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Abstract: Based on the structural analysis of FIV protease and drug-resistant HIV proteases and molecular
modeling, a new type of inhibitors with a small P3 residue has been developed. These inhibitors are effective
against HIV and its drug-resistant mutants, as well as SIV and FIV. Modification of existing HIV protease
inhibitors by reducing the size of the P3 residue has the same effect. This finding provides a new strategy for
the development of HIV protease inhibitors effective against the wild-type and drug-resistant mutants. It further
supports the use of FIV protease as a useful model for drug-resistant HIV proteases, which often have a more
constricted binding region for the P3 group or the combined P3 and P1 groups.

The aspartyl protease (PR) of human immunodeficiency virus ~ As a first step toward this goal, we have developed potent
(HIV) has been the subject of extensive research for the inhibitors against feline immunodeficiency virus protease (FIV
development of therapeutically useful inhibitors to control the PR), which has been shown to be a useful animal model for
progression of human acquired immunodeficiency syndrome gryg-resistant mutant HIV PR, FIV is a retrovirus which
(AIDS). Four competitive inhibitofsof this enzyme have been  5uses an immunodeficiency syndrome in cats comparable to
approved, and seve.ral others.a.re in clinicalltrigls. Despite t_he AIDS in humang€ Both HIV and FIV PRs areC,-symmetric
high potency and high selectivity of these inhibitors used in 06 gimeric enzymes, and they have almost superimposable
AIDS therapy, many drug-resistant variants of HIV have been active-site structures that facilitate catalysis by an identical

identified? including 45 distinct drug-resistant variants found PP
in the past 3 years. The drug-resistant mutants are generateorlneChamsnﬁ Similar to HIV PR, FIV PR also processes both

through incomplete suppression of the virus by inhibitors and stru_ctural protglns_o%ag and the enzymes encoded_ byl .
usually contain multiple substitutions in their proteades. during FIV replication’ Furthermore, six mutated residues in

Moreover, these mutant enzymes often exhibit cross-resistance 11V PR causing drug resistance (K20, V32I, 150V, N88D,
to many structurally distinct protease inhibitdr&herefore, ~ L90M, Q92Ky28 are found in the structurally aligned native
development of new broad-based protease inhibitors efficaciousresidues of FIV PR. Kinetic studies have also demonstrated that
against a wide spectrum of HIV variants may be necessary in various potent HIV PR inhibitors which interact with the binding
order to slow the development of drug resistance. region from S4 to S4are less efficient inhibitors of FIV PR by

a factor of 100 or moré? and good inhibitors of FIV PR are
often better inhibitors of the wild-type and drug-resistant HIV
PRs? In addition to the observation that FIV PR resembles many
known drug-resistant HIV PRs, the cat offers a potential animal
system to test the effectiveness of anti-lentiviral agemtsvo

to speed up the drug development process.
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Table 1. Inhibition of FIV and HIV PRs by Small P3 Residue-Containing Inhibitors and Their Parent Comgounds

FIV PRD HIV PR° HIV (G48V)° HIV (V82F) °

compd Ki (nM) Ki (nm) 1Cs0 (NM) ICs0 (NM) ICs0 (NM)
1a 17000+ 300" 1.1+ 0.2
1b 41+ 70 1.54 0.3 3.8 20.5 14.9
1c nd nd 5.3 158 60.8
1d nd nd 13.3 277 64.4
2a ni 60000
2b 7300+ 300 499+ 81
3a ni 300000
3b 9400+ 900 3084 70
4a ni 200
4b 212+ 23 5.4+0.7 10.3 131 86.1
5a ni 214
5b 46+5 2.54+0.4 7.8 68.7 44.4
6b 3700 600 3.0+ 0.6 5.0 345 24.0
7a 2600+ 300 1.5+ 0.2 4.0 26.1 13.3
7b 1330004 38000 11.3:1.3
RO31-8959 76008 300 1.6+ 0.6 4.4 106 26.5

aK; and 1G; values were determined in duplicate using fluorescent substrate (see ref 4 for procedures; for HIV PR substrate, see Toth, M. V.;
Marshall, G. R.Int. J. Pept. Res199Q 36, 544). For a different assay condition, see ref 2b. nd, not determined. ni, No inhibition at\8@®
inhibitor.  Data were obtained at pH 5.25 at 3C in 0.1 M NaHPQ,, 0.1 M sodium citrate, 0.2 M NaCl, 0.1 mM DTT, 5% glycerol, and 5%
DMSO in volume.® Data were obtained at pH 5.25 at 3Z in 0.1 M MES, 5% glycerol, and 5% DMSO in volum&Erom ref 4.¢ From ref 3.

