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Abstract—Guided by structure-based design, we synthesized two novel series of potent inhibitors of BACEI and generated extensive
SAR around both the prime and non-prime side binding pockets. The key feature of both series is a cyclic amine motif specifically
crafted to achieve interactions with both the flap and with the S2’ pocket.

© 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD)! is a progressive, ultimately

fatal neurodegenerative disorder for which there is cur- OH cpa R PACEL  Cell
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million people worldwide, and has become the sev- Ar : le OBt 7 106
enth-leading cause of death in this country.!d A key P N \5
hallmark of AD is deposition of aggregated B-amyloid s3 sz &1 S
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peptides (APaso42) as plaques in the brain.” These pep-
tides are formed through processing of amyloid precur-
sor protein (APP), initiated by B-secretase (BACEI).>*
Given that BACE!1 knockout mice are viable,? and that OH
modest reduction in BACEI1 activity produces a sharp XN
decline in AD-like pathology in transgenic mouse B3 J)n 2 (n= 1), piperazinones
models,® this enzyme is an attractive therapeutic target Thr72 O" N 3 (n=0), imidazolidinones
to slow or halt the progression of this devastating (]!I\‘a';) \_R/
disease. s2'

Figure 1. BACEl in vitro activity for initial lead piperidines 1
(Ar = 3,5-difluorophenyl)™ and design elements of novel piperazinone
and imidazolidinone cores 2 and 3.

As part of our BACEI inhibitor program, we recently
reported a series of novel, potent peptidomimetic piper-
idines 17 (Fig. 1) and pyrrolidines.” In the former series,

substitutions from the 4-position of the piperidine ring

Keywords: Alzheimer’s disease; B-Secretase; BACE; Aspartyl protease . . . .
4 P paryip improved inhibitor potency either by occupation of the

inhibitors; Peptidomimetics.

* Corresponding authors. Tel.: +1 908 740 2515; fax: +1 908 740 7152
(J.N.C.); tel.: +1 609 452 3674; fax: +1 609 655 4187 (T.X.L.); e-mail
addresses: jared.cumming@spcorp.com; tle@pcop.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.04.050

S2' subsite with large lipophilic groups, for example
1b, or by formation of a weak hydrogen bond (3.2 A)
to the flap Thr72 NH from a small alkoxy group, for
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Scheme 1. Synthesis of BACEI inhibitor 2a as a representative
example for generation of both piperazinone and imidazolidinone
analogs 2 and 3 (Ar = 3,5-difluorophenyl): (a) LDA +5 then 4,
—78 °C, 41%; (b) H,, Pd(OH),, HOAc, EtOH, 91%; (c) 8, EDCI,
DIEA 81%; (d) TFA, 79%.

example 1¢c. Combining these features to achieve syner-
gistic improvements in potency proved challenging.

Examination of the X-ray crystal structure of piperidine
1b7% in the BACEI active site strongly suggested that a
carbonyl introduced to the 3-position of the ring could
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achieve a hydrogen bond to Thr72 NH. From these
observations, and with the aid of molecular modeling,®
we designed both piperazinones 2 and imidazolidinones
3° (Fig. 1) as cyclic amine scaffolds that could achieve
both occupancy of S2' and a hydrogen bond to the flap
from the same ring system.

Stereoselective synthesis of these new inhibitors begin-
ning from (S)-N,N-dibenzyl-3,5-difluorophenyl-alaninal
4'0 is summarized in Scheme 1 for piperazinone analog
2a. The stereochemistry of the hydroxyl group and
cyclic amine ring was set via chirality transfer from
the a-amino acid center in a non-chelation controlled
Aldol reaction enforced by the N,N-dibenzyl protecting
group.!' Thus, addition of the conjugate base of tert-
butyl 4-benzyl-piperazin-3-one-1-carboxylate 5 to alde-
hyde 4 gave Aldol product 6 with the desired absolute
and relative stereochemistry as the major isolable prod-
uct. Palladium-mediated debenzylation proceeded
smoothly to give primary amine 7 that was then cou-
pled to 5-methyl-N,N-dipropylisophthalic acid 8'? in
the presence of EDCI/HOBt to give amide 9. Finally,
removal of the cyclic amine Boc group gave BACEI
inhibitor 2a.

