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Abstract—A series of novel macrocyclic amide-urethanes was designed and synthesized based upon the X-ray crystal structure of
our lead inhibitor (1, OM99-2 with eight residues) bound to memapsin 2. Ring size and substituent effects have been investigated.
Cycloamide—urethanes containing 14- to 16-membered rings exhibited low nanomolar inhibitory potencies against human brain

memapsin 2 (p-secretase).
© 2004 Elsevier Ltd. All rights reserved.

The proteolytic enzyme memapsin 2 (f-secretase,
BACE-1) is one of two proteases that cleave the f-
amyloid precursor protein (APP) to produce the 40-42
residue amyloid-p peptide (AP) in the human brain, a
key event in the progression of Alzheimer’s disease
(AD).!2 Because of its involvement in an early stage
of the cascade of events leading to the pathogenesis of
AD, inhibition of memapsin 2 has become an excellent
target for AD.3> We recently designed a number of po-
tent memapsin 2 inhibitors incorporating a nonhydroly-
zable Leu-Ala hydroxyethylene dipeptide isostere.®
Potent memapsin 2 inhibitors incorporating other tran-
sition-state isosteres have also been reported recently.”
Our first generation memapsin inhibitors were designed
based upon memapsin 2 specificity studies.® One such
inhibitor is OM99-2 (1), which has shown a K; value
of 1.6nM for human memapsin 2.°¢ In order to obtain
specific ligand-binding site interactions in the active site
of memapsin 2, we subsequently determined the X-ray
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crystal structure of 1-bound memapsin 2 at 1.9 A resolu-
tion’ (Fig. 1).

This crystal structure provided important molecular in-
sight, which may aid the design of novel and selective
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inhibitors of memapsin 2. We are particularly intrigued
by a number of key interactions involving P—P,4 side
chains in the S;-S, subsites.” It appears that the P;-
Leu and the P3-Val fill the hydrophobic pocket effec-
tively. Furthermore, the P,-Asn is involved in a hydro-
gen bond with Arg-235. Interestingly, the P4-Glu is
hydrogen bonded to P»,-Asn and possibly assists the for-
mation of the P»,-Asn hydrogen bond with Arg-235. Our
preliminary modeling studies indicate that a suitably
functionalized 15- or 16-membered cycloamide-
urethane could effectively hydrogen bond with Arg-235
as well as effectively fill in the hydrophobic pockets in
the S,—S, binding sites. Herein, we report our prelimi-
nary investigation that led to the design and synthesis
of cycloamide—urethane-derived inhibitors of memapsin
2. Cyclic inhibitors containing a 16-membered ring
turned out to be more potent than the acyclic counter-
part. A 16-membered macrocycle containing a trans-ole-
fin has shown the best memapsin 2 inhibitory potency
with a K; value of 14nM. Various cycloamide—urethanes
were conveniently prepared by efficient ring-closing
metathesis utilizing Grubbs’ catalyst.'?

As outlined in Figure 2, we planned to synthesize vari-
ous macrocyclic inhibitors from the corresponding cyclic
olefins 3a—¢ by hydrogenation of the olefins followed by
removal of the hydroxyl protecting group. Cyclic deriv-
atives 3a—c were obtained by coupling cyclic dipeptide
acids 4a—c and the amine derived from known dipeptide
isostere 5.%* Cyclic dipeptide acids 4a—¢ can be derived
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by ring-closing olefin metathesis of acyclic terminal ole-
fins 6a—c followed by saponification of the resulting
esters. Olefin metathesis was expected to provide a
cis/trans mixture.!! Various terminal olefins 6a—¢ were
synthesized from commercially available!? N-(tert-but-
oxycarbonyl)-L-aspartic acid-4-benzylester 7. We also
planned to prepare the acyclic inhibitors by coupling
of the 6a—c-derived carboxylic acids and the correspond-
ing amine derived from Leu-Ala dipeptide 5. This ena-
bled us to examine inhibitory potencies of various
acyclic and cyclic inhibitors.