Results and Discussion which define the S subsites are shown in Figure 2. In HIV PR,
Pro 81 and Val 82 are components for both S1 and S3 subsites
since they can affect binding of both P1 and P3 moiéfies,
whereas lle 98 and GIn 99 are the structurally aligned residues
for FIV PRS The X-ray structures also revealed that three
residues at S3 and S8ubsites, Gly 48, Pro 81, and Val 82 of
HIV PR, were replaced with lle 57, lle 98, and GIn 99 in FIV
PR&11 As a result, the S3 and S3ubsites of FIV PR are
sterically more congested than those in HIV PR, and these three
different residues may define the S3 and SBsite specificities

of the enzyme§.The results of these studies point to a new
direction for development of inhibitors effective against both

Redesign of C,-Symmetric Inhibitors with small P3
Residues.Our initial work on the development of protease
inhibitors efficacious against both HIV and FIV was focused
on the systematic analysis of the S3 and<s®site specificities
of the enzymes using a series @h-symmetric inhibitors
containing (B5,2R,3R,49-1,4-diamino-1,4-dibenzyl-2,3-butane-
diol as a P1 and Pkore and Val as P2 and P2sidues. We
have demonstrated that FIV PR exhibited a strong preference
for small hydrophobic groups at the S3 and SBbsites, in
contrast to the high flexibility for the P3 and 'R8sidues binding
to HIV PR Kinetic studies have also indicated that the binding

preference observed in drug-resistant mutant HIV PRs is very HIV PR and-|ts dr.ug-re5|s_tant variants.
similar to that found in FIV PR.In addition, the most potent Asymmetric Inhibitors with Small P3 Groups. The S3 and
FIV PR inhibitor, 1b, strongly inhibits FIV, HIV, and SIV S3 subsite specificities of FIV PR and drug-resistant HIV PRs

with mutations affecting the S3 subsite were investigated further

infections in tissue culture with virtually the same degree of TS : )
to determine if there is a correlation between them. The new

effectiveness. s ; )
inhibitors of HIV PR were synthesized with Ala at P3, Val or
o P Asn at P2, and various Phe-Pro isosteric cores for theFH1
x-Va;-FJ\)YiN_Va‘_X residues (Figure 3). The inhibitory activities of each compound
Ph/é on H against. FIV, HIV, ar!d drug-rgsistant mutant HIV PRs were
18 x- oo determined as described previouslgnd the results are sum-
1b X - Obz-Ala marized in Table 1.

Each compound tested in this study is a competitive inhibitor
The X-ray structure of FIV PR complexed with inhibitbb and is significantly more potent against HIV PR than FIV PR,

has been determinga@nd has shown that the P1 and P3 side as expected. However, the new inhibittis-6b and7ashowed
chains are positioned very closely, consistent with previous a remarkably different pattern of inhibitory activities compared
structural studies for HIV and FIV PRs that show that S1 and to their parent compoundsx-—5a, ABT—538, and RO31-8959.
S3 subsites are neighboring hydrophobic pockets that accom-Compounds2a—4a, containing no P3 moieties, exhibited
modate the corresponding P1 and P3 side chidifislodels of marginal activities, with 1 values in the range of-2300uM,
1b bound to HIV and FIV PR (Figure 1) indicate that the S1 against HIV PR and did not show any significant inhibition of
and S3 subsites in HIV PR constitute a much larger hydrophobic FIV PR at 800uM.® Only the a-keto amide5a showed
pocket than the corresponding subsites found in FIV PR. reasonable potency against HIV PR, witKjavalue of 214 nMg
Because of its smaller size, FIV PR can only accommodate On the other hand, the modified inhibitdts—5b, which contain
inhibitors with a smaller size for P1 and P3 residues together, a methyl group as the P3 residue, displayed-1P000-fold
and several drug-resistant HIV PRs are, indeed, found to haveimproved inhibitory activities against HIV PR and at least 3
smaller S3 and S1 subsites. Based on the X-ray structures oforders of magnitude higher potency for FIV PR compared to
HIV and FIV PRs complexed with inhibitofs;* the residues