Imidazolidinone analogs 3 were made in similar overall
yield following the above route, simply substituting zert-
butyl 3-benzyl-imidazolidin-4-one-1-carboxylate 10'3
for piperazinone core 5 in the Aldol step. The modifica-
tions of the S2-S3 motifs described in Tables 1 and 2

Table 1. SAR of piperazinone 2 and imidazolidinone 3 BACEI inhibitors bearing variations of an isophthalamide group in S2/S3 (Ar = 3,5-

difluorophenyl)'®
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Table 2. SAR of S2/S3 non-isophthalamide variations
phenyl)!®

of piperazinone 2 imidazolidinone 3 BACEIl
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were made employing appropriate replacements’®!# of non-prime side groups. As Table 1 shows, all of these
ploying approp p p group

acid 8 in the penultimate coupling step for both cyclic
amine series.

We first examined our novel piperazinone and imidazo-
lidinone cores derivatized with isophthalamide-type

analogs are potent BACEI inhibitors. Comparison of
the activity of piperazinone 2a (BACE1 ICsy = 3 nM)
with the original lead piperidine 1b (BACEl ICso =
14 nM) shows that additional potency has been gleaned
by introduction of the carbonyl group. Overlay of the X-
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Figure 2. Overlay of BACEl X-ray structures for piperidine 1b
(yellow) and piperazinone 2a (green) and showing the 2.9A hydrogen
bond from the carbonyl of the piperazinone ring in 2a to Thr72 NH of
the flap (gray).

ray crystal structures of these two analogs (Fig. 2)'° con-
firms that a hydrogen bond (2.9 A) to the flap Thr72 NH
was in fact achieved from the new carbonyl without per-
turbing the overall binding mode of the analog.

Another observation from Table 1 is that piperazinone
2a and imidazolidinone 3a have a larger decrease in cel-
lular activity (200-300-fold) relative to piperidine 1b (37-
fold). This increased shift may be due to the reduced ba-
sicity of the piperazinone and imidazol-idinone cores
(measured pK, = 6.0, 3.6, respectively). Given that the
BACE]1 active site is displayed in an endosomal com-
partment that is slightly acidic (pH ~5), more basic
compounds like piperidines 1'® may accumulate inside
the compartment to a larger degree than less basic ana-
logs. The cellular shift of the piperazinone analogs could
be attenuated by lowering their ClogP via changes to
the isophthalamide moiety. In this way we achieved
excellent potency both in vitro and in the cell with ana-
logs 2b—d (cellular ICso = 57-140 nM).

We next turned our attention to pyrrolidinone and cyc-
lic urea non-prime side derivatives (Table 2). Interest-
ingly, the piperazinone core was very tolerant of a
variety of these modifications, whereas the imidazolidi-
none core was not. Looking at the first two entries in
Table 2, piperazinone analogs 2e and 2f both have
BACEI1 ICsy < 10 nM versus the imidazolidinone ana-
logs 3e and 3f with BACE1 ICsy > 100 nM. In the third
entry, introduction of additional substitution on the
pyrrolidinone ring restored some potency to the imi-
dazolidinone analog 3g, but it was still nearly 30-fold
less active than the corresponding piperazinone 2g.

Examination of a wider array of pyrrolidinones as well
as cyclic urea derivatives in the piperazinone series pro-
duced a set of analogs 2h—n that generally showed excel-
lent potency against BACEl (ICsq=9-22nM). The
rightward shift in cellular potency remained high
(=40-fold) for these analogs. It is noteworthy that the
tolerance of the piperazinone series for non-prime side
variation was not seen in our piperidine series,!® and

may reflect intrinsically better binding imparted by the
combination of S2" occupation with additional hydro-
gen bonding to the flap.

