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The identification of small molecule aminohydantoins as potent and selective human B-secretase inhib-
itors is reported. These analogs exhibit good brain permeability (40-70%), low nanomolar potency for
BACE1, and demonstrate >100-fold selectivity for the structurally related aspartyl proteases cathepsin
D, renin and pepsin. Alkyl and alkoxy groups at the meta-position of the P1 phenyl, which extend toward
the S3 region of the enzyme, have contributed to the ligand’s reduced affinity for the efflux transporter
protein P-gp, and decreased topological polar surface area, thus resulting in enhanced brain permeability.
A fluorine substitution at the para-position of the P1 phenyl has contributed to 100-fold decrease of
CYP3A4 inhibition and enhancement of compound metabolic stability. The plasma and brain protein
binding properties of these new analogs are affected by substitutions at the P1 phenyl moiety. Higher
compound protein binding was observed in the brain than in the plasma. Two structurally diverse potent
BACE1 inhibitors (84 and 89) reduced 30% plasma AB40 in the Tg2576 mice in vivo model at 30 mg/kg po.
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Alzheimer’s disease (AD) is a progressive, neurodegenerative
disease of the brain and is recognized as the leading cause of
dementia. At the early stage, AD is associated with gradual loss
of cognition that leads to complete deterioration of cognitive,
and behavioral functions and ultimately death. The pathological
hallmarks of AD include the extracellular deposition of B-amyloid
peptide (AB), which leads to aggregation and plaque formation,
and the abnormal hyperphosphorylation of tau protein, which
leads to the intracellular formation of neurofibrillary tangles.!?
B-Amyloid deposits are predominately composed of the AB pep-
tides (AB, 39-43 residues) resulting from the endoproteolysis of
the amyloid precursor protein (APP).3* Neurofibrillary tangles are
intracellular aggregates of the microtubule associated protein
tau.’> Ap peptides result from the sequential cleavage of APP, first

Abbreviations: AD, Alzheimer's disease; AB, beta-amyloid peptide; APP, B-
amyloid precursor protein; BACE, B-site APP cleaving enzyme; FRET, fluorescence
resonance energy transfer; ELISA, enzyme-linked immune sandwich assay; CHO,
Chinese hamster ovary.
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at the N-terminus by B-secretase enzyme (pB-site APP cleaving en-
zyme, BACE1)5! followed at the C-terminus by one or more -
secretase complexes (intramembrane aspartyl proteases),’ as part
of the B-amyloidogenic pathway. During this process, two B-secre-
tase cleavage products are produced; a secreted ectodomain frag-
ment named APPsol, and the membrane bound C-terminal
fragment C99 of APP. Following B-secretase cleavage, a second pro-
tease, y-secretase, cleaves C99 to generate the toxic AB peptides
(AB, 39-43 residues) which are secreted from the cell. Although
the cause of AD remains unknown, a large body of evidence is begin-
ning to accumulate that highlights the central role of AB in the path-
ogenesis of the disease.8!! Thus, processes that limit Ap production
and deposition by preventing formation, inhibiting aggregation, and/
or enhancing clearance may offer effective treatments for AD. Since
B-secretase mediated cleavage of APP is the first and rate-limiting
step of the amyloidogenic possessing pathway, BACE1 inhibition is
considered a prominent therapeutic target for treating AD by dimin-
ishing A peptide formation in AD patients.

Over the past decade, multiple groups have investigated a vari-
ety of approaches to the design of BACE1 inhibitors. These efforts

I Atomic coordinates of the BACE1 crystal structure of compound 102 (300Z) has
been deposited in the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics, Rutgers University, New Brunswick, New Jersey.
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have produced low molecular weight BACE1 inhibitors with little
or no peptidic character.’?-2® In addition, recent reports have re-
vealed the application of fragment-based lead generation compu-
tational approaches as an alternate path to the design of potent
small-molecule BACE1 inhibitors.2’-3° The discovery of low molec-
ular weight BACE1 inhibitors has also led to the improvement of
the physicochemical properties of the compounds as demonstrated
by their high-permeability in cell-based assays.>'*™

While applications of computer-aided technologies and struc-
tural biology methods to design B-secretase inhibitors and de-
crease amyloid load have made significant strides, still major
obstacles remain in the central delivery of these drugs, which limit
their in vivo efficacy. The preclinical shortcomings of many studies
are directly associated with the poor drug levels detected in the
central compartments of pharmacological action. While multiple
components of drug delivery can influence the drug concentration
at the site of action, three major issues have impacted the poor
pharmacokinetic properties of the early generations of B-secretase
inhibitors. First, the size and polar nature of these drugs with high
topological polar surface area, which influence brain permeability;
second, their high susceptibility to interact with the P-glycoprotein
transporter protein, which causes rapid efflux from the brain; and
third their tendency to highly bind to proteins, thus limiting the
free drug concentration.