Synthesis of various cyclic carboxylic acid containing
Val-Asn dipeptides 4a—c is shown in Scheme 1. Treat-
ment of known 4-benzylester 7 with KHCO3 and methyl
iodide in DMF for 65h provided methyl ester 8 in near
quantitative yield. Hydrogenolysis of the benzyl ester
over 10% Pd-C, followed by coupling of the resulting
acid with allylamine in the presence of 1-[3-(dimethyl-
amino) propyl]-3-ethyl-carbodiimide  hydrochloride
(EDCI), diisopropylethylamine (DIPEA), and 1-hydr-
oxybenzotriazole (HOBt) afforded allyl amide 9 in 74%
yield for the two-step sequence. Synthesis of various
urethanes 10a—c was carried out with valine methyl ester
by a one pot two-step procedure. Thus, a mixture of
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valine methyl ester hydrochloride and Hunig’s base in
CH,Cl, was slowly added to a solution of triphosgene
in CH,Cl,. The resulting isocyanate was then reacted
with allyl alcohol, 3-buten-1-ol, or 4-penten-1-ol for
24h to afford the corresponding urethanes.'? Saponifica-
tion of the methyl esters with aqueous lithium hydroxide
furnished the valine derivatives 10a—c (64—68% yield).

Exposure of 9 to trifluoroacetic acid (20% in CH,Cl,) ef-
fected the removal of the Boc group. To the resulting
TFA salt, Hunig’s base was added to liberate the free
amine. This was coupled with the valine derivatives
10a—c under standard peptide coupling conditions
(EDCI, HOBt, DIPEA) to afford olefins 6a—c in 60—
65% yield. Ring-closing metathesis of dienes 6a—c pro-
ceeded smoothly in the presence of Grubbs’ second gen-
eration catalyst'* to afford macrocyclic trans-olefins as
the major products in very good yields (63% for 11a;
68% for 11b and 73% for 11¢).'> Saponification of
11a—c¢ with aqueous LiOH afforded the acids 4a—c in
near quantitative yields.

Synthesis of acyclic and cyclic inhibitors are shown in
Scheme 2. Selective removal of the Boc-group from
the known silyl ether 5 by treatment with trifluoroacetic
acid (20% in CH,Cl,) at 23°C for 30min provided the
corresponding amine. Coupling of the resulting amine
with acids derived from aqueous LiOH promoted
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Table 1. Structure and potencies of memapsin 2 inhibitors
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saponification of esters 6a—c in the presence of EDCI
and HOBt provided the corresponding coupled products
in 53-55% yields. Removal of the silyl ether with aque-
ous HF in THF yielded the acyclic inhibitors 12a—c in
35-40% yield. For synthesis of cyclic inhibitors, 5-de-
rived amine was coupled with cyclic dipeptides 4a—c as
described above to afford the corresponding silyl ethers
13a— in modest yield (36-40%). Removal of the silyl
ether furnished 14- to 16-membered mono-unsaturated
macrocyclic inhibitors 3a—c in a typical 60-63% yield.
Macrocyclic 14- to 16-membered saturated inhibitors
were prepared by catalytic hydrogenation of olefins
13a—c, followed by deprotection of silyl ether with aque-
ous HF in THF to afford inhibitors 2a—¢ in modest
yields (25-28% for the two steps).

The inhibitory potencies of various acyclic and cyclic
memapsin 2 inhibitors are shown in Table 1. Inhibitory
potencies of various inhibitors against recombinant
memapsin 2 were measured using our previously de-
scribed assay protocol.!® As can be seen, the size of
the alkyl chains of the acyclic inhibitors is important
for potency. Furthermore, ring size of the mono-unsatu-
rated and saturated macrocyclic rings is critical to the
observed inhibitory activities. Both mono-unsaturated
and saturated 14-membered inhibitors (3a and 2a) have
shown significantly higher inhibitory potencies com-
pared to acyclic inhibitor 12a. It appears inhibitor 3b
with a 15-membered unsaturated ring is more suitable
than the 14-membered inhibitor 3a. As mentioned ear-
lier, based upon the inhibitor-bound crystal structure,
it appeared that a 16-membered ring with a P,-asparag-
ine derivative could effectively interact with the Arg-235
residue as well as fill in the S,—S5 sites. Indeed, the cor-
responding 16-membered mono-unsaturated and satu-
rated inhibitors (3¢ and 2¢) are significantly more
potent than their acyclic counterpart with respective K;
values of 14 and 25nM against memapsin 2.