In fact, the S2’ binding moiety remains a significant
component of BACEI potency in the piperazinone ser-
ies, as evidenced by the SAR of modifications to the 4-
position of the ring (Table 3).2° Close analogs of parent
2a that direct at least some lipophilicity into S2’ (2s—2w)
showed good to excellent potency (BACEl ICsy = 3—
27 nM). Interestingly, a phenyl group directly attached
to the lactam nitrogen 2x cannot attain the necessary
trajectory to occupy S2’ and thus has a diminished po-
tency similar to small alkyl groups or no substitution
at all (20-2q, BACE1 ICsy = 175-345 nM).

Lead piperazinone 2a and imidazolidinone 3a were pro-
filed in vivo in 6-week-old, pre-plaque CRNDS8 mice
(Table 4).2%2! Both compounds showed modest reduc-
tion of APy in the plasma with a single 100 mg/kg sc
dose, but did not affect brain levels of the peptide. The
PK profiles from these experiments show low brain pen-
etration, which may be due to their being substrates for
P-pg as reflected in the Caco-2 efflux ratios. These com-
pounds were further profiled against other human
aspartyl proteases (Cathepsins D and E, Pepsin) and
generally showed low to modest selectivity (1-15-fold).

In conclusion, using X-ray crystallography in conjunc-
tion with molecular modeling, we have designed a series
of novel, potent piperazinone- and imidazolidinone-
based peptidomimetic inhibitors of BACEIL. These novel
cyclic amine aspartyl protease binding motifs combine
potency enhancements from simultaneous occupation
of S2’ and formation of an additional hydrogen bond
to the flap. Piperazinones 2 in particular are tolerant
of a wide diversity of modifications to their non-prime
side substituents, and we have identified many analogs
with BACE1 ICsy < 20 nM, a number of which have cel-
lular potency below 200 nM. Two of these new com-
pounds, piperazinone 2a and imidazolidinone analog
3a, produced modest inhibition of peripheral Ay in a

Table 3. SAR of modification of the substituents in S2’ from the 4-
position of the piperazinone ring (Ar = 3,5-difluorophenyl)'®

H OHy
PN N_A~_N
(¢} o , A ]
Ar/ O/\'}l
R
Compound R BACE! ICs, (nM) Cell ICsy (nM)
20 H 264 7500
2p Me 235 7000
2q Et 175
2r Pr 44 4000
2s CH,i-Pr 13 2000
2t CHyc-Pr 10 915
2a CH,Ph 3 300
2u CH,(0-MeOPh) 5 550
2v CH,(0-CNPh) 20 970
2w CH,(0-CIPh) 27 755
2x Ph 345 10,000
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Table 4. Detailed in vivo, in vitro, and ancillary profiles of piperaz-
inone 2a and imidazolidinone 3a (Ar = 3,5-difluorophenyl)

H OH
ProN N AN
e 0 /o~ J)n
Ar/ 0 '}‘
Bn

Assay 2a(n=1) 3a(n=0)
CRNDS8 mouse plasma A" —65+ 8% —43 + 6%
Plasma concentration (ng/mL) 4020 4660
Brain concentration (ng/g) 200 120
B/P ratio 0.07 0.03
Caco-2 efflux ratio (A-B/B-A) 17 3
BACEI1 1C5() (HM) 3 5
BACE2 ICsy (nM) 22 51
Cell ICsp (nM) 300 1100
Cathepsin D K; (nM) 47 32
Cathepsin E K; (nM) 30 2
Pepsin K; (nM) 11 4

#Four animals per compound, 100 mg/kg sc dose, APy measured at
3 h post-dose. Levels of AR, are expressed as mean * standard error
as a percent of vehicle. For additional general experimental details,
see Ref. 21.

transgenic mouse model with a single dose. SAR around
other, related cyclic amine scaffolds that similarly
capture an additional hydrogen bond to the flap will
be reported in due course.
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