of our first
generation of inhibitors. As shown in Table 1, the intrinsic proper-
ties of these molecules are typical of those reported for marketed
renin or HIV protease inhibitors (PIs): high molecular weight
(>550), high polar surface area and a high molecular volume (as de-
scribed by their calculated molar refractivity (CMR) values). These
properties are fairly typical of inhibitors of aspartyl proteases that
need to make a relatively high number of hydrogen bonding and
lipophilic interactions to achieve significant levels of inhibition.

Compound 2 shows high microsomal clearance in all species
and also inhibits P450 enzymes at relatively low concentrations
(mainly the 3A4 isoforms—as is the case for most of the com-
pounds in this series, Table 1). However, it was possible to mini-
mize this inhibition by lowering the lipophilicity of the inhibitors
(compare 5–2 and 4) but to the detriment of their permeability.

Indeed, although compound 5 was permeable enough to show
good activity in a cellular assay,7 its oral bioavailability in rats,
even at high doses (100 mg/kg) and using an optimized vehicle
[suspension in 50% (w/v) Vit E TPGS (D-alpha-tocopheryl polyethyl-
ene glycol 1000 succinate), 40% (v/v) PEG 400 and 10% (v/v) etha-
nol], was poor (0.2%) despite having moderate blood clearance
(64 mL/min/kg) suggesting poor absorption. The opposite was
observed for the more lipophilic inhibitor 4 (Table 2): this inhibitor
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Figure 2. Representative examples of BACE-1 inhibitors.

Table 1
In vitro profile of representative first generation BACE-1 inhibitors

Compd BACE IC50 (lM) Ab40a IC50 (nM) CYP IC50
b (lM) Clic (m, r, h) Log D @ pH 7.4 MW PSA CMR

2 0.002 5, 30 >100, 9, 10, 6.2, 0.4, 1.6 37, 8.7, 15 3.29 637 111 16.2
4 0.009 40, 519 75, 60, 15, 11, 75, 6.3 26, 7.6, 14 2.98 587 94 15.3
5 0.010 78, 3633 All >89 (3A4 DEF) 5.4, 1.7, 4.2 0.53 569 129 15.8

a In SHSY5Y wild type and Swedish cells, respectively. See Ref. 6 for details.
b 1A2, 2C9, 2C19, 2D6, 3A4 (DEF, PPR).
c Microsomal clearance in mouse, rat and human, respectively (in ml/min/g liver).
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Figure 1. From micromolar hit to nanomolar orally available BACE-1 inhibitors.
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showed similar bioavailability (�35%) following oral administra-
tion (3 mg/kg po) or injection via the hepatic portal vein, suggest-
ing complete absorption.

These differences in absorption could be predicted in this series
using an in house model based on CMR and lipophilicity (measured
Table 2
In vivo pharmacokinetics for compounds 2 and 4

Dose route Parameter 4 2

Intravenous (n = 3/4) CLba (mL/min/kg) 51 ± 9b 83 ± 5d

Vss (L/kg) 4.5 ± 0.7 5.5 ± 0.6
t½ (iv) (h) 1.9 ± 0.3 1.5 ± 0.3
Fipv (%) 38 ± 11 Nd

Oral @ 3 mg/kg (n = 4) Fpo (%) 35 ± 15c Nd
t½ (po) (h) 2.1, nd, 1.8, nd Nd
AUC/dose (min g/L) 6.9 ± 2.9 Nd

Oral @ 10 mg/kg (n = 3/4) Fpo (%) 67 ± 45c 7 ± 2e

t½ (po) (h) 1.8, 3.1, nd, nd Nd
AUC/dose (min kg/L) 17.3 ± 14.8 0.86 ± 0.24

a CLb: in vivo clearance; Vss: volume of distribution; t½: half-life; F: bioavail-
ability (following administration in portal vein:ipv or oral administration: po).

b Dissolve in 2% (v/v) DMSO then added to saline containing 10% (w/v) kleptose.
c Solution in 5% (v/v) ethanol, Capmul MCM C8 and solutol HS 15 (20:80).
d 0.9% (w/v) saline containing 10% (w/v) kleptose.
e Dissolved in 1% (v/v) Tween 80 and 1% (w/v) methylcellulose aqueous. Nd = not

determined.
Log D @ pH 7.4). As shown in Figure 3, prediction of absorption for
4 and 5 correlated with in vivo data. Compound 2 had some degree
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Figure 3. Prediction of absorption for the first generation of inhibitors.
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of oral bioavailability despite having high in vivo clearance (Table
2), again suggesting relatively good absorption, in agreement with
the prediction.

