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The 3-alkoxy-4-arylpiperidine inhibitors of aspartic peptidases are shown to be a new type of non-peptide peptidomimetic inhibitor. These
piperidines can be designed from peptide-derived inhibitors by use of a structure-generating program but only after the enzyme active site
conformation has been modified in a mechanistically related fashion. New enantioselective syntheses of 3-alkoxy-4-arylpiperidine analogues
are described.

Structure-based design of peptidomimetic peptidase inhibitorstionship with the enzyme-bound peptidgubstrate confor-

is important for developing new drugsChis approach has  mation. A few structurally distinct aspartic protease inhibi-
proven highly successful with the aspartic peptidase inhibi- torst®*have been discovered by high-throughput screening
tors23 as illustrated by the development of the HIV protease methods and developed into useful HIV protease inhibitors,
inhibitors for treating AIDS! Most of these inhibitors have  e.g.,1 and2 (Figure 1). We define these inhibitors as non-
been designed to emulate the ligand-bound extefiestcand peptide peptidomimetiésbecause of their remote structural
conformatiofl observed with most substrate-based peptidaserelationship to peptide substrates. However, X-ray crystal
inhibitors® In this Letter we define these inhibitors as structures of inhibitorsl and 2, as well as the rationally
peptide-derived peptidomimetiés’ due to their close rela-
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enzyme subsite is close to where thesiéle chain of peptide-
derived inhibitors bind. However, the topography of the

oH on inhibited active site is fundamentally different from the
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1 2 In the preceding two Letters we described our use of a
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aspartic peptidase inhibitors and to “rediscover” known
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Ph G on Ph we attempted to generate the Roche-type structures in the
cl active sites of pepsin anghizopus chinensipepsin, two
s 4 5 enzymes not inhibited by the Roche compounds. We began
with the X-ray structure of bi§-benzyl peptides'® bound
Figure 1. Non-peptide peptidomimetic peptidase inhibitors. to porcine pepsin (Figure 2, Supporting Information) and

attempted to grow the piperidine unit from the $benzyl
side chairf® Growth from that point on CySta toward the

designed non-peptide peptidomime8c® complexed with  catalytic carboxyls (Figure 3) generated only acyclic amines,
HIV protease revealed that the inhibited active site topog-

raphy is very similar to the inhibited active site topography _

for the peptide-derived peptidomimetics.

In this Letter we show that GrowMol, a computer program S, s,
for generating libraries of structures complementary to an s/ VNP 5,
enzyme active sit& can be used to identify known “non- @ /© /© JNN
peptide peptidomimetics” that bind to a structurally distinct R o . -5 jq
(nonextendedp-strand conformation) aspartic peptidase ’ g”uj O AV G [
active site conformation. Piperidideinhibits renin at about Y, HN_N Growth Polnt
26 uM while the optimized piperidine inhibitos inhibits sy 6 \j 7

renin at low nM concentrations. The discovery of these
piperidines as a new class of aspartic peptidase inhibitor Figure 3. GrowMol growth point defined.
represents a major advance in the design of inhibitors. These
compounds are simple and contain no amide bonds, and some

are orally active. Moreover, portions of both lead compound e.g.,8 (Figure 4), and it became evident that we could not

renin as mechanism-based inhibitors. The binding of the

piperidine nitrogen to the enzyme catalytic carboxyl groups _
is similar to the binding of the statine hydro¥land
aminostatine nitrogéh in peptide-derived inhibitors. In y

|

addition, the binding of the 3-alkoxy group in the-S5; ) N
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moves in a “hinge motion” during peptide inhibitor binding, || GG

with the end of the flap moving up to 4 & Since flap Scheme 1
opening is a low-energy process that can occur up to 100 B0
times per second for good substratese decided to open N N AD-mbo N
this enzyme flap abdul A (Figure 5A); GrowMol now ) BoeO.TEADMAR [ ] CSONR
CHZCN 8h 'BUOHMH,0 12 h
2% 95%
13
Boc Boc

77%

N
Raney-Ni, EtOH NaH, DMF 12 h
_ ", _ 2
reflux 2 h OH Br O/\©\
84% Br
Br.

