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Figure 1. Screening hit.
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The structure–activity relationship of a series of dihydroisoquinoline BACE-1 inhibitors is described.
Application of structure-based design to screening hit 1 yielded sub-micromolar inhibitors. Replacement
of the carboxylic acid of 1 was guided by X-ray crystallography, which allowed the replacement of a key
water-mediated hydrogen bond. This work culminated in compounds such as 31, which possess good
BACE-1 potency, excellent permeability and a low P-gp efflux ratio.

� 2013 Elsevier Ltd. All rights reserved.
Alzheimer’s disease (AD) is the leading cause of dementia and is
characterized by a slow progressive loss of memory and cognitive
ability.1 Pathologically, AD manifests itself by the formation of
extracellular insoluble amyloid plaques composed of -amyloid
(A) peptide.2 Ab-peptides are generated by the proteolytic cleavage
of the b-amyloid precursor protein (b-APP) by two aspartic acid
proteases, referred to as b-secretase (BACE-1) and c-secretase,
respectively.3 BACE-1 knockout mice are healthy, and fertile,4 but
because they lack compensatory activity, are unable to generate
A in the brain,5 which suggests that BACE-1 would be an attractive
therapeutic target for the development of disease modifying treat-
ments for AD.6 Consequently, BACE-1 inhibitors have been inten-
sely investigated by many laboratories as potential AD modifying
therapeutics.7,8

As part of a new high throughput screen/high throughput crys-
tallization campaign (HTS/HTX), we sought to develop an assay for
compound binding that would be more sensitive than our fluores-
cence polarization functional screen and be better suited to a high-
concentration screening approach. We reasoned that an Alpha-
Screen format with an avidity component, utilizing a probe that
bound to the active site and did not displace the central water be-
tween the two aspartic acids, would provide the needed character-
istics.8j A satisfactory probe was developed from a member of the
hydantoin class of BACE-1 inhibitors, which, when functionalized
with a biotinylated small PEG linker, gave an approximately 10-
fold boost in assay sensitivity.9 Approximately 2000 hits from a
500 lM HTS screen of 500,000 compounds were crystallographi-
cally screened to identify a BACE-1 inhibitor complex with a novel
structure. Of the compounds identified in this screen, dihydroiso-
quinoline 1 (Fig. 1) was intriguing.

Although it had modest potency against BACE-1
(IC50 = 27.2 lM), the crystal structure revealed an interesting bind-
ing mode (Fig. 2). The (S)-enantiomer of compound 1 occupies the
non-prime region of BACE-1 and interestingly, does not interact
with the catalytic aspartates or the catalytic water molecule. The
carboxylic acid of compound 1 engages in one direct hydrogen
bond with BACE-1 to the backbone NH of Thr293 and also engages
in a water-mediated interaction with the backbone NH of Asn294.
Furthermore, the carboxylic acid also engages in an intramolecular
hydrogen bond with the amine at the 1-position of the dihydroiso-
quinoline. The phenyl ring points towards the S3 pocket and could
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Figure 2. Crystal structure of compound 1 in green bound to BACE-1 (1.9 Å
resolution). The catalytic aspartates are shown behind the inhibitor and do not
directly interact with it. The catalytic water molecule is also shown. The hydrogen
bond network of the inhibitor’s carboxylate group, two backbone NH groups, and a
water molecule is shown with dotted lines along with the inhibitor’s intramolecular
hydrogen bond. The PDB deposition code is 4I11. For experimental conditions see
Ref. 10.

Figure 4. The small hydrophobic pocket at the 6-position of the dihydroisoquin-
oline ring. The center of the pocket is 3.1 Å from the ring.
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Scheme 1. Reagents and conditions: (a) MeMgBr, THF, �78 �C, 67%; (b) MeSCN,
H2SO4, rt, 54%; (c) L-Phe, DMSO, 120 �C, 30%.

Table 2
SAR of heterocyclic carboxylic acid replacements

Table 1
SAR of the 6-position

Compounds R BACE-1 IC50
a (lM)

1b H 27.2
6 Me 5.41
7 Cl 2.84

a See Ref. 9.
b Compound is racemic.
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possibly provide an opportunity to improve the potency of the
inhibitors.

