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The proteolytic enzyme b-secretase (BACE1) plays a central role in the synthesis of the pathogenic b-amy-
loid in Alzheimer’s disease. Recently, we reported small molecule acylguanidines as potent BACE1 inhib-
itors. However, many of these acylguanidines have a high polar surface area (e.g. as measured by the
topological polar surface area or TPSA), which is unfavorable for crossing the blood–brain barrier. Herein,
we describe the identification of the 2-aminopyridine moiety as a bioisosteric replacement of the acyl-
guanidine moiety, which resulted in inhibitors with lower TPSA values and superior brain penetration.
X-ray crystallographic studies indicated that the 2-aminopyridine moiety interacts directly with the cat-
alytic aspartic acids Asp32 and Asp228 via a hydrogen-bonding network.

� 2010 Elsevier Ltd. All rights reserved.
Alzheimer’s disease (AD)� is a progressive, degenerative disease
of the brain and recognized as the leading cause of dementia in
the aging population. The prognosis of AD is poor and there is a great
need for medical intervention of this disease. Currently, the ap-
proved medical therapies consist of cholinesterase inhibitors and
N-methyl D-aspartate (NMDA) antagonists, that reduce the symp-
tomatology of the disease in the initial phase, but do not appear to
be capable of curing or stopping its progression.1,2 The pathological
hallmarks of AD include the aggregation and extracellular deposition
of b-amyloid peptide (Ab), which leads to plaque formation, and the
abnormal hyperphosphorylation of tau protein, which leads to the
intracellular formation of neurofibrillary tangles.3,4 b-amyloid
deposits are predominately aggregates of the Ab peptides (Ab, 39–
43 residues) resulting from the endoproteolysis of the amyloid pre-
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cursor protein (APP).5,6 These peptide fragments result from the
sequential cleavage of APP, first at the N-terminus by b-secretase en-
zyme (b-site APP cleaving enzyme, BACE1),7–13 followed at the C-ter-
minus by one or more c-secretase complexes (intramembrane
aspartyl proteases),10 as part of the b-amyloidogenic pathway.
Although the cause of AD remains unknown, a large body of evi-
dence is beginning to accumulate that highlights the central role of
Ab in the pathogenesis of the disease.11–13 Thus, processes that limit
Ab production and deposition by preventing formation, inhibiting
aggregation, and/or enhancing clearance may offer effective treat-
ments for AD. Since b-secretase mediated cleavage of APP is the first
and rate-limiting step of the amyloidogenic processing pathway,
BACE1 inhibition is considered a prominent therapeutic target for
treating AD by diminishing Ab peptide formation in AD patients.

We report herein the design and synthesis of novel pyrrolyl 2-
aminopyridines as BACE1 inhibitors. This work is an extension of
our previously reported acylguanidines BACE1 inhibitors14 1. The
acylguanidine inhibitors are polar compounds, particularly due to
the acylguanidine moiety, as suggested by the high total polar sur-
face area (TPSA), which we hypothesized was leading to the ob-
served poor blood–brain barrier permeation (<5%). The objective
of our studies is to modify the acylguanidine moiety, effectively re-
duce TPSA and thus improve compound permeability. Molecular
modeling studies have suggested that the aminopyridine moiety
(2; Fig. 1) could replace the acylguanidine moiety, bind satisfacto-
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Scheme 2. Reagents: (a) phthalic anhydride, AcOH; (b) NBS AlBN, CCl4; (c)
potassium phthalimide; (d) hydrazine, EtOH.
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rily to the bis-aspartate warhead, and also decrease the TPSA of the
molecule. Furthermore, potentiometric pKa measurements of a ser-
ies of acylguanidines and related analogs (unpublished data) sug-
gested that the ideal pKa range for the acylguanidine mimetic
would be 6–7, making 2-aminopyridine (pKa = 6.86) within the
appropriate range. Recently, aminoheterocycles as BACE1 inhibitor
have also been disclosed.15 The synthesis and SAR evaluation of the
aminopyridines as BACE1 inhibitors will be the central focus of this
paper. The X-ray crystallographic studies of the aminopyridines
complexed with the BACE1 enzyme, which showed that the 2-ami-
nopyridine moiety directly interacts with the catalytic aspartic
acids Asp32 and Asp228 via a hydrogen-bonding network as in-
tended, will also be discussed.