We report herein the design and synthesis of new aminohydan-
toins as BACE1 inhibitors with improved brain permeability prop-
erties. We have previously reported? significant advancements in
the design and synthesis of highly potent and selective aminohyd-
antoins as BACE1 inhibitors, however, the preclinical in vivo
efficacy of these inhibitors was rather weak. The compound
properties (size, polarity, P-gp affinity) have limited the accessibil-
ity of these drugs into the central compartments (~5-10% brain
permeation), affecting in the process their in vivo efficacy. The
objective of this Letter is to identify and modify the structural
components of the parent compound 3 (Fig. 1) that have contrib-
uted to poor brain permeability, in an effort to improve central free
drug exposure and in vivo efficacy.

The compounds needed to delineate the SAR for this study were
prepared according to synthetic Scheme 1. An important step for
the preparation of the advanced aminohydantoins 13 (Scheme 1)
was the treatment of 1,2 di-substituted diketones 12 with 1-
methyl-guanidine in the presence of sodium carbonate to produce
the desired products in excellent yield. Working in reverse fashion,
the required diketones 12 for this transformation were prepared
from acetylenes 9 upon catalytic oxidation with PdCl,(CH3CN), in
DMSO. In general, two routes were used for the formation of these
acetylenes 9. In route a, ethylenebenzenes 8 were coupled with 4-
(difluoromethoxy)-1-halobenzenes 7 using the Sonogashira
protocol (PdCly(PPhs);, Cul, EtsN, DMF). Following route b,
4-(difluoromethoxy)-1-halobenzenes 7 were converted to ethyl-
enebenzenes 10a using the Sonogashira protocol? and trimethyl-
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2 / S3
) N N
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truncate
00 OO
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BACEL1: IC 5, 38000 nM IC50 3440 nM
B2/B1=1 B2/B1=1
TPSA 60 TPSA 56
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silyl-acetylene. Brief treatment of 10a with BuyNF furnished
ethylenebenzenes 10b. Coupling of ethylenebenzenes 10b with
halobenzenes 11, as described above, produced acetylenes 9. The
required 4-(difluoromethoxy)-1-halobenzenes 7 were prepared
from phenols 5 upon treatment with 2-chloro-2 difluoroacetic
acid. Alkoxy analogs 15 were prepared from the corresponding
phenols (14a, R3 = OH) upon treatment with alkyl halides in the
presence of cesium carbonate. Acetylenes 16 were prepared from
benzene bromides 14b (Rs; = Br) using the Sonogashira protocol
and the appropriately substituted acetylenes. Alkenes 17 were
prepared from benzene bromides 14b (Rs = Br) by employing the
Suzuki** and Stille®> protocols with suitable boronates (18) and
stannanes (19). All compounds described in this Letter were
prepared according to Ref. 38,

With the necessary tools needed to fully investigate the SAR, the
diverse array of compounds were profiled for their potency at the
target enzyme, BACE1, as well as the closely related enzymes that
were the focus of this investigation. The primary screening assays
utilized for the program were homogenous, continuous fluores-
cence resonance energy transfer (FRET) protocols, representing
competitive inhibition for BACE1, BACE2, cathepsin D, pepsin and
renin.>® The data are reported in Tables 2-6.

Cellular potency of advanced compounds was determined via a
cell-based AB inhibition (AB40 or AB42) in an enzyme-linked im-
mune sandwich assay (ELISA) in Chinese Hamster Ovary (CHO)
cells, recombinantly expressing human wild-type APP (CHO-wt).

