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Abstract—We describe herein the syntheses and evaluation of a series of C-termini pyridyl containing Phe*-Ala-based BACE
inhibitors (5–19). In conjunction with four fixed residues at the P1 (Phe), P10 (Ala), P20 (Val), and P20 cap (Pyr.), rather detailed
SAR modifications at P2 and P3 positions were pursued. The promising inhibitors emerging from this SAR investigation, 12 and 17

demonstrated very good enzyme potency (IC50=45nM) and cellular activity (IC50=0.4mM).
# 2003 Elsevier Ltd. All rights reserved.
With increasing life expectancy of the population and a
prevalence of 5.5% in the age group above 60 years of
age, Alzheimer’s disease (AD) will become a major
social and financial burden for the coming decades.1

The Alzheimer’s Association has estimated that as many
as 14 million Americans could be affected by AD in year
2005. The currently available therapy for AD is limited
only to cholinesterase inhibitors, a new class of drugs
that are quite effective in reducing the symptoms, but
are not capable of curing or stopping AD progression.2

In light of this situation, scientists around the world are
confronting AD from several angles including identify-
ing small molecules that can slow down the production
and accumulation of the b-amyloid peptide (Ab) in the
brain.3,4 The rationale for this approach is based on
the fact that a gradual and chronic imbalance between
production and clearance of Ab(40/42) peptides results
in its build-up in the brain. This Ab accumulation
process leads to subsequent aggregation (Ab42)5 and
plaque formation,6 thereafter the phenotype of Alz-
heimer’s disease. Since Ab (40/42) were produced by
two sequential protease cleavages (b-secretase and
�-secretase)7,8 of the transmembrane protein b-amy-
loid precursor protein (APP), thus inhibition of
b-secretase (BACE) activity9 could in principle slow
down Ab formation and thereby progression of Alz-
heimer’s disease.
Guided by this amyloid hypothesis, several structural
types of BACE inhibitors have been reported recently
including the polar termini bearing octapeptides such as 1
(Ki=1.6 nM)10 and 2 (Ki=49nM)11 as shown in Figure 1.
Unfortunately, however, owing to their poor membrane
permeability, these highly polar inhibitors failed to
show any cellular activity. To address the polarity issue
mentioned above, Tang’s group reported a neutral ser-
ies of pentapeptidyl Leu*-Ala-based inhibitors including
compound 3 with excellent enzyme potency
(Ki=2.5 nM).12 In light of Tang’s finding, we launched
systematic SAR investigations surrounding Phe*-Ala
based pentapeptides such as 4. Biological evaluation of
4, a P1-Phe containing derivative of 3 (Leu as P1),
revealed that there is a poor correlation between its
enzyme inhibitory effect (IC50=28 nM) and its cellular
activity (IC50=22 mM). We hypothesized that the poor
whole cell activity displayed by 4 might be attributed to
its poor aqueous solubility. To prove this hypothesis, we
carried out rather extensive C-termini modifications,13

and found that replacement of the C-termini phenyl
moiety with a pyridine ring led to inhibitor 5 possessing
greatly improved aqueous solubility and whole cell
activity (>10�) relative to 4.13 To take advantage of
these exciting results, we decided to keep P1, P10 and P20

residues constant and perform further P2 and P3 modi-
fications on 5 with a goal of identifying more potent
BACE inhibitors. In this communication, we describe
the synthesis and evaluation of these novel BACE inhi-
bitors (6–19).
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The general synthetic route employed for the prepara-
tion of pentapeptide inhibitors discussed in this manu-
script is exemplified for inhibitor 11 as shown in Scheme 1.
HOBt/EDCI mediated coupling14 of the known P1–P10

acid AA12,15 with the P20-Val derivative BB [itself pre-
pared in 65% via two steps from Boc-valine and 4-
(aminomethyl)pyridine] provided the adduct CC, which
was further converted to its corresponding free amine
DD via standard N-deprotection. Subsequent coupling
of DD with the P3–P2 acid HH (obtained in 51% via a
two-step sequence from Boc-Leu and Ala-OMe-HCl)
afforded the desired product 11 in modest yield.