The compounds needed to delineate the SAR for this study were
prepared according to synthetic Schemes 1 and 319. The 1,4-diary-
lbutane-1,4-diones (5; Scheme 1) were prepared according to
Kulinkovich’s synthetic protocol18 in a one-step cross coupling-
reaction of ketones 3 and 4 in the presence of ZnCl2. These
diketones were treated with amines 6 and 7 to produce the
corresponding pyrroles 8 and 11, respectively. Demethylation of
pyrrole 8 with boron tribromide furnished phenol 9, which upon
treatment with cesium carbonate and alkyl iodides produced alter-
nately substituted ethers 10. Alkyl-hydroxyl analogs 12 and 13
were prepared by two different synthetic routes from the common
pyrrole intermediate 11. In route a, pyrrole 11 was first treated
with ethanolamine and subsequently with iron metal to furnish
aminopyridines 12 (X = NH). In route b, the initial demethylation
of the methoxy group of 11 was followed by alkylation and reduc-
tion with iron metal to produce aminopyridines 13 (X = O-alkyl).
The required starting amines for these assemblies, 6 and 7 were
prepared according to Scheme 2. Treatment of amino-pyridine 14
with phthalic anhydride produced imide 15, which was bromi-
nated to furnish benzyl bromide 16. Reaction of 16 with potassium
R4

Br
O

R2'

O

a R4

O

N
H2N

NH2

N

R2'

RO

N

NH2

N

R2'

R4

N

NH2

3

4

6

8

10

b

d

8   R4 = OMe

9 (R4 = OH)
c

Scheme 1. Reagents: (a) ZnCl2, Et3N, t-BuOH; (b) p-TsOH, toluene, EtOH; (c) BBr3, CH2Cl2;
(g) LiCl, DMF; (h) BrCH2CH2OH, K2CO3, DMSO.
phthalimide and subsequent hydrolysis with hydrazine furnished
amine 6. Amine 7 was prepared in a similar process as that of 6
starting from pyridine 17. The 5-oxo-pyrimidinyl analogs 22 and
ethanolamines 23 were prepared according to Scheme 3, from ke-
tones 20 and 21. Ketone 20 was prepared from 4-fluoroacetophe-
none 19 upon treatment with 5-hydroxyl pyrimidine. Amides 26
were prepared from 24 (prepared according to Kulinkovich’s syn-
thetic protocol18) by initially generating the acyl chloride that then
followed by amide formation and cyclization to pyrrole as de-
scribed in Scheme 1.

We have previously reported14 the SAR studies of the acylgua-
nidine series 1, where the initial HTS hit 1 was rapidly optimized
by using structure-based drug design techniques. While this class
of inhibitors demonstrated excellent potency for the BACE1 en-
zyme (IC50 �50 nM), we felt that the polar nature of the acylguani-
dine moiety may have affected their permeability properties. As a
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Figure 2. Crystal structure of BACE1 complexed with 1 (shown in magenta) and 2
(shown in green) are overlayed. Key hydrogen-bonding interactions between ligand
1 and the protein’s catalytic aspartic acids Asp32 and Asp228 are highlighted with
blue dashed lines. Aminopyridine 2 superimposes almost perfectly with acylgua-
nidine 1.
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result the acylguanidines have demonstrated poor blood–brain
barrier permeability (<5%) in addition to weak inhibition in an ELI-
SA cell-based assay (EC50 >1 lM). As mentioned earlier, our objec-
tive was to identify a less polar bioisosteric replacement of the
acylguanidine moiety with improved physicochemical properties.
Toward this end, we have employed modeling and X-ray studies
and have discovered that the aminopyridine nucleus can success-
fully replace the acylguanidine moiety with comparable potency
(2 vs 1; Fig. 1). These new aminopyridine inhibitors, in general,
have reduced polar surface area (as measured by TPSA) relative
to the analogous acylguanidines (i.e., TPSA values 44 vs 86 for 2
vs 1). As expected, modulating this physicochemical parameter
has enhanced the brain permeability of compound 2, which
showed an excellent central drug exposure with a brain to plasma
ratio of 1.7, compared to 0.04 of compound 1. Having accomplished
our initial objective by effectively replacing the polar acylguani-
dine moiety with the aminopyridine group, next, we focused the
SAR studies on further improving the potency of this new class
of compounds. As can be seen, the docking of ligand 2 to the X-
ray crystal structure of the acylguanidine 1 bound to BACE1
(Fig. 2) has generated a nearly perfect superimposition of these
two ligands. The docking exercise further suggests that building
off the para-position of the phenyl moiety occupying the S1-pocket
would allow for projection directly towards the unoccupied S3 re-
gion. Following a similar SAR approach as we have disclosed with
the acylguanidines,14 we were able to improve the potency of tar-
get compound 2. To that end, introduction of alkoxy groups (Ta-
ble 1, entries 28–32) at the para-position of the P1 phenyl
N
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Figure 1. Bioisosteric replacement of the acylguanidine moiety.
resulted in an approximate 10-fold potency increase (30, 32 vs
2). While the five-carbon chain analogs 30 produced the most ac-
tive compound, both the shorter chained (entries 28–29) and long-
er chained-analogs (entry 31) were less potent. The three-carbon
nitrile analog 32 was similar to 30 in potency. As shown below
in the X-ray structure of 32 complexed with BACE1, the nitrile
group of 32 extends deep into S3 pocket, thus contributing to the
ligand affinity. Introduction of linear chain amides (entries 33–
36) at the para-position of the P1 phenyl have produced variable
results. Allyl-amide 36 was 10-fold better than 2, while the satu-