A brief summary of the previously disclosed®? SAR studies of the
aminohydantoins is outlined in Figure 1. The initial HTS hit 1 was
optimized by using structure-based drug design techniques and
exploring the S1,S2’ and S3 pockets of the BACE1 enzyme. The initial
SAR exploration has resulted in >3000-fold increase of the ligand’s
binding affinity for BACE1, and >300-fold increase in selectivity
against the structurally related aspartyl proteases BACE2, cathepsin
D, renin and pepsin. These initial BACE1 inhibitors 3 and 4 also dem-
onstrated excellent cell-based potency for the BACE1 enzyme (ECsq
~20 nM). However, they exhibited weak efficacy in in vivo preclini-
cal animal models studies in lowering A in the brain. As reported
earlier,?? the ability of these compounds to reduce Ap was evaluated
in the Tg2576 mice in vivo model for lowering plasma and brain
ApB40. While acute administration (100 mg/kg, po) of these drugs re-
sulted in about 70% reduction of plasma AB40 measured at the 8 h
time point (p <0.001), reduction of brain Ap40 was not observed at
this dose, presumably due to the limited brain exposure of the com-
pounds. Several physicochemical parameters (size, polarity, affinity
to P-gp) have affected their poor central drug exposure and in vivo
efficacy. The focus of this Letter is to improve the ligand’s central
exposure, while maintaining the robust affinity for BACE1.

Examination of the efflux data of a representative set of amin-
ohydantoins (Table 1) in the MDR1-MDCK permeability assay has
suggested that electron rich aryl groups (pyridine, pyrimidine; en-
tries 24, 26-27) have highly contributed to the efflux property of

IC50 10 nM IC50 20 nM
B2/B1 =81 B2/B1 = 380
TPSA 81 TPSA 94

AUC prain/AUC piasma ~ 0.1 AUCprain/AUC plasma ~ 0.1

Figure 1.
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Scheme 1. Reagents: (a) K,CO3, DMF; (b) PdCl,(PPhs),, Cul, EtsN, DMF; (c) BuyNF, THF; (d) PdCl,(CH3CN),, DMSO; (e) 1-methylguanidine, Na,COs3, water, dioxane; (f) Cs,COs3,

DMF; (g) Pd(PPhs)s

Table 1
Aminohydantoins P-glycoprotein SAR

, Na,COs, dimethoxyethane; (h) PdCl,(P-tolyls),, diethoxyethane.

Compd R3 R MDR1-MDCK BA/AB Ratio TPSA (A?) % Brain permeability
20 H Ph 1.2 60 812
21 Ph Ph 2.2 60 -
22 2-F, 3-Pyridyl Ph 6.8 71 -
23 Ph 3-Me,4-OMe-Ph 1.7 68 -
24 3-Pyridyl 3-Me,4-OMe-Ph 23 71 15
25 2-F, 3-Pyridyl 3-Me,4-OMe-Ph 5.5 81 10
26 2-OMe,3-Pyridyl 3-Me,4-OMe-Ph 15 88 7
27 3,5-Pyrimidine 3-Me,4-OMe-Ph 21 94 5
28 3-Pyridyl 4-0CF3-Ph 2.4 81 10
29 2-F-3-Pyridyl 4-0CF5-Ph 2.4 81 10
30 2-F, 5-F, 3-pyridyl 4-OCHF,-Ph 2.9 81 9
31 2-F, 3-pyridyl 4-OCHF,-Ph 1.7 81 9
32 H 4-OCHF,-Ph 1.9 68 90

@ Ratio AUCpyain/AUCpiasma x 100.

the compound. Introduction of electronegative groups (fluorine) at
the P3-pyridine moiety has resulted in fourfold decrease of com-
pound efflux (25 vs 24). Replacement of the pyridine group with
the less electron rich phenyl moiety resulted in 13-fold reduction
of compound efflux (23 vs 24). Additionally, the metabolically stable
groups (OCFs, OCHF,; entries 28-31) at the P2’ phenyl also have
shown 10-fold decrease in compound efflux. The topological polar
surface area (TPSA) of these analogs varied in the range of 60-94 A2
and the brain permeability in the range of 7-90% (in vivo assessment
in mice). This collection of data demonstrates that the compound’s
tendency to interact with P-gp and the increased TPSA values have
played a critical role to the brain permeability of the compound.

For example, while analogs 28-31 showed no efflux properties, their
increased TPSA values and molecular weight (~450) most likely have
contributed to the low brain permeability (~10%).

