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General stereocontrolled synthesis of all four (2,3)-stereoisomers of 2-substituted statines is described. The 2,3-syn and 2,3-anti isomers were
synthesized via f-ketoester reduction and aldol reactions, respectively. Peptides containing 2-substituted statines inhibit porcine pepsin with
nanomolar ICsq values.

Aspartic proteases play a crucial role in the onset or These molecules replace the dipeptide subunit that contains
proliferation of many diseases including AIDS (HIV pro- the scissile amide bond {PP;’ residues). Although statine
tease), hypertension (renin), malaria (plasmepsin), andpeptides are good aspartic protease inhibitors, there are two
Alzheimer's disease (3-secretase; BACE), and much work obvious differences between a statine and a dipeptide: statine
has been done to find both peptidomimetic and non- is one backbone atom shorter than a dipeptide and it lacks a
peptidomimetic inhibitors of these enzymes. A key structural P,' side chain. The idea that functionalization of the statine
element in many of these inhibitors is a hydroxyl or C2 position would restore the'Bide chain to yield improved
hydroxyl-like subunit that binds to the two catalytic aspartates or more selective aspartic protease inhibitors was explored
in the enzyme active site. This structural feature was by Veber et al. Since then, 2-substituted statines have not
discovered in the peptide natural product pepstatimich
contains two copies of the unnatural amino acid statine
(Figure 1), a unit proposed to mimic the transition state for o o o o o .
amide bond hydrolysis.On the basis of this principle, a H H
number of transition-state analogues have been developed ‘“{H)ﬁ(NgLf f‘ﬁ/k_;/\i/u\f ﬁﬁ)\iﬂﬁ/\m&“
and incorporated into peptidés. O R OH R OH ©

The most common transition-state isosteres utilized in Native Peptide Hydroxyethylene  Hydroxyethylamine
peptide-like aspartic protease inhibitors are the “hydroxy-
ethylenes™ “hydroxyethylamines® and statines(Figure 1). R R
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been investigated as aspartic protease inhibitors. However diastereoselectivity corresponds to the diastereomeric ratio

since 2-substituted statines are components of bleorhycin
and the dolastatinka number of syntheses specific to these
natural products have been developed. Thesgr8stereo-

of the startings-ketoester, with the 2,8ynstereochemistry
arising via intramolecular hydride delivery in the proposed
zinc borohydride-3-ketoester six-membered chelatEhe

isomers have been accessed via a number of chiral auxiliaryindividual diastereomers were easily purified using standard

mediated reaction’,whereas the synthesis of the 28t
stereoisomers has been less expldtdderein, we describe

silica gel flash chromatography. Removal of the Boc group
or the benzyl ester allows for peptide coupling the N- or

a general and expedient synthesis of four C2,C3 diastereo-C-terminus, respectivefy.

mers of 2-substituted statines, their incorporation into pep-
tides, and porcine pepsin inhibition data.

The synthesis of the (2,3)yn-2Bu-statines began with
the synthesis of3-ketoesterl (Scheme 1}? obtained via
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coupling of Boc-leucine acyl-imidazole with the enolate of
benzylisocaproate. While this synthesis @ketoesterl
offers a quick entry to thg-ketoester, the product is difficult

to purify from the side productsS.Fortunately, reduction of
crudel with ethereal zinc borohydride was chemoselective
for the f-ketoester, yielding the desired (2S,3S,4S)- and
(2R,3R/49-alcohols 2 and 3 in a ratio of 1:1.4. The
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The (2,3)anti stereoisomers were more difficult to obtain.
Initial attempts involved alkylation ofl,N-dibenzyl statine
ethyl ester, using methodology similar to that used for the
synthesis of dolastatirfdlowever, poor yields were obtained
(=25%) even when reactive alkylating agents such as allyl
bromide were used. The low yields, limited availability of
reactive alkylating agents, and number of steps compelled
us to develop a new route.