To gain further insight into the molecular binding prop-
erties of inhibitors 2¢ and 3¢, we attempted to resolve

the inhibitor-bound crystal structure of the protein-lig-
and complexes. This effort led to the determination of
the three-dimensional structure of 2c-bound memapsin
2 by X-ray diffraction at a resolution of 2.8A."7 A
stereoview of the inhibitor-bound structure is shown in
Figure 3. As can be seen, the (S)-hydroxyl group of
inhibitor 2¢ hydrogen bonds with the catalytic aspar-
tates (Asp-32 and Asp-228) of memapsin 2. The P;-
isobutyl side chain and the P|-methyl moieties of 2¢
effectively fill in the S; and S|-regions, respectively, in
the enzyme active site. The P}-inhibitor carbonyl hydro-
gen bonds with Tyr-198 at a distance of 2.41A. The
binding properties of the P,-cycloamide—urethane is
quite intriguing. While the valine side chain and the
urethane side chain fill in the hydrophobic pocket
effectively, the asparagine carbonyl of 2¢ is within
hydrogen bonding distance (2.56 A between the heavy
atoms) to the Arg-235 of the memapsin 2. In order to
analyze the protein-ligand interactions in greater preci-
sion for further improvements of this class of inhibitor
with structure-based design, higher resolution crystal
structures will be attempted.

Memapsin 1 (BACE-2) is the closest homologous pro-
tease to memapsin 2. Some circumstantial evidence indi-
cates that memapsin 1 is linked to the pathogenesis of
Alzheimer’s disease, but this has not been established
conclusively.!'® If it is shown that memapsin 1 is not in-
volved in the disease pathogenesis, then selectivity over
memapsin 1 is desirable. Conversely, if involvement of
memapsin 1 is proven, along with memapsin 2, it may
be a therapeutic target. In any event, we have examined
inhibitory properties of inhibitors 2¢ and 3c against
memapsin 1 as well. Inhibitors 2¢ and 3¢ inhibited
memapsin 1 with K; values of 4.5 and 31nM, respec-
tively. It appears that the E-olefin in inhibitor 3c is
responsible for its slight selectivity over memapsin 1.
Interestingly, saturated inhibitor 2c¢ is 5-fold more po-
tent for memapsin 1 than memapsin 2. This cross inhibi-
tion of memapsin 1 is not totally unexpected since
memapsin 1 also cleaves the B-secretase site of APP

Figure 3. Inhibitor 2¢ (magenta) bound X-ray crystal structure of memapsin 2.
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and APP with Swedish mutations.?’ A structure-based
design strategy may aid the design of inhibitors with
enhanced selectivity over memapsin 1. We have also
examined cellular inhibition of memapsin 2 by 2¢ in
Chinese hamster cells. It has shown an average cellular
ICsy value of 3.9+ 1.2uM (n=2) compared to ICs
value of 45 = 5uM for OM-99-2 (K; = 1.2nM).?!

In conclusion, structure-based design of cycloamide—
urethane functionality at P,—P; resulted in a novel series
of memapsin 2 inhibitors. These cyclic ligands are de-
signed to allow effective hydrogen bonding with specific
residues in the S,-active site. Interestingly, 16-membered
mono-unsaturated and saturated inhibitors (3¢ and 2c)
are the most potent inhibitors. A preliminary inhibitor-
bound mempasin 2 structure of 2¢ indicated that the
asparagine carbonyl of 2¢ is within hydrogen bonding
distance to the Arg-235 of memapsin 2. This interaction
is apparent in the X-ray structure of OM-99-2-bound
memapsin 2. Further investigations including specific
nonpeptidal ligand design from these preliminary stud-
ies are currently underway.
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