Following essentially identical procedures as described
for compound 11, all other BACE inhibitors listed in
Tables 1–3 were obtained via coupling of DD (P1–P20)
with various requisite P3–P2 dipeptidyl acids HH. It
should be pointed out that the synthetic procedures
used for the preparation of P2 residues of 13,16 14,17

and 1718 are included in the Reference section. The
structures of all BACE inhibitors were confirmed on the
basis of their respective proton NMR and mass spectra
analyses.

All pentapeptidyl BACE inhibitors synthesized were
evaluated in the following assays: (1) in vitro homo-
genous BACE FRET (Fluorecent Resonance Energy
Transfer) enzyme assay;19 and (2) whole cell Ab low-
ering assay in HEK293/APP751swe cells.20 A few
representative inhibitors were also tested in the S35
Figure 1. Representative BACE inhibitors.
Scheme 1. Synthesis of Phe*-Ala bearing BACE inhibitor 11. Reagents and conditions: (i) HOBt/EDCI/THF, 87%; (ii) TBAF/THF, 90%; (iii) 4N
HCl/dioxane, 95%; (iv) PyBOP/CH2Cl2/i-Pr2EtN, 66%; (v) 2N NaOH/MeOH, 77%; (vi) HOAt/EDCI/THF/i-Pr2EtN, 42%.
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Methionine incorporation assay to check the effect of
inhibitor treatment on the protein synthesis.21
1. P-2 SAR

Four new P2 modified analogues were prepared and
evaluated in the enzyme and in vitro whole cell assays.
Careful inspection of the data shown in Table 1 reveals
the following SAR trends: (1) when compared with their
P2-Met bearing analogues 5 and 8, the corresponding
P2-Ala containing counterparts 6 and 9 showed similar
enzyme inhibitory activity as well as cellular activity; (2)
comparison of the enzyme potencies displayed by inhi-
bitors 6 and 7 revealed that l-Ala is preferred (>12�)
over d-Ala at the P2 pocket; (3) the most potent inhi-
bitor within P2 SAR, inhibitor 9 demonstrated
impressive whole cell activity with IC50 value less than
1 mM; and (4) replacing the ‘S’ atom at P2Met in 5 with
an ‘O’ atom as seen in 50 resulted in slight reduction of
biological activity in both the enzyme and whole cell
assays.
2. P-3 SAR

Replacement of the P3 Val in 6 with other non-polar
aliphatic residues (Nva, Abu, Leu and Ile) led to four P3
modified analogues 9–12. In addition, two P3 basic
amine bearing and P3-methyl Ser as well as homo-
methyl Ser containing inhibitors 13–16 were also pre-
pared in order to improve biopharmaceutical properties
(e.g., aqueous solubility). After careful analysis of the
data shown in Table 2, we discovered the following
trends: (1) consistent with the published BACE subsite
specificity,7f five P3 non-polar residue bearing inhibitors
(6 and 9–12) exhibited superior enzyme and whole cell
activities to that obtained with the P3 polar moiety
bearing counterparts such as 15 and 16, which in turn
showed better activity than the P3 basic residue con-
taining ones such as 13 and 14; (2) inhibitors with het-
eroatom (O or N) linked through a-carbon at P3 (e.g.,
13 and 15) showed improved enzyme inhibitory activ-
ities than those containing heteroatom linked through
b-carbon at P3 (e.g., 14 and 16); (3) P3 Leu and Ile
containing compounds 11 and 12 were found to be the
most promising inhibitors with whole cell IC50 values of
0.86 and 0.41 mM, respectively.

Incorporation of fluorine in P3 resulted in three analo-
gues 17–19. Based on the data obtained for the P3-Abu
bearing analogue 10 and its corresponding P3-diFAbu
counterpart 17, it is clear that P3 fluorination (for 17)
resulted in 2- or 6-fold improvement in enzyme and
whole cell activity, respectively. Further P3 side-chain
elongation (based on 17) led to inhibitors 18 (by one
carbon) and 19 (by two carbons). When compared with
17, the P3 tetrafluoro-Nva bearing inhibitor 18 showed
�2-fold reduction (after adjustment for P3 chirality) in
enzyme and whole cell activity. Likewise, inhibitor 19
was found to be �5-fold less potent in the enzyme assay
relative to the P3-diFAbu bearing inhibitor 17.
3. Cytotoxicity assessment