Considering the influence of the P3 substitution on P-gp affinity
and increase in TPSA value, we have investigated the ligand/pro-
tein interactions at the S3 pocket of BACE1 in an attempt to design
ligands with improved physicochemical properties and superior
brain permeation. Our objective was to eliminate the P3 aryl group
and methodically examine smaller substituents at this region. Such
modifications will likely influence the ligand’s physicochemical
properties (P-gp, TPSA, and size) and improve brain permeability,
while maintaining the robust potency for BACE1. Additionally,
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Table 2
S2’ substituted-phenyl aminohydantoins

Compd R? RY BACE1 ICs” (LM) BACE2 ICso (UM) Cathepsin D ICsq (UM) ELISA ECso® (UM)
33 2-F, 3-pyridyl OMe 0.03 0.12 117 0.14

34 2-F, 3-pyridyl OCF3 0.06 2.48 3.15 0.37 £ 0.08

31 2-F, 3-pyridyl OCHF, 0.01 £ 0.001 0.5 £0.05 0.3 £0.01 0.027 +0.04

35 2-F, 3-pyridyl OCH,CHF 0.03 2.83 2.36 032+0.2

36 H OCF3 1.42 +0.04 2.68+0.28 31.56 + 084 0.81+0.29

32 H OCHF, 0.17 £ 0.06 1.3+0.08 53+9 0.16+0.3

37 H OCH,CH,F 1.24 11.70 116.71 2.45+0.29

2 ICsg and ECsq values are the means of at least two experiments + SD. Values without SD are for a single determination only.

we wanted to explore electronegative groups at the P2’ phenyl,
which as it was shown above, have resulted in marked reduction
of the compound’s efflux property. To that end, replacement of
the metabolically labile methoxy group of the P2’ phenyl (33; Ta-
ble 2) with various fluoro-containing alkoxy moieties (34-37)
has produced potent analogs for BACE1. The difluoromethoxy moi-
ety was about 10-fold more potent that the trifluoromethoxy
group (31 vs 34 and 32 vs 36). We have used this new finding as
an anchor point of our SAR exploration to identify new ligands
with smaller non-aromatic P3 side chains and improved brain
permeability.

Following our earlier SAR studies?> which have shown that
groups at position-3 of the P1 phenyl are optimally directed to-
ward the S3 region and increase ligand affinity, we have introduced
alkyl chains at position-3 of the P1 phenyl group of 32. A four-car-
bon chain analog (40; Table 3) showed good potency for BACE1

2

Table 3
Alkane and alkene substituted aminohydantoins

(ICsp = 30 nM), while shorter, longer, or branched alkyl chains were
less potent (40 vs 38 and 39 & 41 and 42). In order to improve the
microsomal stability of these alkyl analogs, we have masked both
the terminal carbon (prevent m-oxidation) and the benzylic posi-
tion carbon positions (entries 43-46). Unfortunately, these modifi-
cations have produced only an incremental enhancement in the
stability of the molecule. Next, we have introduced an olefinic
group at the attachment point of the alkyl chain to the P1 phenyl
group. The trans-isomeric analogs 47-50 were equally potent to
the saturated analogs, but have shown an improvement in micro-
somal stability. The cis-isomer 51 was 20-fold less potent than the
trans-isomer 50. Modeling studies (not shown) have revealed that
the trans-conformation of 50 allows the chain to extend deep into
the S3 pocket making several hydrophobic contacts with residues
of the S3 pocket, which contribute to the ligand’s enhanced affinity.
In contrast, the cis-isomer could not be accommodated in this

©\OCHF2

Compd R® BACE1 ICso* (UM) ELISA ECsq® (UM) Microsomal stability H/R® ¢, (min) TPSA (A?) MDR1-MDCK BA/AB
32 H 0.17 £0.06 0.16+0.3 >30/>30 68 19
38 MeCH, 0.9 1.12£0.16 9/3 68 -
39 Me(CH5,), 0.09 +£0.01 0.11+0.03 3/3 68 —
40 Me(CH,)3 0.03 0.1+0.01 3/2 68 1.1
11 Me(CH,)4 0.09 0.53 0.1 5/3 68 -
42 MeCH,CHMeCH, 0.11 0.41 +£0.08 4/3 68 -
43 CF5(CH,)3 0.06 0.27 £0.08 9/6 68 1.8
44 CN(CH,)s 0.05 0.09 0.02 9/3 92 20
45 F(CH,)sCO 0.08 0.1+0.01 14/3 77 -
46 F(CH,)sCHF 0.08 0.27 £0.08 9/3 68 —
47 (E)-F(CH,),CH=CH 0.04 0.04+0.01 22/6 68 1.4
48 (E)-F,CHCH,CH=CH 0.0310.01 0.12 £0.02 26/9 68 2.3
49 (E)-Cyclopropyl-CH=CH 0.09 0.35 £ 0.04 25/11 68 -
50 (E)-Cyclopropyl-CH=CF 0.02 0.22 +0.06 >30/20 68 0.9
51 (Z)-Cyclopropyl-CH=CF 0.54 537+0.6 5/3 68 —
52 (E)-MeOCH,CH=CH 0.02 0.04 £0.02 9/3 77 -
53 (E)-MeO(CH,),CH=CH 0.02 0.04%0.01 9/6 77 —
54 (E)-MeO(CH,);CH=CH 0.05 0.1+0.01 26/9 77 19
55 (E)-HO(CH,),CH=CH 0.05 0.1+0.07 22/11 88 48
56 (E)-HO(CH,)sCH=CH 0.04 0.09 £0.02 24/22 88 62