(10) Schritzer, M.; Rackwitz, H.-R.; Gustchina, A.; Laco, G. S,

(9) The X-ray structures oitb complexed with HIV, FIV (3X), FIV Wlodawer, A.; Elder, J. H.; Kent, S. B. Nirology 1996 224, 268-275.
(V59I), and FIV (Q99V) PRs have been determined and will be published (11) Hosur, M. V.; Bhat, T. N.; Kempf, D. J.; Baldwin, E. T.; Liu, B;
separately: Li, M.; Morris, G.; Lee, T.; Laco, G. S.; Wong, C.-H.; Olson, Gulnik, S.; Wideburg, N. E.; Norbeck, D. W.; Appelt, K.; Erickson, J. W.
A.; Elder, J. H.; Wlodawer, A.; Gustchina, A. Submitted. J. Am. Chem. S0d.994 116, 847—855.
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Figure 1. Models of HIV protease (top) and FIV protease (middle) complexed @ithindicating the small S3 site in FIV protease and the close
proximity of the P3 (CH) and P1 (PhCH) residues, a structural feature found in many drug-resistant HIV proteases. Bottom: a cut-away view of
the molecular surfaces of HIV (pink) and FIV PR (blue), in which the clipping plane is parallel to the plane of the two aspartates and cuts through

the P3 site.
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Figure 3. Dissymmetric inhibitors with small P3 residues. Compounds
2b—6b and7 contain a methyl group as the P3 residue.

their parent compounds. In particuld&b was found to be a
slow binding inhibitor, withK; values of 2.5 and 46 nM against
HIV and FIV PR, respectively. This level of potency against
FIV PR by the inhibitor with a molecular weight of only 649
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Figure 4. Proposed mechanism of inhibition By. A water molecule

is added, with assistance of the enzyme, toctHeeto group to form a
gemdiol.

the hydroxyamidetb is 57- and 44-fold more effective than its
diastereomer3b against HIV and FIV PR, respectively. In
addition, the relative effectiveness of the-HAL core structures

in 2b—5b against HIV PR is also consistent with the binding
patterri of their parent compoundza—5a. These results indicate
that introduction of Val and Ala as P2 and P3 residues can
improve the inhibition against both enzymes despite some
changes for the PAP1 core unit. In addition, extension of the
backbone of an inhibitor to contain an appropriate P3 moiety
is essential to exhibit high potency against FIV PR, which is
also consistent with our previous restiltgth the C-symmetric
inhibitor 1b.

The kinetic results of inhibitor$§b and 7a, which were
modified from existing drugs ABT-538 and RO31-8959
(Saquinavir), respectively, were even more promising. Com-
pound7awas found to havé; values of 1.5 nM and 2.6M
against HIV and FIV PR, respectively. The inhibitory activities
of the original drug RO31-8959, were also evaluated under the

was truly remarkable, considering that the smallest efficient same assay conditions, and it was found to hidvealues of
substrate for the enzyme is an eight-residue peptide, Ac-Pro-1.6 nM and 76uM for HIV and FIV PR, respectively. These

GlIn-Ala-Tyr~Pro-lle-GIn-Thr!? Since the ketone moiety is not
hydrated in aqueous solution according® NMR studies,
the increased inhibitory activity &b may occur via enzyme-

results clearly indicated th&a retained the original inhibitory
activity of RO31-8959 against HIV PR, which was already
optimized for the wild-type enzyme, but showed 29-fold

assisted hydration of the ketone moiety within the active site enhanced potency against FIV PR. Inhibiédr also exhibited

to form agemdiol as transition-state mimic, similar to the case
of a related-keto amide inhibitor observed previously by X-ray
structure and3C NMR analyse%(Figure 4).