A few selected BACE inhibitors were evaluated in the
S35-methionine incorporation assay in HEK293/
APP751swe cells to measure the effect of compound
treatment on protein synthesis. In this event, inhibitors
8, 11, and 12 (see Tables 1 and 2 for structures) were
tested and found to be non-toxic at 100 mM. Thus, the
TC50 values determined for all three compounds were at
least >100-fold high than their respective whole cell
Table 1. P2 SAR trends

Compd P3 P2 BACE-1 Abeta (sw)

IC50 (nM)
 IC50 (mM)
50
 CHMe2
 CH2CH2OMe
 127
 2.9

5
 CHMe2
 CH2CH2SMe
 70
 1.7

6
 CHMe2
 Me
 82
 2.1

7
 CHMe2
 Me (d-isomer)
 1058
 48

8
 n-Pr
 CH2CH2SMe
 60
 0.99

9
 n-Pr
 Me
 41
 1.4
Table 2. P3 SAR trends

Compd P3 BACE-1 Abeta (sw)

IC50 (nM)
 IC50 (mM)
6
 CHMe2
 82
 2.1

9
 CH2CH2CH3
 41
 1.4

10
 CH2CH3
 75
 2.8

11
 CH2CHMe2
 63
 0.86

12
 (s)-MeCHEt (Ile)
 42
 0.41

13
 CH2NMe2
 2.53mM
 –

14
 CH2CH2NMe2
 89mM
 –

15
 CH2OMe
 118
 4.99

16
 CH2CH2OMe
 705
 –
Table 3. Fluorination effect at P3

Compd P3 BACE-1 Abeta (sw)

IC50 (nM)
 IC50 (mM)
10
 CH2CH3
 75
 2.8

17
 CH2CHF2 (diFAbu)
 45
 0.40

18
 (rac)-CH2CF2CHF2
 281
 1.62

19
 (rac)-(CH2)3CF3
 419
 13.4
J. Lamar et al. / Bioorg. Med. Chem. Lett. 14 (2004) 239–243 241



IC50 values, indicating that the whole cell activities
obtained with these inhibitors are reliable.
4. Enzyme–inhibitor interaction

The co-crystal structure of the P3 (S)-isomer of inhi-
bitor 18 with hu-BACE enzyme was obtained using
standard protocol.22,23 As can be seen from Figure 2,
the inhibitor side chains were positioned at the expected
binding pockets, with the P3-tetrafluoroNva occupying
the S3 pocket. The types of interactions made by the N-
termini Boc as well as the C-termini pyridyl moieties
suggest that these functional groups may be modified
without compromising enzyme inhibitory activity. It is
also interesting to point out that the more potent (S)-
isomer [relative to its (R)-isomer at P3] was pre-
ferentially co-crystallized with the enzyme target.

Beginning with the C-termini Val-Pyridine bearing
inhibitor 5 (Ab IC50=1.7 uM),13 we have designed and
synthesized, on the basis of BACE substrate specificity,
a novel series of C-termini pyridyl bearing Phe*-Ala
based inhibitors endowed with good water solubility. As
a result of systematic P2 and P3 modifications, we
found that replacement of the Val-Met (P3–P2)
sequence as seen in 5 with Ile-Ala (P3–P2) led to inhi-
bitor 12 (Ab IC50=0.41 mM) displaying improved
enzyme (2�) and whole cell activity (4�) as well as
reduced molecular weight in comparison to inhibitor 5.
Furthermore, our data also shows that fluorination at
the P3 residue such as diFAbu seen in 17 (Ab
IC50=0.40 mM) resulted in 6� enhancement of the
whole cell activity relative to its P3 non-fluorinated
counterpart 10. In summary, in contrast to the poor
cellular activity found with the pentapeptidyl BACE
inhibitors reported by Tang’s group,12 we have dis-
covered a novel Val-Pyridine C-termini bearing inhibi-
tors endowed with impressive enzyme as well as whole
cell activity (<0.5 mM).
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