15 16
j HCJ/ dioxane
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Figure 5. (A, left) Growth point in porcine pepsin active site after (< geo s
opening of flap region: flap, light browr>-benzyl, pink; Asp32 (=95% ee). The remaining secondary hydroxyl1&f was

and Asp215, red; Try75, yellow; Trp39, orangB, (ight) Active alkyated with NaH ang-bromobenzyl bromide in DMF to
site of porcine pepsin after flap opening and Tyr75 side-chain form the Boc-protected piperidinks. Subsequent removal
rotation. Note the opening between Tyr75 and Trp39 where C4 of the Boc protecting group with HEldioxane provided

phenyl growth occurs. piperidine12, which was used directly in the enzyme assays.
The enantioselective synthesis of piperidite(Scheme
2) required slight modifications in this routeéert-Butyl

generated a series of piperidines, e.,, but not the

4-arylpiperidines. Further examination of the active site by _

molecular modeling revealed that a simpt&20° rotation

of ¥ in Tyr75 would provide the space needed for growth Scheme 2

at C4 of the piperidine system (Figure 5B). Running BOH:

GrowMol now created the 3,4-disubstituted piperiditte a 18

direct analogue of the Roche HTS le&dn addition, Roche L reoms e

scientists had discovered that the' @ésition of the 4-phen- RS ontoarn e R PA(PPh, LCL NasCOy

ylpiperidines could be substituted to produce tight-binding Q T ecworc Q "DME/ H0 reflux 2 h

renin inhibitors. This was possible because a tryptophan 0 80% OT 52%

indole in human renin rotated out of the way to provide an 17 OTBDMS

additional binding site for the C4ubstituents. Therefore, B0 B0 1

we moved Trp39 in pepsin the same way (Figure 6, AD-mix-t N N 1. TIPS-C1. imidizole

Supporting Information) and GrowMol now created aceto- CHSONH, (/0K 1.TAR. THF 21 "o _DOM 121 30

naphthone analogué&l, which is closely related to the BUOHMH,O 12h 2 Ra-Ni, E1OH '50°G 14h

optimized Roche renin inhibitors. o 80% 2 steps Br
These results show that piperidin@snd 10 bind to an OTBDMS OH BWQ

active site conformation that is fundamentally different from 20 2 67 %

the extendeg-strand topography, yet the new active site Boc Boc

conformation can be reached via mechanistically related local 1 AR THF

conformational changes. Om T KaCOn Moo O@
We developed a new and expedient enantioselective B e iz Br

synthesis to prepare piperidid@ (Scheme 1). N-Protection OTIPS 5 i

of 4-phenyl-1,2,3,6-tetrahydropyridine with Bazgavel3. B s

Sharpless asymmetric dihydroxylation (AByvas employed = ]TBAF, THF 81% 2 j _
to generate diol4. Stereoselective reductigfof benzylic ® 19OV doxane
alcohol 14 with Raney nickel in refluxing EtOH gav&5

32c(>19|)v| Szewczgk, Z.; Satyshur, K,; Rich, D. H. Unpublished resiits= 4-oxypiperidine-1-carboxylate was converted to the corre-
nivl against porcine pepsin. . . . .
(20) The same process was carried out vitthchinensiepsin. sponding tetrahydropyridinyl triflaté7 by use of LDA and

(21) (a) Hsu, I.-N.; Delbaere, L. T.J.; James, M. N. G.; Hofmann, T. N-phenyltrifluoromethanesulfonamidePalladium-mediated

Nature1977, 40, 233. (b) James, M. N. G.; Sielecki, A.; Salituro, F.; Rich, ; : : : :
D. H.; Hofmann. T.Proc. Natl. Acad. Soi. U.S.A982 79, 6137 coupling of triflate17 with the readily prepared arylboronic

(22) Kcat for aspartic peptidases typically varies from 1 to 100, s

(23) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A,; (24) Synthesis of the relatadans-2-phenylcyclohexanol: King, S. B.;
Hartung, J.; Jeong, K. S.; Kwong, H. L.; Morikawa, K.; Wang, Z. M.; Xu,  Sharpless, K. BTetrahedron Lett1994 35, 5611.
D.; Zhang, X. L.J. Org. Chem1992 57, 2768. (25) Wustriw, D. J.; Wise, L.DSynthesisl991 993.
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acid 18 afforded the desired aryltetrahydropyridid® in
moderate yield. Utilizing Sharpless AD methods, the enan-
tiomerically pure diol20 was synthesized. However, Raney
nickel reduction of the benzylic alcohol in phenol-protected
analogues oR0 was not successféf. After much experi-