Table 1
Pyrrolyl 2-aminopyridines

N
R1

N

NH2

R2

Compd R1 R2 BACE1 IC50 lM BACE2 % Inh. 12.5 lM Cathepsin D % Inh. 12.5 lM ELISA EC50 lM

2 H H 5.2 ± 1.4a 15 5 15.4 ± 0.9a

27 OMe 2-Cl 2.45 30 12 16 ± 1.7
28 O(CH2)2CH3 2-Cl 1.15 48 7 IA
29 O(CH2)3CH3 2-Cl 1.65 31 6 IA
30 O(CH2)4CH3 2-Cl 0.55 ± 0.1 31 6 2.1 ± 0.4
31 O(CH2)5CH3 2-Cl 45% @ 12.5 lM 13 0 IA
32 O(CH2)3CN 2-Cl 0.42 IC50 = 7.1 lM 26 5.2 ± 0.9
33 C(@O)NHCH2CH3 H 2.25 36 9 IA
34 C(@O)NH(CH2)2CH3 H 3.0 28 IC50 = 44 .3 lM IA
35 C(@O)NH(CH2)3CH3 H 3.0 45 0 nt
36 C(@O)NH-allyl H 0.59 6.2 IC50 = 43.6 lM 4.8 ± 1.5
37 C(@O)NH–CH(CH3)2 H 1.78 6.58 0 IA
38 C(@O)NH-cyclopropane H 1.2 10.6 13 IA
39 C(@O)NH-cyclobutane H 3.4 38.4 42.1 IA
40 O-Ph 2-Cl 0.85 ± 0.2 16 0 9.2 ± 1.5
41 O-4-Pyridyl 2-Cl 0.59 7.22 6 4.8 ± 1.2
42 O-3-Pyridyl 2-Cl 0.41 ± 0.2 7.1 ± 0.07 27 IA
43 O-2-Pyridyl 2-Cl 0.81 6.61 16 IA
44 O-5-Pyrimidinyl 2-Cl 0.1 ± 0.02 9.7 ± 0.8 16 2.2 ± 0.5
45 O-2-Pyrazinyl 2-Cl 0.46 46.6 3 13.3 ± 1.2
46 O-2-Pyridazinyl 2-Cl 0.41 10.4 4 IA
47 O-2-Thiazole 2-Cl 0.29 3.4 0 11.8 ± 0.2
48 NH-5-Pyrimidinyl 2-Cl 0.98 9.8 32 8.6 ± 1.7

a IC50 and EC50 values are the means of at least two experiments ± SD. Values without SD are for a single determination only.
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rated alkyl amides (33–35) were only marginally improved. The
bulkier isopropyl- (37) and cycloalkyl-amides 38 and 39 were also
slightly better than 2.

Furthermore, to better fill the S3 region of the pocket, we have
explored aromatic groups (40–48) linked at the para-position of
the P1 phenyl with either an oxygen or a nitrogen atom. Despite
the increased substituent size, most aromatic analogs were about
5–10-fold more potent than the parent compound 2, with the nota-
Figure 3. Crystal structure of BACE1 complexed with 44. Key hydrogen-bonding interac
and the S3 conserved water are highlighted with blue dashed lines.
ble example being the pyrimidinyl analog 44 which was the most
potent compound with an IC50 value of 100 nM for BACE1. Simi-
larly to the parent compound 2, aminopyridine 44 also demon-
strated high brain permeability with a brain to plasma ratio of
1.1, despite an increase of the compound’s total polar surface area
(TPSA = 79).

To further validate our modeling calculations, 44 was then co-
crystallized with the BACE1 enzyme, and as shown in Figure 3,
tions between ligand and protein at the catalytic aspartic acids Asp32 and Asp228,



Figure 4. Crystal structures of BACE1 complexed with 32 (magenta) and 44 (shown
in green) are overlayed. Substituents at the para-position of the P1 phenyl project
deep into S3 pocket. The aminopyridine moiety orients toward the catalytic region
of the enzyme and the pyrrole ring of the ligand points toward the FLAP region,
making a p-edge stacking interaction with Tyr71.
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the pyrimidine moiety projects deep into S3 pocket and makes a
water-bridge contact with Ser229 through the buried conserved
water found near the catalytic site of the enzyme. This water-
bridge contact together with the additional van der Walls contacts
between the ligand and enzyme backbone at the S3 region are con-
sistent with the ligand’s increased potency. In addition, the crystal
structure shows that both the amino group and the pyridine nitro-
gen of the aminopyridine moiety make direct contacts with the
catalytic aspartic acids Asp32 and Asp228 via a hydrogen-bonding
network as expected. Finally the P1 and P20 phenyls make van der
Waals interactions at the S1 and S20 pockets, while the pyrrole ring
of the ligand points toward the FLAP region, presumably making a
p-edge stacking interaction with Tyr71.

