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Abstract—The synthesis, evaluation, and structure—activity relationships of a series of succinoyl lactam inhibitors of the Alzheimer’s
disease y-secretase are described. Beginning with a screening hit with broad proteinase activity, optimization provided compounds
with both high selectivity for inhibition of y-secretase and high potency in cellular assays of A reduction. The SAR and early in vivo

properties of this series of inhibitors will be presented.
© 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the leading cause of
dementia and is currently believed to affect 4 million
Americans and up to 30 million people worldwide.
In addition to the devastating burden of the disease
on patients and their families, estimates of the finan-
cial cost of the disease range up to $100 billion annu-
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ally.? Current treatments include acetylcholinesterase
inhibitors and the NMDA blocker memantine; howev-
er, these therapies treat disease symptoms and do not
significantly affect the underlying progression of the
disease. AD pathology is characterized by the accumu-
lation in the brain of extracellular amyloid plaques
composed largely of the B-amyloid peptide (AB) and
intracellular neurofibrillary tangles composed of
hyperphosphorylated Tau protein. Most strategies to
develop disease-modifying treatments center on inhib-
iting the formation of these lesions. Genetic evidence
obtained from familial forms of AD suggests that
increased production of the 42 amino acid form of
AP has a primary role in the disease.!

The AP peptides are generated by successive cleavages
of the amyloid precursor protein (APP) by B- and
y-secretases which have emerged as strong therapeutic
targets for AD intervention.> B-Secretase (typically re-
ferred to as BACEI) is a novel membrane-embedded
aspartyl proteinase whose characterization was reported
by a number of groups in late 1999.10 y-Secretase is
now known to consist of a complex of four proteins:
presenilin 1 or 2, nicastrin, Pen-2, and Aph-1, with
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presenilin considered to be the likely catalytic compo-
nent.!'"!3  Pharmacological blockade of y-secretase
inhibits the production of AP in transgenic models of
Alzheimer’s disease.!*!3

Based on the therapeutic potential of inhibiting AP
production, we initiated a program designed to identify
novel inhibitors of the secretases. High-throughput
screening using a cellular assay'® for inhibition of AP
production revealed several hydroxamic acid-based
inhibitors with promising activity (Table 1). The most
potent hit identified was SR973 (1), an aminocaprolac-
tam succinate derivative which blocks AP formation
with an ICsy = 0.2 uM. A small set of related derivatives
were also evaluated, with the parent benzyl caprolactam
(Table 1, compound 2) some 30 times less potent. The
more polar 4-nitro and 4-amino substituted compounds
were inactive. This early SAR suggested that the nature
of the caprolactam N-substituent was an important con-
tributor to activity, with preference for a fairly large
hydrophobic substituent at this position.

In order to gain basic SAR in this series, a flexible
solid-phase synthesis was designed. Attachment of inter-
mediates such as 9 (Scheme 2) to resin through the
hydroxamic acid provided a straightforward way to
modify the caprolactam N-substituent. As commercially
available trityl hydroxylamine resin is cleaved with mild
acid, we chose to block the second carboxylate of the suc-
cinate as the orthogonal 9-fluorenylmethyl (Fm) ester.

The synthesis of anti-succinate 6 (Scheme 1) with good
diastereocontrol has been reported.!” Reduction of the
allyl group, protection of the free carboxylate as the
Fm ester, and deprotection of the 7-butyl ester produced
the protected succinate 8 (Scheme 1). As a first set of tar-

Table 1. Succinyl hydroxamate AP production inhibitor leads
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Scheme 1. Reagents and conditions (Fm = 9-fluorenylmethyl): (a) 5%
Pd/C, H,; (b) FmOH, DCC, DMAP, DCM, rt; (c) 50% TFA/DCM, rt.
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Scheme 2. Reagents and conditions (Fm = 9-fluorenylmethyl): (a)
HATU, DIEA, DMF, rt; (b) 25% piperidine in DMF, repeat; (c)
caprolactam, PyBOP, DIEA, DMF, rt, repeat; (d) Boronic acid,
Pd(PPhs),, THF, 2 M Na,CO3, 60 °C, 16 h; (e) 50% TFA/DCM, rt.

gets, the SAR of the caprolactam amine substituent was
explored by preparing a set of 3-substituted biaryl deriv-
atives, which probed the space of the aryloxy substituent
with a more rigid framework. This strategy required the
synthesis of 3-iodobenzyl aminocaprolactam, which was
simply prepared by deprotonation of (S)-N-boc-aminoc-
aprolactam with LDA followed by alkylation with 3-
iodobenzyl bromide and deprotection.