Compound design was guided by molecular dynamics simula-
tion. The Molecular Mechanics-Possion Boltzmann Surface Area
(MM-PBSA) method was used to estimate binding energies for
new analogs.11 Binding energies were calculated for compounds
that were synthesized early in the project, and this yielded a corre-
lation with in vitro potency (Fig. 3). Subsequently, the regression
could be used to estimate the potency of designed ligands; those
that had more favorable calculated binding energies were priori-
tized for synthesis.

Molecular modeling suggested that a small pocket in the region
of the 6-position of the dihydroisoquinoline ring could accommo-
date a small hydrophobic substituent such as methyl or chlorine
Figure 3. Correlation between calculated binding energy and potency.
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Scheme 2. Reagents and conditions: (a) NH2OH (aq), EtOH, rt, 86%; (b) CDI, THF, reflux, 81%; (c) (i) TFA, CH2Cl2, rt, (ii) 5, DMSO, 100 �C, 15%.
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(Fig. 4). These analogs were readily prepared by the addition of
methyl magnesium bromide to an appropriate aryl propanone 2.
Subsequent treatment with methyl thiocyanate and sulfuric acid
gave the key intermediates 4 and 5, which were heated with L-
phenylalanine to give compounds 6 and 7 (Scheme 1).

The BACE-1 alpha assay results for these analogs are shown in
Table 1. Gratifyingly, both the 6-methyl analog (6) and 6-chloro
analog (7) possessed improved potency against BACE-1 compared
to the screening hit 1.

Although the addition of substituents to the 6-position of the
dihydroisoquinoline ring provided significant gains in potency,
the major challenge remained the replacement of the carboxylic
acid to increase the chances of CNS penetration.12 As mentioned
previously, this moiety interacts with the backbone NH of Thr293
and, via a water molecule, the backbone NH of Asn294. Further-
more, it also engages in an intramolecular hydrogen bond with
the amine at the 1-position of the dihydroisoquinoline. Successful
replacement of the carboxylic acid would likely require these key
interactions. With this in mind, a series of acid replacements was
designed. Tetrazoles are well known as carboxylic acid isosteres12b

and were the first replacements to be prepared. Additionally, a
small number of both five-membered and six-membered heterocy-
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Scheme 3. Reagents and conditions: (a) EDCI, HOBt, Et3N, CH2Cl2, rt, 75%; (b) NaOH,
H2O, reflux, 51%; (c) (i) TFA, CH2Cl2, rt, (ii) 5, DMSO, 120 �C, 10%.
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Scheme 4. Reagents and conditions: (a) NaOMe, MeOH, 50 �C; (b) NH4Cl, MeOH,
50 �C; (c) EtOH, H2O, 91%, (3-steps); (d) (i) TFA, CH2Cl2, rt, (ii) 5, DMSO, 100 �C, 18%.
cles were prepared that could present hydrogen bond acceptors in
the same manner as the carboxylic acid. The results of these initial
efforts are documented in Table 2.

To our disappointment, this initial search for a carboxylic acid
replacement was not successful and the most potent analog,
pyrimidine 11 was fivefold less potent than the carboxylic acid 1.
At this juncture, we began to reconsider the key water-mediated
interaction between the carboxylic acid and the backbone NH of
Asn294. As an alternative to interacting with the water molecule,
it could be possible to design an acid replacement that would dis-
place the water molecule and allow the inhibitor to interact di-
rectly with the protein. To explore this idea, a series of
heterocycles bearing exocyclic hydrogen bond acceptors was pre-
pared. Five-membered heterocycles with exocyclic oxygen atoms
were prepared as shown in Scheme 2. Treatment of hydroxyami-
dine 14 with CDI13 gave the intermediate oxadiazolone 15, which
was deprotected and reacted with 5 to give the final compound 16.
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Scheme 5. Reagents and conditions: (a) 2-aminobenzoic acid, MeOH, reflux, 62%;
(b) (i) TFA, CH2Cl2, rt, (ii) 5, DMSO, 100 �C, 19%; (c) 4-aminonicotinamide, EDCI,
HOBt, Et3N, CH2Cl2, 79%; (d) (i) NaOH (aq), EtOH, 60 �C, 96%, (ii) TFA, CH2Cl2, rt, (iii)
5, DMSO, 100 �C, 23%.