The relative inhibitory activities of inhibitor8b—5b against
FIV PR are similar to the relative activities against HIV PR.
For examplebb is a superior inhibitor of both enzymes, and

activities comparable to those @8, with K; values of 3.0 nM
and 3.7uM for HIV and FIV PR, respectively. However,b
was 7.5- and 51-fold less potent thda against HIV and FIV
PR, respectively. Changing the P2 Val residuerafto Asn
increased the hydrophilicity of the inhibitor, which could be a
major cause of lower activity found irb for both enzymes. In
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Table 2. Inhibition of FIV and HIV PRs byC,-Symmetric Diol8

)‘ Ph
-
R P NH-X N i NH-Y
o ; OH : H
_( O%p~ O

FIV PR® HIV PR FIV PR® HIV PR¢
inhibitor (X) Ki (nM) IC50 (nM) Ki (nM) inhibitor (Y) Ki (nM) IC50 (nM) Ki (nM)
8 (Ala-Cbz) 62+ 9 235 6.5+ 1.3 1b (Ala-Cbz) 41+ 7 72 1.5+ 0.3
9 (Leu-Cbz) 230+ 34 11600 0.870.12 9b (Leu-Chz) 159+ 15 8200 1.4+ 0.3
10 (Phe-Cbz) 487 20 29300 5.5:0.8 10b (Phe-Cbz) 700@: 500 92400 2.6+ 0.4
11 (Val-Cbz) 248+ 47 18800 nd 12 (Ser-Chz) 32+5 66 0.58+0.1
13(Thr-Cbz) 142+ 25 7250 7.+19
14 (Abu-Cbz) nd 95 nd
15(Nva-Chz) nd 6700 nd
16 (Nle-Cbz) nd 29400 nd

aK; values were determined in duplicate. nd, not determih&dhta were obtained at pH 5.25 at 3Z in 0.1 M NakPQ,, 0.1 M sodium citrate,
0.2 M NaCl, 0.1 mM DTT, 5% glycerol, and 5% DMSO in volunfeData were obtained at pH 5.25 at 3Z in 0.1 M MES, 5% glycerol, and
5% DMSO in volumed From ref 4.

fact, 7b was more soluble in water thara and thus would with 1b,° compounds 12, 13) containing a hydroxy group at
require higher desolvation energy to bind the hydrophobic active P3 and P3residues were synthesized with the hope that further
sites of enzymes. It is interesting to note that desymmetrization improvement in inhibition would be obtained, as favorable
of 1b by changing one hydroxy group to a ketori)(or a H-bonding interactions of these polar side chains with the water
methylene {d) reduces the HIV PR potency by 1.4- or 3.5- molecule may occur.

fold, respectively. The above results suggest that inhibitors with  The inhibitory effects of eac@,-symmetric inhibitor on HIV

a small P3 residue are effective against both FIV PR and HIV and FIV PRs were determined, and the results are recorded in
PR. These results are consistent with the results of molecularTable 2. For comparison, th¢ values for inhibition of FIV
modeling, which show HIV and FIV PR binding to Saquinavir and HIV PR by theC,-symmetric inhibitors with a benzyl group
and its modified derivative with a small P3 residue (Figure 5). at P1 and Plare also includedif, 9b, 10b).

Inhibition of Drug-Resistant Mutant HIV PRs. The modi- All the Cy-symmetric diols tested in this study showed
fied inhibitors with dual efficacy against FIV and HIV PRK{— competitive inhibition of both the feline and human lentivirus
d, 4b, 5b, 6b, and7a) were also tested against drug-resistant PRs in every case, but with at least an order of magnitude higher
mutant HIV PRs G48V and V82F. These mutant enzymes were potency against HIV PR. Among the inhibitors wigo-butyl
selected since Gly 48 and Val 82 are within the S3 antd S3 groups at the P2P1 core 8—11), compounds, with Ala at
subsite&!! and have been identified as some of the most P3 and P3 is the best inhibitor of FIV. This maximum
frequently mutated residues associated with development of druginhibitory activity observed ii8 was reduced by increasing the
resistanc@.Against these mutant enzymes, all modified inhibi- size of the side chain of the P3 and' P&sidues. In fact, the
tors retained most of their original potency, and their relative measured; values of inhibitorsd, 10, and11 were 3.7-, 7.9-,
inhibitory activity was also directly proportional to the efficacy and 4-fold higher, respectively, than that®fThis specificity
against wild-type HIV PR. In particular, modification of the for small hydrophobic groups at P3 and' BBes found among
FDA-approved drugs ABT-538 and RO31-8959 containing a the Co-symmetric inhibitors8—10 with iso-butyl groups as the
bulky P3 group to the ones with a methyl group at P3 (6b., P1-P1I core against FIV PR was consistent with the observation
and7a) showed significantly improved inhibitory activity against ~ for the analogous inhibitorsb, 9b, and10b. In addition,8 and
the mutants, with only 3.2- and 6.5-fold higherspalues for 9 exhibited almost the same degree of potency against FIV PR
the V82F and G48V mutant variants, respectively, compared compared to the benzyl analogudsand9b, respectively. This
to 6- and 27-fold higher Ig values for the parent compounds. resultindicates that Leu can bind the S1 ants$isites of the
It is noteworthy that V82F and G48V mutants are known to be enzyme as effectively as Phe. In the previous repdtte
less efficient enzymes than the wild-type HIV PR.Therefore, explanation for the observed preference for small P3 arid P3
inhibitory activities of compounds tested against these mutant moieties in FIV PR was that bulky groups at the P3 and P3
enzymes are expected to be lower compared to wild-type HIV positions of the inhibitor could provoke unfavorable interactions