Solid-phase synthesis of substituted biaryls was carried
out according to the procedure in Scheme 2. Fmoc-pro-
tected trityl hydroxamate resin was deprotected and
acylated with succinate 8. Deprotection of the Fm ester
and spectrophotometric quantitation allowed accurate
determination of the succinate loading level. Subsequent
coupling with the substituted aminocaprolactam provid-
ed the precursor 9 for biaryl formation via a Suzuki cou-
pling protocol.!® Cleavage from the resin with TFA and
purification on a short silica plug returned 6-13 mg
(14-60%) of each compound with no optimization of
the sequence. The compounds were isolated in high puri-
ty, however the yields varied due to cleavage from the
solid support during the Suzuki coupling.

Examination of the SAR in this series (Table 2) showed
that truncation of the 3-substituent to the parent 3-iodo
compound 11 caused a 6-fold reduction in potency rela-
tive to the phenyl ether 2 (500 nM, see Table 4). Biaryls
with a single substituent in the 4-position had potencies
in the 250-500 nM range. Potency was not particularly
sensitive to electronic effects (compare compounds 13
and 15). Substituents at the 2- and 3-position gave
potencies in the same range with a trend toward 3-halo
substituents being preferred. The polar 3-acetamido
group was not tolerated. The 4-fluoro-3-chloro-substi-
tuted analog 17 was the most potent in the series
at 100 nM, a modest 5-fold improvement relative to
compound 2.
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Table 2. Activity of selected biaryl succinyl hydroxamates 11-23

Compound  Substituent 1Cs5¢* (nM)
11 Parent 3- iodobenzyl (Cleavage of 9) 3,000
12 2.,4-Dichloro 350
13 4-Fluoro 470
14 4-Methyl 260
15 4-Methoxy 470
16 3-Methyl 510
17 4-Fluoro, 3-chloro 100
18 4-Trifluoro methyl 230
19 3-Methoxy 600
20 3-Acetamido >10,000
21 3-Fluoro 180
22 2-Methoxy 300
23 2-(1-Naphthyl) 250

# Activity assayed in HEK 293 cells according to Ref. 16.

Concurrent work examined the role of the hydroxamic
acid in this series. The original lead, SR973 (1), had
previously been profiled as an inhibitor of the ADAM
(a disintegrin and metalloproteinase) family of enzymes
as part of a program targeting inhibitors of both MMPs
and the tumor necrosis factor o-converting enzyme
(TACE, or ADAM 17).1°2! SR973 is a potent, broad
spectrum MMP inhibitor, with nanomolar activity
against MMPs and TACE (Table 3). This observation
raised the possibility that y-secretase might be a related
metalloproteinase, which could make achieving selectiv-
ity versus the other MMPs difficult. We therefore ex-
plored this hypothesis structurally by modification of
the carboxy-terminal group on the molecule.

The requisite carboxylic acid 24 was constructed by cou-
pling the alkylated caprolactam to succinate 6 (PyBOP,
DIEA, and DMF) followed by hydrogenation of the al-
lyl group and TFA-mediated cleavage of the z-butyl es-
ter. As is shown in Table 4, O- or N-methylation of the
hydroxamic acid caused a 10-fold loss in affinity. While
significant, this potency loss is not as severe as might be
expected for disrupting the interaction of a hydroxamic
acid binding to a zinc metalloproteinase.?? Similar re-
sults were obtained for other small groups including
the methyl amide and methyl ester.?® Surprisingly, the
primary amide 30 (RE987, ICs5y = 50 nM) was 10-fold
more potent than the hydroxamate 1 and was inactive
against a panel of MMPs and several serine proteases
(data not shown). Taken together, these results are
inconsistent with the target of these compounds being
a metalloproteinase. Recent data suggest that the pre-
senilins are the catalytic component of the y-secretase

Table 3. SR973 potency at metalloproteinases

Enzyme K; (nM)
MMP-1 21
MMP-2 7
MMP-7 660
MMP-9 5
MMP-10 190
MMP-13 10
MMP-14 1200
TACE 4

Table 4. Succinyl carboxylate modifications

(0]
2, 24-30
Compound  Substituent (X group, structure xx)  ICs* (nM)
1 (SR973) NH-OH 500
24 OH >3000
25 NH-OCH 5000
26 N(Me)OCH3; 5000
27 NHCH; 5000
28 OCHj; 6000
29 NHNH, 1600
30 (RE987) NH, 50

# Activity assayed in HEK 293 cells according to Ref. 16.

complex. These proteins contain two membrane-embed-
ded aspartyl residues that are essential to catalytic func-
tion.?32¢ Homology between the putative active site of
the presenilins and the bacterial type-4 prepilin pepti-
dases, which are also aspartyl proteases, provides addi-
tional support for this hypothesis.?’