2 ICso and ECsq values are the means of at least two experiments + SD. Values without SD are for a single determination only.

> H=human, R = rat.
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Table 4
Acetylene substituted aminohydantoins

[::LOCHFZ

Compd R BACE1 ICs0? (UM) ELISA ECso” (ULM) Microsomal stability H/R® t;,, (min) TPSA (A?) MDR1-MDCK BA/AB
57 H 0.26 3.14+£0.81 29/5 68 —
58 Me 0.02 0.07 £ 0.02 >30/5 68 14
59 MeCH, 0.04 0.08 + 0.02 >30/6 68 -
60 Me(CH;)2 0.03 +0.01 0.22+0.24 >30/4 68 -
61 FCH, 0.01 0.33+0.23 >30/14 68 2.7
62 F(CH;), 0.01 +0.01 0.13+0.14 >30/4 68 3.7
63 F(CH3)4 0.04 0.07 £ 0.01 26/10 68 0.3
64 Me,CH 0.02 0.05 +0.02 26/4 68 —
65 Cyclopropyl 0.02 0.1+£0.02 >30/>30 68 2.2
66 Cyclohexyl 0.33 432+04 >30/17 68 -
67 MeOCH, 0.02 0.01 +0.002 >30/12 77 3.8
68 MeO(CH,), 0.02+0.014 0.01 +0.008 29/7 77 25
69 HO(CH;), 0.01 0.02 + 0.004 >30/17 88 -
70 (R)-HOMeCH 0.02 0.07 £0.01 >30>30 88 37
71 HO(CH,)4 0.01 0.02 +0.004 22/24 88 21

2 ICs0 and ECsq values are the means of at least two experiments + SD. Values without SD are for a single determination only.

Y H = human, R = rat.

space very well, causing the ligand to flip upon binding, thus affect-
ing the ligand’s potency. The more polar methoxy and hydroxyl
analogs (52-56) were also potent. Evaluation of the P-glycoprotein
properties of these alkyl analogs in the MDR1-MDCK permeability
assay revealed that all compounds minimally effluxed (Table 3),
with the exception of the terminally substituted cyano- and hydro-
xyl-alkyls (entries 44, 55 and 56), which showed a pronounced ef-
flux propensity.

Furthermore, we have prepared analogs with the introduction
of an acetylene moiety (57) at position-3 of the P1 phenyl (Table 4).
While acetylene 57 was practically equipotent to the parent com-
pound 32, the methyl acetylene 58 was about 10-fold more potent
than 57, as it extends deeper into the S3 region. The longer linear
analogs (59-63) were equipotent to 58. The isopropyl and cyclo-
propyl groups (64 and 65) were also similarly potent to 58, while
the bulkier cyclohexyl group 66 was 15-fold weaker (66 vs 65).
The linear-substituted acetylenes (Table 4) exhibited good micro-

Table 5
Alkoxy substituted aminohydantoins

somal stability in human microsomes, while the bulkier cyclopro-
pyl acetylene 65 showed the best microsomal stability in both
human and rodent microsomes. Evaluation of the P-glycoprotein
properties of these acetylene analogs in the MDR1-MDCK perme-
ability assay revealed that all compounds minimally effluxed (Ta-
ble 4), with the exception of the hydroxyl analogs 70 and 71,
which showed strong efflux properties. Similar findings of the ter-
minally hydroxyl substituted analogs 70 and 71 were also ob-
served for the alkene series (entries 55 and 56), as described
above. Noteworthy is that the cell-based activity of the alkane, al-
kene and acetylene analogs also tracked well with their increased
molecular binding, with ECso values in the range of 10-70 nM in
the requisite ELISA assay.