PR. CompoundLb was also active in cell cultu®. The IG; ~ at the sterically congested S3 and' S@bsites of FIV PR. In
values oflb against the wild-type HIV PR and the 184V and particular,10b (Ki = 7.0uM) exhibited 170-fold lower potency
82F/84V mutants are 0.1, 0.4, and M, respectively. than 1b. This proposal is still valid for the lower inhibitory

C»-Symmetric Inhibitors with an_ iso-Butyl-2,3-diol Core activities of 9, 10 and11 compared to that o8 against.FIV
as P1 and P1 Since the side chains of P1 and P3 residues of PR: However, it is noteworthy thdi showed 14-fold higher
1b are positioned very close to each other in the S1 and S3 |nh|k_)|tory activity than its analogutOb. This '”?pro"ed potency
subsites of the enzyme, we have investigated the activities of against '|:|V P R ot;se;vedhir_g_cannot be gxp:g;\ned byFt)ge ab,gvgg
new C,-symmetric inhibitors §—11) with aniso-butyl group proposal, since oth Inhibitors contr?un € as an
at P1 and P'1In addition, since water molecules were identified residues. Therefore, current observations also suggest that the

in the S3 and S3ubsites of both HIV and FIV PR complexed steric interaction between neighboring P1 and P3 side chains is
another crucial factor to be considered in the design of new

(12) Bacheler, L. T.; Paul, M.; Jadhar, P. K.; Otto, M.; Stone, B.; Miller, inhibitors. Indeed]0, containing smaller P1 and Pside chains
J. Antiviral Chem. Chemother1994 5, 111. than inhibitor10b, can provide more room at S3 and $&ding
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Figure 5. Models of HIV protease (top) and FIV protease (middle) complexed with RO31-8959, and FIV PR complexed with the modified
inhibitor 7a (bottom). The P3 group of RO31-8959 is too big to fit the S3 subsite of FIV PR, whéeeagth methyl group as P3, residue shows
a good fit.
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the binding specificity of the enzymes. We have also investi-

a) Leu P1 analogs
gated the effect of P2 residue @b on the inhibition of FIV

° o and HIV PR and found that Val is better thesat-aminobutyric

" acid (IC50= 41 and 1400 for HIV and FIV PR), norvaline
Ar (IC50= 137 and>10 000 for HIV and FIV PR), and norleucine

s (IC50 = 9800 for HIV PR).
3 Finally, compounds containing a hydroxy group at P3 and