Based on the potency of the primary amide 30, addition-
al amide variants were tested. This was accomplished by
reductively loading amines onto BAL?® resin followed
by coupling to acid 24. Cleavage from the washed solid
support provided clean products in excellent yields. Of
24 analogs, the 4 most potent compounds had modest
activity (in the 3-6 uM range, Table 5), demonstrating
that high potency in this series requires the primary
succinamide.

Several compounds with modifications to the succinate
region of the molecule were then prepared (Table 6).
These included truncation of each group on the disubsti-
tuted succinate in order to explore the hydrophobic
requirements of the binding site and to probe the active
conformation. Deletion of either substituent of the suc-
cinate resulted in complete loss of activity. Anti-disubsti-
tuted succinates are known to adopt an extended,
staggered conformation,?® and this architecture ap-
peared to be required. This interpretation was supported

Table 5. Selected secondary succinyl amides

31-34
Compound Substituent (R group) 1C5* (nM)
31 n-Butyl 5000
32 2-Furylmethyl 3000
33 Cyclopentyl 6000
34 4-Phenyl-2-butenyl 3000

Activity assayed according to Ref. 17.

# Activity assayed in CHO N9 cells according to Ref. 16.
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Table 6. Succinate modifications

Compound  Substituent (R group, structure xx)  ICs* (nM)
(0]
HZN\”/\)J\ ,
35 T N >10,000
% Y
(@)
36 HOHN N}‘L >10,000
o) H
37 >10,000
38 226

# Activity assayed in HEK 293 cells according to Ref. 16.

by the activity of compound 38, which had both stereo-
centers inverted but still maintained good potency. Pyr-
rolidinone 37 was prepared by constraining the propyl
side chain onto the primary amide, but this modification
also proved inactive.?°

With requirements for the trans-disubstituted succinyl
primary amide established, the SAR of this series was
explored using solid-phase chemistry similar to that used
in the hydroxamate series, but linking through PAL res-
in (in analogy to Scheme 2). Substitution at the 4-posi-
tion was also examined in this series by using the
caprolactam prepared from 4-bromobenzyl bromide.
Loading levels of the support-bound caprolactam ha-
lides were determined by cleavage and were 80-90% of
theory. Overall yields from this procedure ranged from
5% to 15%, as the amount of cleavage from the resin
during the Suzuki coupling step was quite high under
the conditions we employed. Nevertheless, each com-
pound was obtained in high purity.

As capropactam N-substituents were varied, the in-
creased potency of the amide series was maintained rel-
ative to the hydroxamate series (Table 7). A limited
comparison (compounds 44 and 45) suggests that the
3-substituted biaryls are more potent than the 4-substi-
tuted biaryls. In the 3-substituted series, small lipophilic
substituents on the 4-position tended to be more potent,
as evidenced by the 4-methoxy and 4-trifluoromethyl
compounds 42 and 44 (~10 nM activity). An attempt
to install masked polarity in this position with the 2-tet-
razole group resulted in a dramatic loss in affinity.
Unfortunately, the simple 4-substituted derivatives
including the potent derivatives 42 and 44 were poorly
soluble, and we observed precipitation of compound
from DMSO stocks upon long-term storage. The 4-fluo-
ro-3-chloro derivative 43 (RF978) provided the best
compromise between potency and maintained solubility

Table 7. Activity of selected biaryl succinyl amides

(0]

39-50
Compound Biaryl Substituent 1C50* (nM)

(R group, structure 10)

39 3 2,4-Dichloro 14
40 3 4-Fluoro 191
41 3 4-Methyl 40
42 3 4-Methoxy 8
43 (RF978) 3 4-Fluoro, 3-chloro 17
44 3 4-Trifluoromethyl 10
45 4 4-Trifluoromethyl 90
46 3 3-Methoxy 150
47 3 3-Fluoro 300
48 3 2-Methoxy 30
49 3 2-Naphthyl 18
50 3 2-Tetrazolyl 1800
51 3 C(O)phenyl 100

# Activity assayed in HEK 293 cells according to Ref. 16.

in DMSO, although the aqueous solubility of this ana-
log is also very poor (<1 pg/mL, see Table 10).