In order to confirm the orientation of the alkyl chain of the li-
gands that bear such a group at the para-position of the P1 phenyl,
analog 32 was also co-crystallized with BACE1. The examination of
the BACE1:32 structure overlayed with 44 (Fig. 4) revealed both
molecules superimpose very well and the alkyl chain of 32 orients
similar to the aromatic group of 44, extending deep into the S3
pocket.
Table 2
Substituted aminopyridines

N
R1

Compd R1 R3 BACE1 IC50 lM B

49 O(CH2)4CH3 O(CH2)2OH 0.11a 1
50 O(CH2)4CH3 O(CH2)3OH 46% @ 1 lM 4
51 O(CH2)4CH3 NH(CH2)2OH 0.17 I
52 O(CH2)4CH3 NH(CH2)3OH 0.22 I
53 O-5-Pyrimidinyl O(CH2)2OH 0.04 ± 0.01 5
54 O-5-Pyrimidinyl NH(CH2)2OH 0.07 8

a IC50 and EC50 values are the means of at least two experiments ± SD. Values withou
Concomitant with these investigations, we explored analogs
that would be able to access the S10 region and potentially im-
prove potency further. Taking into account the findings of the
acylguanidine’s series14 and using molecular modeling tech-
niques, we have identified the potential of adding substituents
at position-3 of the aminopyridine moiety to extend deep into
the S10 region and improve ligand affinity. Additionally, the S10

region differs in size and relative hydrophobicity compared to
other aspartyl proteases, and thus affords an opportunity to im-
prove the ligand selectivity. Based on precedents from our previ-
ous SAR work with the acylguanidines,14,16,17 we have
introduced alkyl-hydroxyl groups at position-3 of the aminopyr-
idine moiety (Table 2, entries 49–54), which resulted in
enhancement of ligand potency. The oxo-ethyl-hydroxyl analog
49 was about 10-fold more potent than the lengthier propyl-hy-
droxyl analog 50. In contrast to this finding, the analogous ami-
no-alcohols 51 and 52 showed similar potency. Next, we
introduced the ethyl-hydroxyl group to the previously optimized
pyrimidinyl analog 44, and this combination has resulted in the
most potent compounds of this series. Analogs 53 and 54 exhib-
ited IC50 values of 40 and 70 nM, respectively, for BACE1. To our
satisfaction, their cell-based activity also tracked well with their
increased molecular binding. Not surprising, the introduction of
the alkyl alcohols have resulted in an increase of the TPSA value
of the molecule (TPSA >90) with the expected decrease in overall
brain permeability (brain to plasma ratio �0.25). Efforts to fur-
ther improve the potency of this class of BACE1 inhibitors with-
out affecting the molecular polarity (TPSA, etc.) and brain
permeability will be the subject of a later disclosure.

The aminopyridine inhibitors were also evaluated against
BACE2 and cathepsin D. The BACE2 selectivity ranged between
10–130-fold, while they were even more selective against cathep-
sin D (>100-fold), with the most potent inhibitor 53 (IC50 = 40 nM)
showing >100-fold selectivity against BACE2, and >500-fold
against cathepsin D.

In summary, we have described the discovery of the 2-amino-
pyridine moiety as a bioisosteric replacement of the acylguanidine
moiety with lower TPSA values and superior brain penetration.
Several analogs have shown low nanomolar potency and >100-fold
selectivity against BACE2 and cathepsin D. X-ray crystallographic
studies indicated that the 2-aminopyridine moiety interacts di-
rectly with the catalytic aspartic acids Asp32 and Asp228 via a
hydrogen-bonding network. Key substitutions at the P1 phenyl
and the aminopyridine moiety of the ligand, extend deep into S3
and S10 regions enhancing the ligand’s affinity.
N

NH2

Cl

R3

ACE2 % Inh. 12.5 lM Cathepsin D % Inh. 12.5 lM ELISA EC50 lM

.7 4 13.6 ± 2.1a

7 0 IA
C50 = 1.0 43 3.2 ± 0.8
C50 = 0.47 IC50 = 7.2 ± 0.9 IA
.43 23 0.44 ± 0.04
.46 31 0.19 ± 0.04

t SD are for a single determination only.
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