As can be seen, most of the compounds made in this series
were predicted to be poorly absorbed. The compounds which
were predicted to be well absorbed were in general too lipo-
philic to be metabolically stable. Overall, the chemical space
available for combining good potency (which tended to correlate
with high CMR), good absorption and drug-like lipophilicity was
small.

The in vivo profile of inhibitor 4 is similar to what has been
reported for HIV PIs: first pass elimination may explain the sub-
optimal bioavailability observed after ipv administration and the
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Scheme 1. Synthesis of key intermediates for the synthesis of biaryl non prime side subs
(b) X, Pd(PPh3)4, K2CO3, DME/H2O 3:1, reflux 6 h, 60%; (c) (CF3CO)2O, pyridine, CH2Cl2, 2
CH2Cl2, 25 �C, 16 h, 70%; (f) K2CO3, EtOH/H2O 5:1, 25 �C, 2 h then AcOEt, air, 16 h, 79%; (g
DMF, 60 �C, 8 h, 50%; (j) HCOOH, 100 �C, 45 min, 79%; (k) NH4COOH, Pd/C, MeOH/H2O, 7
25 �C; (n) NaH, THF, 25 �C; (o) NaH, DMF, 25 �C then EtI, 2 h, 61%; (p) Pd/C, MeOH/c-C6H12

(r) EtI, K2CO3, DMF, 25–45 �C, 30 min, 35%; (s) NH4COOH, Pd/C, MeOH/H2O, 60 �C, 30 m

Table 3
Influence of C-4 substitution to enzyme activity and cell activity

N
O

N

O

N

R1

R2

Compd R1 R2 BACE-1a IC

6 A H 0.049
7 A CH3 0.063
8 A OCH3 0.110
9 B H 0.005
10 B CH3 0.023
11 B OCH3 0.018

a In all tables, IC50s reported are means of the values of three different experiments.
non linear kinetics (increased AUC/D between the 10 and 3 mg/kg
oral doses) suggest saturation of metabolism at the higher dose.

The oral bioavailability of compound 2 was lower than that of
compound 4 but its in vitro activity (especially in cell assays) made
it better suited for use as a tool molecule in animal models. Indeed,
it proved efficacious in lowering level of amyloid in the brain,
albeit at high doses (250 mg/kg po). This molecule, the result of
several rounds of optimization, was unlikely to be further
optimized in terms of in vitro activity and thus in order to identify
a molecule which was efficacious at lower oral doses, the poor
pharmacokinetics of our inhibitors had to be optimized further.

Our strategy towards optimization of the PK properties focused
on improving metabolic stability as much as possible in
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tituent. Conditions: (a) pyrrolidinone, CuI, K3PO4, TMEDA, toluene, reflux 16 h, 28%;
5 �C, 61%; (d) allyl bromide, K2CO3, acetone, reflux, 3 h, 85%; (e) Grubbs II 10% w/w,
) MeOH, H2SO4, reflux; (h) Pd/C, MeOH/c-C6H12, reflux, 80% (2 steps); (i) EtI, K2CO3,
0 �C, 30 min, 81%; (l) NaNO2, AcOH, 60 �C, 1 h, 78%; (m) Cl(CH2)3COCl, NEt3, CH2Cl2,
, reflux, 84% (2 steps); (q) NaNO2, HCl, H2O, 0 �C then urea, H2SO4, 50 �C, 15 min, 22%;
in, 80%;
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A B

50 (lM) BACE-2 IC50 (lM) Cat-D IC50 (lM)

4.485 6.580
9.120 4.270
8.130 3.720
1.160 3.570
7.080 0.980
4.170 0.600

Each IC50 is within threefold of the mean value.



Figure 4. Superimposition on inhibitors 17 (green) and 22 (yellow) bound to
BACE-1.
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compounds which were predicted, using the model outlined above,
to be well absorbed. Qualitative in vitro studies with liver micro-
somes8 suggested that the main sites of metabolism for compound
2 were oxidation at the benzylic position on the prime side and de-
alkylation of the non prime side aniline substituent.