BocHN
N

H
N O

N

HN

Cl

N

H
N O

Cl

ClBocHN
N

H
N O

BocHN
N

H
N O

HN

Cl

N

H
N O

CN

a b

BocHN
N

H
N O

I

c d

25

35

33

34

32

25

Scheme 6. Reagents and conditions: (a) NCS, AcOH, rt, 90%; (b) 5, DMSO, 100 �C,
12%; (c) NIS, CHCl3, rt, 67%; (d) (i) Pd(PPh3)4, Zn(CN)2, DMF, 110 �C, microwave,
40 min, 56%, (ii) TFA, CH2Cl2, rt, (iii) 5, DMSO, 100 �C, 15%.



Table 3
SAR of acid replacements

N

HN R

Cl

# R BACE-1 IC50
a

lM
pKa

b Papp nm/s
%recoveryc

P-gp
effluxc

7 COOH 2.84 2.1 nd nd

16
N O

H
N

O 0.75 4.0
26 nm/s
75%

47

21d

N NH

H
N

O 3.37 7.1
23 nm/s
72%

60

26
N

H
N O

2.71 6.3
231 nm/s
60%

2.6

28 N

H
N O

7.23 7.2 Low recovery —

31 N

H
N O

N

0.17 nd
196 nm/s
51%

1.9

33
N

H
N O

Cl

0.56 nd
213 nm/s
65%

5.5

35
N

H
N O

CN

0.47 nd
73 nm/s
75%

39

39
N

N O
73.7 nd nd nd

40
N

H
N O

I

0.59 nd nd nd

a See Ref. 9.
b Determined by capillary electrophoresis
c See Ref. 16.
d Compound is racemic; nd; not determined.
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Triazolones were prepared by cyclization of semicarbazide 19,14

which was elaborated to the final analog using standard methods
(Scheme 3).

A number of six-membered and bicyclic heterocycles were also
prepared using methods shown in Schemes 4 and 5. Pyrimidinones
were prepared via cyclo-condensation of amidine 23 with sodium
2-ethoxycarbonyl ethanolate (24)15 to provide compound 26.

Quinazolinone 28 was readily prepared by condensation of imi-
date 22 with 2-aminobenzoic acid, while pyridopyrimidone 31 was
prepared by cyclization of amide 30 (Scheme 5).

Further modification of pyrimidone 25 was achieved by haloge-
nation to give intermediates 32 and 34 (Scheme 6). Aryl iodide 34
was converted into nitrile 35 via palladium catalyzed cross
coupling.

In an attempt to remove the protic nature of these heterocyclic
acid replacements, the exocyclic oxygen was incorporated into a
bicyclic ring system. Sonogashira coupling of ethynyltrimethylsi-
lane with iodide 34, followed by subsequent removal of the TMS
group and heat-mediated cyclization, gave furopyrimidine analog
39 (Scheme 7).

For the carboxylic acid replacement to be successful, it must not
only provide equal or greater potency than the acid but must also
allow the inhibitor to reach its target. This requires the compound
to be highly permeable and possess a low P-gp efflux in order to
cross the blood brain barrier.17 The SAR of the carboxylic acid
replacements, along with their permeability and P-gp efflux ratios
derived from MDR-MDCK cells, are shown in Table 3. Gratifyingly,
oxadiazolone 16 proved to be an effective replacement for the car-
boxylic acid (IC50 = 0.75 lM) providing a fourfold improvement in
potency compared to acid 7. Similarly, triazolone 21 also had good
potency (IC50 = 3.37 lM), albeit slightly attenuated compared to
16. The crystal structure of BACE-1 in complex with compound
16 was determined to 1.8 Å resolution as shown in Figure 5. This
structure revealed that the exocyclic oxygen effectively displaces
the water molecule found in the structure of 1 and interacts di-
rectly with the backbone NH of Asn294 at 3.1 Å distance. Further-
more, the contact with Thr293 is maintained.