5 o— IC50(FIV) P3 side chains 12 and 13) were also effective inhibitors of
- -8~ - Ki(HIV) both HIV and FIV PR. In particular]l2 displayed the highest
potency, withK; values of 0.58 and 32 nM against HIV and
FIV PRs, respectively. It is noteworthy thédt2 is more
o hydrophilic tharilb by two additional hydroxy groups and would
T--- require more desolvation energy in order to bind to the
a hydrophobic active sites of enzymes. Howe\i exhibited a
3-fold higher potency against HIV PR and similar inhibition
I e S S RN R T S e against FIV PR, compared tbb. These results indicate that
140 binding of 12 is significantly enhanced by the two hydroxyl
VDW Volume of P3 groups of the P3 and P8ide chains, presumably by promoting
favorable electrostatic interactions with the crystallographic
b) Phe P1 analogs water molecules at the S3 and’ S8bsites. The ability of2to
5 o— prevent infection of FIV in tissue culture was also examined. It
was, however, not as effective &b. It has been known that
introduction of hydrophilic functional groups, such as a hydroxyl
or carboxyl group, to the P2 and Ribsitions ofC,-symmetric
inhibitors would cause a dramatic loss of potency against HIV
PR in tissue culture, though the inhibitory activity in vitro has
o— IC50(FIV) Iit_tle_ change¥5 Our ex z/iz_/o assay results have confirmed a
--8- - Ki(HIV) similar activity loss in tissue culture by the presence of a
hydrophilic group at P3 and P3These results suggest that
increasing the overall polarity and hydrophilicity of compounds
may result in the reduction of efficadg vivo.
-Q--------=c--TTTTT a The above results indicate that the interaction of P1 and P3
a residues in the active sites of HIV and FIV PR is a crucial factor
o to be considered for maximizing the binding affinity of
- 20 100 120 140 inhibitors. Although it has been considered that Phe can provide
ideal binding at the S1 subsite of HIV PRyur observations
VOW Volume of P3 suggest that, with appropriate P3 and P®ieties, one can also
Figure 6. Effect of the size of the P3 side chain (based on the van der develop potent inhibitors with P1 and 'Pside chains smaller
Waals volume in &) on the inhibition of FIV and HIV proteases. than the benzyl group.
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sites to accommodate bulky benzyl groups. This proposal was )
further confirmed by the modeling of FIV PR complexed with  Synthesis
8. The structure reveals that the side chains of P1 and P3 The key intermediates §I2R 3R 49)-1,4-bis[(N-Cbz)amino]-

residues are positioned closely, and the combined S1 and S3 ) . . .
pocket is not wide enough to accommodate two benzyl groups. 1,4-dibenzyl-2,3-diol and @2R,3R,43)-1,4-bis[N-Cbz)amino]-

It is also expected that binding of P1 and P3 moieties can be 1,4-diisobut)_ll-2,3-_diol X (Sch_eme 1) were prepared by the

affected by each other, and an appropriate combination of Plstereoselet_:tlve plnaco_l couph_ng afCbz-phenylalanal and

and P3 residues is essential for good binding. Figure 6 shows"'_CbZ'leuc'nal’ resp_ec_twely,_ using Pedersen_s proce%ﬁ_ﬂ’he

the effects of the size of P3 side chain on the inhibition of FIy Minor diastereomeric impurities of the coupling reaction were

and HIV proteases removed by flash column chromatography after protection of
It has been determined that HIV PR exhibits a high degree ﬂ}elg'OI asan |sop(;opyl|q<|agehdec;!vatl_\r§b§t.) TEedCbz groups

of flexibility in binding at the S3 and S3ubsite. The results ~ ©f 18Were removed to yield the diamir® by hydrogenation.

from the |nh|b|fuon studies of the diol8—10 agalnst HIV PR (13) (@) Kempf, D. J.. Sham, H. L. Marsh, K. C.. Flenige, C. A
showed very different patterns compared to their analogbes Betebenner, D.; Green, B. E.; McDonald, E.; Vasavanonda, S.; Saldivar,
9b, and10b. TheK; values of8 and10 were 4.3- and 2.0-fold A Wiﬁeburg, IN E.; Kati, W. Mb.; Rkuiz, L.; Zheho, Ch.; Fino, L.; Patterson,

i i is indi J.; Molla, A.; Plattner, J. J.; Norbeck, D. W. Med. Chem199§ 41, 602—
hﬁgh?)l’hthan lt)hfse doj-lgjsart];d 10b, ;eSpﬁCtlvfely'bThdl.s Indlcatlevs 617. (b) Kempf, D. J.; Marsh, K. C.; Fino, L. C.; Bryant, P.; Craig-Kennard,
that Phe at .an etter t an eu or binding to A.; Sham. H. L.; Zhao, C.; Vasavanond, S.; Kohlbrenner, W. E.; Wideburg,
PR. However9 is a more effective inhibitor thafib and also N. E.; Saldivar, A.; Green, B. E.; Herrin, T.; Norbeck, D. Bloorg. Med.