To further expand the scope and breadth of the SAR develop-
ment, the alkoxy analogs (Table 5) were prepared. The length of
the alkoxy moiety was critical to the potency for BACE1. The
three-carbon chain alkoxy analog 73 showed the best affinity for

[::LOCHFZ

Compd R R* BACE1 ICs0” (LM) ELISA ECs (ULM) Microsomal stability H/R® ¢/, (min) MDR1-MDCK BA/AB
72 F(CH,), F 0.12 0.4 +0.02 >30/10 -
73 F(CH,)s F 0.01 0.04 +0.01 >30/10 34
74 F(CH,)4 F 0.1 0.15 +0.02 14/3 -
75 CF3(CHa)2 H 0.2 12204 16/6 -
76 Cyclopropyl-CH, H 0.02 0.07 £ 0.06 4/3 1.6
77 F,CH H 0.2 0.3 +0.07 >30/>30 -
78 F,CHCH, H 0.03 0.1+£0.02 6/5 2.2
79 F,CHCH, F 0.07 0.1+0.03 >30/>30 1.9
80 F,CH(CH,), H 0.01 0.05+0.01 3/3 -
81 F,C=CH(CH.), F 0.03 0.3 +0.06 6/13 1.2
82 F,C=CH(CH>), H 0.03 0.06 +0.02 3/5 -

2 ICso and ECsq values are the means of at least two experiments + SD. Values without SD are for a single determination only.

> H = human, R =rat.
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Phenyl di-substituted aminohydantoins
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Compd R? R* R¥ BACE1 IC50® (uM) ELISA ECso® (UM) Microsomal stability H/R® ¢, (min) MDR1-MDCK BA/AB
32 H H H 0.17 £ 0.06 0.16+0.3 >30/>30 1.9
83 H H Me 0.08 0.15+0.01 >30/25 2.5
84 CP“-acetylene F H 0.02 + 0.005 0.07 £ 0.02 >30/>30 0.8
85 CP-acetylene F Me 0.02 +0.01 0.09 +0.03 >30/>30 5.1
86 MeOCH,;-acetylene F H 0.012 +0.004 0.03 +0.01 >30/10 1.6
87 MeOCH;-acetylene F Me 0.013 0.03 £0.01 19/5 5.6
88 F,CHCH,0 F H 0.07 0.1+0.03 >30/>30 1.9
89 F,CHCH,0 F Me 0.015 +0.003 0.03 +0.01 >30/26 3.2

@ ICsp and ECsq values are the means of at least two experiments + SD. Values without SD are for a single determination only.

> H = human, R = rat.

¢ Cyclopropane.

Table 7

CYP3A4 inhibition of aminohydantoins

Compd R R¥ BACE1 ICso? (nM) CYP3A4 ICso (M)
R*=H R*=F R*=H R*=F R*=H R*=F
58 103 Me H 22 41 <0.1 1
65 84 cpb H 25 24+5 0.1 10
92 85 cP Me 22+1 21+1 0.1 4.1
102 101 n-Pr  Me 32 28 0.9 3.4

2 ICsp values are the means of at least two experiments + SD. Values without SD
are for a single determination only.
b Cyclopropane.

Table 8

Protein binding properties of aminohydantoins

BACE1 (ICso = 10 nM), while either shorter or longer alkoxy ver-
sions (72 and 74) were about 10-fold less potent. The terminal tri-
fluoromethyl analog 75 was about 20-fold weaker that the
analogous mono-fluoro analog 73. Unfavorable electrostatic inter-
actions between ligand 75 and the protein may have impacted its
potency, considering the increased electronegative potential of the
trifluoromethyl group. Next, we focused on the stability of the alk-
oxy analogs. The short-chained alkoxy analogs were metabolically
more stable than the analogous longer-chained counterparts (72,
73 vs 74). The difluoromethoxy analog 77 was the most stable
compound in both human and rodent microsomes, while the
one-carbon longer analog 78 was highly unstable. Introduction of
a fluorine atom at positon-4 of the P1 phenyl (entry 79) has re-
sulted in a remarkable enhancement in stability of compound 79
(79 vs 78). The difluoro-alkene analogs 81 and 82 were also potent
for BACE1, but not very stable. Several alkoxy analogs were evalu-
ated in the MDR1-MDCK permeability assay and showed no efflux
properties.