The (2,3)anti stereoisomers were synthesized (Scheme 2)

Scheme 2
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Reagents and Conditions:

&) THF, 78 °C, 1h R =2.4-Me,Ph 4a, Sa b7
b) 2N NaOH, MeOH, 24 h R=H 4b, 5b . )
c) Cs,;C0y, BnBr, acetone, 35 °C, 1h R=Bn 4c, 5¢ :I 95-100%

as separable diastereomers by employing aldol methodology
developed by Heathcock and co-work&®eprotonation

of 2,6-dimethylphenyl isocaproate yielded the lithitEa
enolate, which reacted with Boc-leucinal to give the pair of
2,3-anti products4a and 5a via the Zimmerman—Traxler
transition staté’ Limiting the amount of LDA in the reaction
proved to be critical as an excess caused epimerization of
the C2 carbon. Separation of the diastereoiidrsm each
other was facile; however, each product was contaminated
with recovered Boc-leucinal. Saponification of the aryl ester
took place via the methyl ester by employing 2 N NaOH in
methanol, yielding the Boc-Bu-statinestb and5b ready

for peptide coupling. Alkylation of the acid with cesium
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(18) Absolute stereochemistry was again assignedrvilMR analysis
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Scheme 3
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11a = (2R, 38, 45)-2-BuSta-
Reagents and conditions: a) 50% CFzCOOH in CH,Cly, 0 °C  b) 20% piperidine 11b = (28, 35, 45)-2-BuSta-
in DMF ¢) Fmoc-Xaa, EDCI, HOBt, DIEA, DMF, 0°C d) Ac,O, DIEA, DMF, 0°C 11c = (28, 3R, 45)-2-'BuSta-
e) Hy, Pd-C, MeOH f) HCI-Ala-OMe or HCI-Val-OMe, HATU, HOAt, DIEA, DMF, 0 °C 11d = (2R, 3R, 45)-2-BuSta-

12 = (2R, 3S, 45)-2-BuSta-val-OMe

carbonate and benzyl bromide yielded the benzyl edters  porcine pepsin by about 2 orders of magnitééi&urther-
and5c. more, replacement of the N-Iva unit with N-acetyl also
Each of the four Boc-?Bu-Sta-OBn diastereomer, 3, weakens binding. Consequently, we predicted that control
4c, andsc, was incorporated into a peptide of the sequence Peptide Ac-V-K-Sta-Ala-OMe would inhibit porcine pepsin
Ac-Val-Lys-(2/BuSta)-Ala-OMe (Scheme 3). Initially we =~ With @ low uM 1Cso value. This unoptimized peptide
chose this amino acid sequence to tafsamyloid convert- ~ Séquence was chosen so that deleterious or improved binding
ing enzyme (BACEB-secretase) The sequence is a hybrid contributions would be readily observable. When tested
of the normal Alzheimer precursor protein (APP) cleavage 292inst porcine pepsin (Table 1) using a previously described

site (VKM—DAE) and the APP Swedish mutant (/N

DAE)?° and an unexpectedly effective inhibitor of BACE I
(EVN-StaV-AEF)?! The peptide synthesis began with the Table 1. Activities of statine and 2Bu-Statine peptides
removal of the ZBu-statine N-Boc group, followed by against porcine pepsin

coupling with Fmoc-Lys(I\NBoc)-OH to give pseudotripep- cmpd # structure ICsp (uM)
tide 6. The N-Fmoc group was cleaved, and the resulting -
amine was coupled with Fmoc-Val-OH to affordRemoval 13 AcvVaklys, )\/\W Ala-OMe
. . . N 2
of the N-Fmoc group, acetylation of the resulting amine, and H 5, §

subsequent hydrogenolysis of the benzyl ester yielded peptide i

acid9. Coupling of9 with an amino acid ester, followed by » Ac-Val-Lys. )\/H( Ala-OMe

. . . a N . 0.1
treatment Qf the resultant peptide with TFA, yielded the H &y O
functional 2'Bu-statine-containing peptiddsa—dand 12 .
in 40—50% overall yields. 12 AoVailys. anom o1