In an attempt to increase the solubility of this series,
related compounds were prepared utilizing a 3-pyridyl
biaryl group (Scheme 3). Alkylation of Boc-caprolactam
using NaHMDS with the free base of 3-bromo-5-(chlo-
romethyl)pyridine’! proceeded smoothly (Scheme 3).
The palladium-mediated coupling reaction was carried
out at the stage of compound 54, as all attempts to cou-
ple aryl halides with the succinyl primary amide already
installed were unsuccessful. As is shown in Table 8,
activity in the pyridyl series was roughly equivalent to
activity in the biaryl series, although the 4-fluoro-3-chlo-

52

N
A e
NH
a Z Br BocHN
O s3
l a-c

54

55-60

Scheme 3. Reagents and conditions: (a) 53, NaHMDS, —78 to 0 °C,
then 52; (b) 50% TFA/DCM, rt; (c) 7, HATU, NMM, DMEF, 50 °C,
48 h; (d) boronic acid, Pd(PPhs),, 9:1 toluene/MeOH, 2 M Na,COs;,
reflux, 16 h; (e) 50% TFA/DCM, rt; (f) HATU, NMM, NH;; (g),
DMF, rt.
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Table 8. Activity of pyridyl biaryl succinyl amides

Table 10. Pharmacokinetics of compounds 30, 43, and 60

Compound Biaryl Substituent 1C50* (nM)
(R group, structure 10)

55 3 4-Trifluoro methyl 17

56 3 4-Methoxy 32

57 3 4-Fluoro, 3-chloro 4

58 3 2-Pyridyl 8800

59 3 3-Pyridyl 2200

# Activity assayed in HEK 293 cells according to Ref. 16.

ro derivative 57 appeared slightly more potent than the
best biaryls with an ICso =4 nM. These compounds,
however, remained poorly soluble.?’

Further improvements in solubility of the biaryl series
were difficult due to the lack of tolerance for polarity
at the distal end of the caprolactam substituent binding
pocket. In the linker position, however, synthesis of the
biaryl amine corresponding to the biaryl ether 30
through Buchwald/Hartwig amination®® of the iodophe-
nyl intermediate provided compound 60, which served
as the lead for a series of aryl amines (Table 9).

In this series, 3-substitution was preferred over 4-substi-
tution, however none of the substituted derivatives
proved more potent than the parent aniline 60. A variety
of non-aryl amines were also synthesized, with piperi-
dine 69 showing modest activity (74 nM). Other non-ar-
yl derivatives, or amines with more polar substituents,
were prepared but were less potent than compound 69
(data not shown).

A preliminary in vivo profile of compounds 30, 43, and
60 was collected in the beagle dog. Compounds were
dosed in cassette format with up to nine other com-
pounds. Doses were kept low (0.25 mg/kg iv and 0.5
or 1.0 mg/kg po) to help minimize potential compound
interactions. Pharmacokinetic parameters for the com-
pounds are presented in Table 10. In the dog, compound
30 had low oral bioavailability, poor overall exposure,

Table 9. Biarylamines

(0]

60-69
Compound Substituent (NR |, R») 1Cs¢* (nM)
60 NHphenyl 15
61 NH(2-chlorophenyl) 29
62 NH(3-methylphenyl) 17
63 NH(3-methoxyphenyl) 54
64 NH(3,4-methylenedioxyphenyl) 152
65 NH(4-fluoro, 3-chlorophenyl) 17
66 NH(4-methoxyphenyl) 160
67 NH(4-trifluoromethylphenyl) 30
68 NH(3,4-methylenedioxyphenyl) 150
69 1-Piperidyl 74

# Activity assayed in CHO N9 cells according to Ref. 16.

Parameter Compound 30 Compound 43 Compound
po at 0.5 po at 1.0- 60 po at 0.5
mg/kg mg/kg mg/kg

Solubility pH 7.4 0.001 0.0001 n.d.