Compd R R* % Fraction unbound drug?® rat SD @ 10 pM
Plasma Brain

32 H H H 2.21 10.7 24
95 H H Me 271 5.6 0.9
96 FCH,-AC” F H 242 1.6 0.4
61 FCH,-AC H H 2.28 1.7 0.6
97 FCH,-AC F Me 2.92 0.82 0.18
98 FCH,-AC H Me 2.78 2.75 0.34
86 MeOCH,-AC F H 1.88 1.9 0.6
87 MeOCH,-AC F Me 2.38 14 0.3
84 Cyclopropyl-AC F H 3.59 0.7 0.07
929 F,CHCH,0 F Me 3.29 3.7 0.7

100 F,CH(CH,),0 F Me 241 1.6 0.6

¢ Dialysis was performed using 200 pL plasma versus 200 pL PBS buffer and 200 pL brain homogenates versus PBS buffer for 5 h.

> Acetylene.
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Table 9
Phenyl di-substituted aminohydantoins
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: “OCHF,

R3
Compd R3? R* R? BACE1 ICs¢® (uM)  BACE2 ICs¢® (uM)  Cathepsin D ICs® (UM)  Pepsin % inhibition @ 100 pM  Renin ICso® (M)
32 H H H 0.17 £0.06 0.26 £0.02 5339 7 44+ 4
95 H H Me 008 0.85 225 7 38% @100 uM
58 Me-ACP H H 0.02 0.21 412 7 5.6
60 Me(CH,),-AC H H 0.03 £0.01 0.35 £0.04 42+05 9 5.9
63 F(CH,)3-AC H H 0.02 £0.001 0.32 £0.04 3514 7 6.1
102 F(CH,)3-AC F H 0.014 0.4 1.15 5 5.9
97 FCH,-AC F Me  0.02 0.17 22 9 16.6
67 MeOCH,-AC H H 0.02 0.14 6.2 2 5.3
68 MeO(CH,),-AC H H 0.02 £0.014 0.1 99+15 8 8.1
64 Me,CH-AC H H 0.02 0.04 48 9 10.9
65 Cyclopropyl-AC H H 0.02 0.07 3.75 8 7.7
84 Cyclopropyl-AC  F H 0.02 +0.005 0.12 15 20 4.8
92 Cyclopropyl-AC  H  Me  0.02 +0.006 0.05 2.0 19 8.6
85 Cyclopropyl-AC  F Me  0.02+0.001 0.16 1.8+0.2 24 6.0
101 Me(CH,),-AC F Me  0.03 0.11 2.12 23 16.9
73 F(CH,);0- F H 0.01 0.28 2.98 12 6.9
79 F,CHCH,0 F H 0.07 0.73 26 10 8.6
89 F,CHCH,0 F Me  0.015+0.003 0.37 £0.06 34017 7 30.1

@ ICs0 and ECsp values are the means of at least two experiments + SD. Values without SD are for a single determination only.

b Acetylene.

Next, we have examined the effect of substitution at position-3’
of the phenyl moiety located at the S2’ pocket (Table 6). Earlier
studies®? have shown that a methyl group at this position has en-
hanced the ligand potency about 2-3-fold (32 vs 83). We have se-
lected three representative compounds (84, 86 and 88) from the
SAR studies described above, and have introduced a methyl substi-
tution at position-3’ of the P2’ phenyl (Table 6). The binding affinity
of the methyl-substituted acetylenes 85 and 87 was similar to that
of the parent compounds 84 and 86, respectively, while a fourfold
potency improvement was observed for the alkoxy analog 89 (88
vs 89). Examining the efflux properties of these new analogs, we
have noticed that while the alkoxy analogs have maintained simi-
lar efflux properties, the acetylene substituted methyl analogs 85
and 87 showed an about fivefold increase in compound efflux com-
pared to the unsubstituted counterparts.

Figure 2. Crystal structure of BACE1 complexed with 102 shown in yellow.
Substituents at the meta-position of the P1 phenyl project deep into S3 pocket and
displace the buried water at the S3 region. The difluoromethoxy of P2’ occupies the
S2' region and interacts with the two conserved waters. The aminohydantoin
portion of the ligand orients toward the catalytic region of the enzyme and interacts
with the catalytic aspartic acids Asp32 and Asp228 (not shown).

Furthermore, we have concentrated our efforts to address and
refine the cytochrome P450 metabolism of the P1 phenyl observed
with the acetylene analogs. We have discovered that introduction
of a fluorine atom at position-4 of the P1 phenyl has minimized
the CYP3A4 oxidation by about 40-100-fold. A representative set
of supporting data are shown in Table 7. Larger groups at this posi-
tion are not favored, since they markedly reduce the compound po-
tency, as we have reported in earlier studies.>?