To estimate the contribution to binding provided by the H & 6 '
additional 2-isobutyl C2-substituent, the analogous statine- By By
containing peptide, Ac-V-K-Sta-Ala-OMd 8), was synthe- 1y Aevaklyss /k/?\WAIa-OMe 05
sized. A series of lysine-substituted, statine-containing H &4 0
peptides previously synthesized here demonstrated that lysine By By
in the B position of the peptide diminished binding to 116 Ac-Val-Lys\N)\‘/f\WAla-OMe 3
H o on o
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360, 672.
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R.; Davis, D.; Doan, M.; Dovey, H. V.; Frigon, N.; Hong, J.; Jacobsen- ; ; o ; ;
Croak, K.. Jewett, N.: Kaim, P.- Knops. J.: Lieberbirg, I.: Power, M.; Tan, 2 uM, in good agreement with prediction. The diastereomeric
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2-Bu-Sta-containing peptides also inhibited porcine pepsin ||| NG

in the 0.1-10uM range. However, none of these peptides
showed inhibition of BACE at concentrations of aM. Leu-Asp Dipeptide Mimetic
The inhibition data demonstrate that tBehydroxyl 2&
Bu-Sta peptides are potent inhibitors of porcine pepsin, with
activities in the 100 nM range (Table 1). As expected for R~

RuCls
0Bn NalO,

peptides of this length, the'Bu-Sta peptides containing the )Vé 0 49-60%

R-hydroxyl group are weaker inhibitors, having low micro- .

molar potencies. Similar to the observed inhibition of renin 14aR"=Boc

by 2-substituted statine peptidethe (2R,3S,4S)-Bu-Sta 14b R’ = Fmoc-Asn(Trt)-

peptides are 3—4 times more active against porcine pepsin
than the (2S,3S,4S)-diastereomer. The preference foRthe 2
stereochemistry can be rationalized on the basis of the COH
positions of the statine-C2 pie-and pro-Sprotons in the

Other Potential Derivatives

X-ray structures of statine peptides bound to porcine pepsin. & W
Most importantly, the (S)-2iBu-Sta peptidedla and 12 N Y N
are at least 10-fold more active than the statine pertRie OH O

for inhibition of porcine pepsin. Further optimization is Figure 2. Functionalization of the C2 side chain.
expected to provide improved inhibitors against this and other

aspartic peptidases.

These strategies are being applied to synthesize otheragainst aspartic proteases, these molecules may offer new
2-substituted statines, as illustrated by 2-allylstatine (Figure templates for the design of selective aspartic protease
2). The allyl side chain permits entry to a variety of inhibitors.
derivatives designed to mimic Asn, GIn, Glu, and Arg side
chains. Oxidative cleavage of the allyl side chain using Acknowledgment. This work was supported in part by
RuCk/NalO, gave the Leu-Asp dipeptide mimidsta and grants from GlaxoSmithKline and from the National Insti-
14bin good yields. Alternatively, hydroboratieroxidation tutes of Health (GM50113). We thank Dr. Thomas Meek
of the alkene can provide the terminal alcohol, which can for his support and encouragement, Lindsay J. Howett (GSK)
be converted into a number of functional groups. Elaboration for providing BACE assay data, and Dr. Martha Vestling
of the allyl side chain into the Arg side chain was recently for obtaining MS data.
accomplished in the synthesis of a Phe-Arg hydroxyethylene
isostere, utilizing a similar substraeOn the basis of the Supporting Information Available: Detailed experi-

|nh|b|t0ry activity of the zgu_sta_containing peptides mental procedures for Syl’lthesis and characterization of
representative compounds and absolute stereochemical as-

(23) (a) Flentke, G. R.; Glinski, J.: Satyshur, K.: Rich, D. Pfotein signments vidH NMR analysis. This material is available

Expression Purif1999,16, 213. (b) Peranteau, A. G.; Kuzmic, P.; Angell, free of charge via the Internet at http://pubs.acs.org.
Y.; Rich, D. H. Anal. Biochem1995,227, 242.
(24) Brewer, M.; Rich, D. HOrg Lett. 2001, 3, 945. 0OL016331D

2728 Org. Lett., Vol. 3, No. 17, 2001