Our initial attempts to improve metabolic stability in this series
focused on trying to hinder the non prime side aniline based on an
early finding that a substitution ortho to the hydrogen bond acceptor
(HBA) was not detrimental to the activity (compare 6 and 9 with 7, 8
and 10, 11, respectively, Table 3). Moreover, substitution in this
position was not detrimental to the selectivity observed over
BACE-2 and Cat-D (two aspartic proteases used as our selectivity
panel). We hoped to prevent the observed metabolic dealkylation
by tying the aniline nitrogen back to the R2 substituent in a ring.

The syntheses of the most challenging bicyclic non-prime side
chemical intermediates 12–15 which emerged from this endeav-
our are shown in Scheme 1. The routes described also provided
the opportunity to introduce different HBAs at the meta position
(i.e., R1):

As shown in Table 4, some 5,6 biaryls inhibitors were slightly
more potent than the parent compound 6 (compounds 16–20)
whilst others or 6,6-biaryls were less well tolerated (compounds
23 and 22, respectively). The latter result (compound 22) was
not easily rationalized and X-ray crystallography failed to provide
any significant insights. Superimposition of the structures of com-
pounds 17 and 22 bound to BACE-19 did not reveal any major
movements of enzyme residues that could explain the differences
in activity observed (Fig. 4).

As shown with representative examples in Table 5, it was also
possible to maintain a good level of activity and at the same time
potentially minimize the risk of oxidation of the benzylic prime
side position either by substitution of this position, by cyclisation
or by lowering the electron density of the adjacent ring (com-
pounds 25–27, respectively).

A further set of compounds which combined the optimal prime
and non prime side substituents predicted to afford the appropri-
ate activity and improved metabolic stability were prepared but
Table 4
Activity and selectivity of selected BACE-1 inhibitors bearing bicyclic non prime side subs

N

O

N

O

N

O

CF3

X

N

N

N N

N

16

20

Compd BACE-1 IC50 (lM)

6 0.049
16 0.019
17 0.023
18a 0.026
19 0.028
20 0.034
18b 0.04
21 0.087
22 0.21
23a 0.42

a Using m-MeO benzylic prime side substituent instead of m-CF3.
unfortunately without demonstrating a significant improvement
in the in vivo pharmacokinetics. Compound 28 (Fig. 5), for exam-
ple, proved to be potent in vitro (BACE-1 IC50 = 35 nM) but rapidly
cleared in vivo (Rat CLb (1 mg/kg iv) = 83 ± 5 mL/min/kg). This
result may be explained by either invoking alternative in vivo met-
abolic pathways compared to those observed for compound 2 in
microsomes, or by concluding that the changes made to the mole-
cule may have introduced other metabolic liabilities.

Overall, finding a molecule with adequate in vitro potency, good
absorption and metabolic stability proved difficult to achieve in
this series. GSK188909 (compound 2) appeared to represent one
of the best compromises in terms of potency and pharmacokinet-
ics, hence its successful use for target validation, albeit at high oral
doses (250 mg/kg po). The discovery of an inhibitor with similar
efficacy at acceptable oral doses for clinical studies required the
discovery of a novel template which will be the subject of the fol-
lowing publications.
tituents

N N N

NR
1

O
N

N

O

N

17 18a: R = H
18b: R = CH3

19

21
22 23

BACE-2 IC50 (lM) Cat-D IC50 (lM)

4.485 6.580
5.75 53.7
8.32 13.49
5.75 4.07
6.31 14.13
8.91 11.22
5.13 3.72
12.59 15.14
13.18 14.39
23.44 23.99
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Figure 5. Structure of inhibitor 28.

Table 5
in vitro profile of inhibitors with potential improved metabolic stability

N
S O
O

N
O

NHR

O

N NH

O

CF3NH

N

NH
N

CF3NH

24
25

26 27

Compd BACE-1 IC50 (lM) BACE-2 IC50 (lM) Cat-D IC50 (lM)

24 0.003 1.41 3.89
25 0.006 0.35 0.60
26a 0.018 2.95 1.07
27 0.040 7.76 35.48

a Obtained as a 1:1 mixture of isomers.
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