GrowMol and the crystal structure of a peptide-derived
inhibitor bound to the enzyme. The process we have
described represents a simple protocol for altering enzyme
active sites to permit design of non-peptide peptidomimetic
inhibitors that bind to novel enzyme active site conformers.

mentation, we determined that the desired Raney nickel Our results are consistent with recent calculations that show

reduction of20to 21 could be achieved after first removing
the silyl-protecting group. Selective TIPS-protection of the
phenol followed by alkylation of the secondary alcohol with
NaH and p-bromobenzyl bromide in THF provide@?2.
Deprotection of the TIPS groups with TBAF in THF gave

ligands bind to the dynamic ensemblepoéexistingenzyme
conformation® such that “binding of an inhibitor selectively
stabilizes those conformational states in which the binding
site is formed.®! Thus, we propose that the surprising renin
conformations discovered by Oefner et'sdre not “induced”

phenol23whose stereochemical assignments were confirmedbut simply preexisting enzyme conformatiosslectively

by X-ray structure’ Alkylation of 23 with potassium
carbonate and 2-bromd-acetonaphthone in acetone af-
forded the desired Boc-protected piperid2¥e Removal of
the Boc protecting group with HEldioxane provided
piperidinell, which was used directly in the enzyme assays.
Inhibition of substrate hydrolysis by porcine pepsin and

stabilized by the inhibitor to afford the crystallographically
observed complex.

Our work demonstrates that a third approach to peptido-
mimetic design can include inhibitors designed to stabilize
potential preexistingenzyme active site conformations in
addition to those observable in both native and inhibitor

R. chinensigepsin were determined using reported assay enzyme crystal structures. Rather than design peptidomi-

conditions?® Piperidinel1l inhibited porcine pepsin with an
ICso = 0.2 uM and piperidinel2 inhibited R. chinensis
pepsin with an 16 = 2 uM. Several of these piperidines

metics to emulate only the enzyme-bound conformation of
the peptide-derived inhibitor (the extend@étrand topog-
raphy), as is currently dorfegesign should be targeted to

are poorly water-soluble, a property first noted by Oefner et the complete ensemble of potential preexisting active site
alll Some compounds saturated the buffer before full conformations. Structure-generating programs that allow
inhibition was obtained, which was detected by titrating Systematic variation of the position of the starting growth
enzyme activity from low to high inhibitor concentration. point, that permit systematic evaluation of the dynamic

Our results show that judicious application of a structure- ensembles opreexistingenzyme active site conformations,
generating program by medicinal chemists can be used toand that provide systematic evaluation (scoring) of the grown
convert peptide-derived inhibitors into non-peptide peptido- Structures will greatly accelerate the discovery of non-peptide
mimetics related to those found by HTS methods. To achieve Peptidomimetic inhibitor§? Finally, inhibition of two ad-
these results, it was necessary to alter the conformation ofditional aspartic peptidases by these piperidines supports the
portions of the enzyme active site. These conformational Proposal of Oefner et at that the piperidines may become
changes were implemented after careful consideration ofgeneral scaffolds for inhibiting this enzyme class. Since
plausible enzyme intermediates that could be formed during Piperidinesl1and12 are structurally related to paroxetifre,
catalysis. All changes were predictable, low-barrier confor- @ known CNS active drug, this scaffold may become
mational changes. However, it should be emphasized thatespecially effective at inhibiting aspartic peptidases located
our success was made possible only because we knew thign the CNS.

type of piperidine inhibited human renin. In our earlier efforts Acknowledgment. We thank the NIH (GM50113) for
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we ‘?'ec',ded to evaluate amines as a.rt.-:‘sult of the ROCheWith molecular modeling, Dr. Colin McMartin for the use
publications, the generation of piperidine structures by of his software Flo-01, Dr. llia Guzei for the X-ray crystal
GrowMoI was rare, 9‘?'3/ about 1% of the grown structure's structure of23, and Dr. Martha Vestling for MS data.
contained the piperidine nucleus. Furthermore, these pip-
eridines were obtained only when the growth point (Figure  Supporting Information Available: Figures 2 and 69
3) was moved along the hydrophobic surface comprising the as well as experimental procedures for the synthesis and
S,—Ss subsites. Finally, successful growth was achieved only characterization of compoundkl—24. This material is
when we began with X-ray structures of moderate inhibitors available free of charge via the Internet at http://pubs.acs.org.
(e.g.,6) bound to the enzyme.

Despite these caveats, our work demonstrates that it is
possible to identify non-peptide peptidomimetics utilizing
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