Considerable attention was also directed to the compound’s
protein binding property. Table 8 shows the effects on plasma
and brain protein binding relative to the ligand’s substitution pat-
tern, where substitutions at the P1 and P2’ phenyls have affected
the protein binding property of these new analogs. Acetylene ana-
logs shown in Table 8 have exhibited a 10-fold increase in plasma
and brain protein binding compared to the parent compound 32.
Examining the lipophilic character of these new analogs, we have
observed only a modest correlation between lipophilicity and brain
permeability. For example, compounds 32 and 61 with identical
Clog P values, they differ fivefold in both plasma and brain protein
binding values. The P1 phenyl alkoxy analogs 99 and 100 have
shown 2-3x lower tendency to bind to proteins than the acetylene
analogs. Methyl substitution at the P2’ phenyl has resulted in two-
fold increase in plasma and brain protein binding (95 vs 32). Inter-
estingly, the compound protein binding levels appear to be about
5-10-fold higher in the brain than in the plasma (Table 8). This
protein binding difference between plasma and brain, which af-
fects the free drug level of the compound at the site of biological
action, may explain the greater in vivo efficacy of this class of com-
pounds to lower Aggo in plasma than in brain.

In support of our modeling studies and design of BACE1 ligands,
compound 102 was cocrystallized with the BACE1 enzyme (Fig. 2).
The acetylene group at the meta-position of the P1 phenyl projects
deep into S3 pocket and displaces the buried water at the S3 re-
gion. The difluoromethoxy moiety at the P2’ phenyl occupies the
S2’ region and interacts with the two conserved waters (fluorine-
water hydrogen-bonding interactions). The aminohydantoin por-
tion of the ligand orients toward the catalytic region of the enzyme
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and interacts with the catalytic aspartic acids Asp32 and Asp228
(not shown).

To confirm the specificity of the aminohydantoins for the BACE1
enzyme, a representative set of compounds was evaluated for inhi-
bition of the closely related cathepsin D, renin and pepsin aspartyl
proteases. As shown in Table 9, all compounds demonstrated weak
inhibition for these targets.

The brain permeability of several compounds was assessed
in vivo by comparing the pharmacokinetic AUC values in brain
and plasma. All tested compounds showed higher brain permeabil-
ity than the earlier disclosed BACE1 inhibitors. The brain perme-
ation of the new analogs ranged between 40-70% versus 5-10%
for the previous analogs. To further elucidate the ability of these li-
gands to reduce AB, two structurally diverse compounds 84 and 89
were evaluated in the Tg2576 mice in vivo model for lowering
plasma and brain Ap40.3” Acute administration of these inhibitors
at 30 mg/kg po resulted in a significant 25-30% reduction of plas-
ma Ap40 measured at the 8 h time point (p <0.001). Significant
reduction of brain AB40 was not observed at this dose. While these
new inhibitors have shown an increase in brain permeability (40-
70%), the unexpected 10-fold enhancement in brain protein bind-
ing, relatively to the plasma levels, has resulted in a low central
free drug exposure, thus diminishing the Ap40 lowering in the
brain.

In this Letter, we have described a detailed and stepwise explo-
ration of the S3 region of BACE1 by replacing the aryl group of the
parent aminohydantoin 3 with various alkyl and alkoxy chains.
These new analogs have exhibited better brain permeability, low
nanomolar potency for BACE1, and >100-fold selectivity for the
other structurally related aspartyl proteases cathepsin D, renin
and pepsin. Our design strategy followed a traditional SAR ap-
proach and was supported by molecular modeling studies based
on the previously reported aminohydantoin 3.3 The new inhibi-
tors have shown decreased susceptibility to P-glycoprotein trans-
porter protein, as demonstrated by the marked reduction of the
compound’s efflux property, lower topological polar surface area,
and reduced molecular weight. These improved physicochemical
properties have resulted in the enhancement of the compound’s
brain permeability level (~40-70%). We have identified that a fluo-
rine substitution at the para-position of the P1 phenyl has dramat-
ically decreased the cytochrome P450 metabolism and also has
contributed to the metabolic stability of the alkoxy analogs. Substi-
tutions at the P1 and P2’ phenyl moieties have affected the plasma
and brain protein binding levels of these new analogs, with the
brain protein binding levels being 5-10-fold higher than the plas-
ma levels. Two structurally diverse potent BACE1 inhibitors (84
and 89) reduced 25-30% plasma AB40 in the Tg2576 mice in vivo
model at 30 mg/kg po.
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