Unfortunately, oxadiazolone 16 had a low pKa (4.0) indicating
that the compound would exist as a zwitterion at physiological
pH and may have a lower chance of CNS penetration compared
to a basic molecule.12a Compound 16 had low passive permeability
(26 nm/s) and a high P-gp efflux ratio (47), thereby limiting its po-
tential as an acid replacement for a CNS target. Although triazolone
21 possesses a more reasonable pKa (7.1), it still suffers from low
permeability (23 nm/s) and a very high P-gp efflux ratio (60),
which also limits its usefulness as an acid replacement.
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Scheme 7. Reagents and conditions: (a) ethynyltrimethylsilane, PdCl2(PPh3)2, CuI,
Et3N, microwave, 120 �C, 20 min; (b) K2CO3, MeOH; (c) MeOH, 120 �C, 45% (3-
steps); (d) (i) TFA, CH2Cl2, rt, (ii) 5, DMSO, 100 �C, 12%.

Figure 5. Crystal structure of compound 16 in green bound to BACE-1 (1.8 Å
resolution). The PDB deposition code is 4HZT. For experimental conditions see Ref.
10.
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For the six-membered heterocyclic acid replacement, pyrimidi-
none 26 had similar potency (BACE-1 IC50 = 2.71 lM), compared to
acid 7, but interestingly, it also possessed a significantly lower P-gp
efflux ratio and higher passive permeability compared to 16 and
21. Molecular modeling suggested that there would be sufficient
space on the 5-position of the pyrimidine ring to place a substitu-
ent. Indeed, chlorine, iodine and cyano pyrimidinones 33, 40 and
35 all had improved potency compared to 26, with the cyanopyr-
imidone 35 being sixfold more potent than the carboxylic acid.
The crystal structure of nitrile 35 with BACE-1 was determined
to 1.8 Å resolution (Fig. 6). This structure revealed that the inhibi-
tor’s pyrimidinone ring interacts with Thr293 and Asn294 in a sim-
ilar manner as oxadiazolone 16, but its nitrile group forms a new
interaction with the side-chain of Ser-386 at 3.0 Å distance.
Figure 6. Crystal structure of compound 35 in green bound to BACE-1 (1.8 Å
resolution). The PDB deposition code is 4I0Z. For experimental conditions see Ref.
10.

Figure 7. Crystal structure of compound 31 in green bound to BACE-1 (2.1 Å
resolution). The PDB deposition code is 4I10. For experimental conditions see Ref.
10.
Molecular modeling also indicated that larger, bicyclic rings
could be accommodated and, indeed, quinazoline 28 proved that
this was the case (IC50 = 7.2 lM). Since 28 had poor permeability
and low solubility (20 lM),16 it was envisioned that the addition
of heteroatoms to the benzo ring would improve the pharmacoki-
netic properties of the inhibitor. Molecular modeling indicated that
nitrogen, placed at the 6-position of the ring, could form further
interactions with BACE-1. This was confirmed with the synthesis
of pyrido[4,3-d]pyrimidin-4(3H)-one 31. Compound 31 gained sig-
nificant potency compared to 35 and, furthermore, had improved
solubility (57 lM), high permeability (196 nm/s) and low P-gp ef-
flux (efflux ratio = 1.9). The crystal structure of 31 with BACE-1 was
also solved (Fig. 7), and, as observed in the structure of pyrimidine
35, the interactions between the acid replacement and Thr293 and
Asn294 are maintained. Additionally, the nitrogen in the 6-position
of the pyridine ring forms a water-mediated hydrogen bond with
the side-chain of Ser-186.

Finally, we attempted to remove the protic nature of the hetero-
cyclic acid replacements with furanopyrimidine 39. To our disap-
pointment, this endeavor was not successful, and compound 39
lost an order of magnitude in potency compared to acid 7.

In conclusion, guided by structure-based design, we were able
to rapidly modify the initial screening hit 1 to gain significant
improvements in potency against BACE-1. Key to the continued
development of this series of analogs was the replacement of the
carboxylic acid. Molecular modeling aided in the design of hetero-
cycles bearing exocyclic hydrogen bond acceptors that effectively
replaced a water mediated hydrogen bond. Compound 31 proved
to be the most promising analog in this series with good potency,
low P-gp efflux and high permeability, all hallmarks of a CNS pene-
trant small molecule. The continued development of this series of
compounds will be reported in due course.
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