(mg/mL)

Fu* (%, dog) 0.4 bql 1.5

CI (1/h/kg) 1.9 0.4 0.6

Vs (1/kg) 1.3 0.8 0.4/1.1°

t12 (h) 0.5 1.3 1.0

Chnax (01M) 25 116 17/73¢

F° (%) 8 25 3/21¢

2bql, below quantifiable limit of assay.
® Fraction unbound bioavailability.
°Two numbers represent data from two different animals.

and was rapidly cleared. Compound 43 had an im-
proved profile, with substantially lower clearance and
moderate bioavailability and half-life leading to some-
what higher overall exposure. Compound 60 had a high
level of variability between the two animals, but had a
moderate to poor overall exposure. Taken together,
these data suggested that further improvements to the
caprolactam succinamide series were needed.

In addition to cleavage of APP, it has been shown that
y-secretase also functions to cleave the Notch receptor,
and inhibition of y-secretase leads to defects in Notch
function.??>3* In adult animals, disruption of Notch sig-
naling through y-secretase blockade has been shown to
cause intestinal goblet cell hyperplasia, a process that
leads to the formation of intestinal lesions.?> 38 Thus,
the development of y-secretase inhibitors as therapeutic
agents will likely require selectivity for inhibition of
brain AP production versus peripheral Notch function.
These three representative compounds were therefore
profiled for their ability to block y-secretase-mediated
Notch signaling. As is shown in Table 11, all three com-
pounds are inhibitors of Notch signaling with cellular
potencies similar to their potency as inhibitors of Ap
production.

In summary, a series of succinoyl-caprolactam y-secre-
tase inhibitors was synthesized to follow the lead struc-
ture SR973 (1), which was identified from a screening
campaign. Optimization of the series using efficient par-
allel synthesis led to the identification of inhibitors with
<10 nM cellular potency for AB production inhibition.
This series also provided reagents which enabled exam-
ination of aspects of y-secretase biology. Compound 51
(IC50 = 100 nM) with a 3-linked benzophenone substitu-
ent was designed as a potential photoaffinity probe.
Reduction of the related allyl precursor with tritium
provided a ligand that was used to identify presenilins
1 and 2 as the molecular targets of these small-molecule

Table 11. Notch inhibition of compounds 30, 43, and 60

Parameter Compound 30 Compound 43 Compound 60

ABICs (nM) 50 17 15
Notch ICs, (nM) 82 + 22 18£15 64 + 33

Activity assayed in murine 3T3 cells using murine Notch AE (see Ref.
42 for full experimental details).
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production inhibitors. Similarly, reduction of an al-

lyl precursor of amide 30 (RE987) provided a radioli-
gand which enabled the construction of a binding
assay which has been used to examine the potency of
presenilin inhibitors under cell-free conditions.? These
results and the SAR described in this work provided

the groundwork for the production of other series of
y-secretase inhibitors which will be reported in due
course.
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All new compounds reported herein gave satisfactory
analytical data including parent mass, proton NMR
spectral integrity, and high purity by HPLC characteriza-
tion. Compounds characterized in vivo also gave satisfac-
tory combustion analysis data.

Notch signaling assay: NIH3T3 cells were maintained in
growth media (Dulbecco’s modified Eagle’s medium
(DMEM; Gibco-BRL) containing 10% calf serum (Gib-

co-BRL), Penicillin/Streptomycin (Gibco-BRL), 2 mM L-
glutamine (Gibco-BRL), and 1 mM pyruvate (Cellgro))
and were treated with compounds in defined media
(DMEM, 2mM Lr-glutamine, penicillin/streptomycin,
1 mM pyruvate, and 0.0125% BSA (Sigma)). The mouse
Notch-1 AE construct was generated essentially as
described.?**® The CBFl-luciferase reporter construct
consists of four tandem repeats of the CBF1 binding
element in the pGL3-Promoter vector (Promega). NIH
3T3 cells were transiently transfected using Effectere
(Qiagen) according to the manufacturer’s directions.
Cells were transfected in batch with a combination of
Notch AE, vector DNA, and the CBFI-luciferase reporter
construct for 24 h. Following transfection, cells were
replated in 96-well plates in the presence of defined media
and treated with compound serial dilutions for 20 h.
Luciferase activity was measured using Luc Screen
(Tropix) according to the manufacturer’s directions.
Dose-response curves were analyzed using GraphPad
Prism (GraphPad Software) and nonlinear regression
analysis.
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