showed 7.5- and 6.3-fold higher potency against HIV PR Chem 1994 2, 847-858.
(14) Thompson, W. J.; Ghosh, A. K.; Holloway, M. K.; Lee, H. Y.;

compared tdB and 10, respectively. This significant improye- Munson, P. M.. Schwering, J. E.. Wai, J.: Darke, P. L.. Zugay, J.. Emini,
ment was not observed froith, 9b, and 10b. These kinetic  E. A.; Schleif, W. A.; Huff, J. R.; Anderson, P. 3. Am. Chem. Sod993

results indicate that introduction @fo-butyl groups at S3 and 11? 8;)1?103. ! )
i i inhihi ii 15) Budt, K.-H.; Peyman, A.; Hansen, J.; Knolle, J.; Meichsner, C.;
S3 subsites can improve the potency of an inhibitor containing Pacssens A Ruppert, .. StowasseRBorg. Med. Cheni095 3, 550

a medium-size P1P1 core and suggest that the overall size 571
of the combined P1 and P3 residues will significantly affect  (16) Konradi, A. W.; Pedersen, S. F. Org. Chem1992 57, 28—32.




1152 J. Am. Chem. Soc., Vol. 121, No. 6, 1999 Lee et al.

Scheme 1 Scheme 3.Synthesis of thex-Ketoamidesba and 5b?
[e] o
)\ a )\ J\ CszN\/U\OH ab CszN\)LH cde CszN\/\r }
H — : H f
CbzHN 3 NHCbz RHN E NHR R Val-HN NH-Val-R 2 o NH!-Bu
Ho °)§° °7§° ©/ ©/ ©/

27

17 18 R =Cbz 20 R = Cbz
o[ 19R=H o[ 1R_n

29
J‘"‘
e ) X Y XY
X-Val-HN" ™ NH-Val-X ——  X-Val-HN" ™ NH-Val-X Cbz-Ala-Val~HN\)<n/N hi, CszN\)QWN
o

o_ 0 HO OH H - H
X ° g
22 X = Ala-Cbz 8 X = Ala-Cbz ©/ 07 NHEBY ©/ 07 "NHrBu
23 X = Leu-Cbz 9 X = Leu-Cbz
ggiisgleccbbzz ;?);;F;Z‘e&bzz 4aand4b X =H,Y=0H 3aand3b X=H,Y=0H
Ph /Ph de Ph _/Ph jEsh X, Y=0 JESa X,Y=0
Val.HNj\:—(ENH.Vm X»Val»HNL(E\NH-VaIAX aConditions: (a) BH, THF; (b) Swern oxidation (90%); (c)
éxo HO  OH NaHSQ, H;O; (d) KCN; (e) HCI (6 N in dioxane); (f) Cbz-Cl, NaOH,
13X Frvaes H20 (52%, 4 steps); (g) HBTU, B, CHCN (73%); (h) Pd/C, i
* 14X Abu-Cbz EtOAG; (i) Cbz-Ala-Val-OH, HBTU, E4N, CHsCN (65%, 2 steps); (j)
16 X = Nie-Cbz Dess-Martin (63%).

a Conditions: (a) 2,2-dimethoxypropane,TsOH (80%); (b) Pd/C,
Hz, MeOH (99%); (c) HBTU, Cbz-Val, BN, CH;CN (89%); (d)
HBTU, Cbz-amino acids, BN, CHs;CN; (e) p-TsOH, MeOH.

Scheme 4. Synthesis of the Modified Existing Drug?
and7a,bP

Ph

Scheme 2. Synthesis oRb? OH NH,

OH [

o o HZNJ\/H
< : N
7 : : »
con M s cn Mo, coamn _A_c U Ph U Ph 0,0
; abe - 4 - Ph Ph b o U,
2 B z 2
: S : g : ; 30 3

4s Y \;/k/\NH-VaI»AIa-Cbz 4 0

o, - P

H,

Ph Opn

o
X-HN CbzHN N
\/\/? ~— "9 R \/\‘ &b 6a
NHt-Bu NHt-Bu ©/
2a X=H 27
“E
2b X = Cbz-Ala-Val

aConditions: (a) NMM, THFj-BuOCOCI; (b)CHN,, E%O; (c) HCI i <$ , oH
(85%, 3 steps); (d) NaBK EtOH (90% de, 81%); (€)NaOMe, MeOH KN AN
(96%); (f) MeOH, E4N (90%); (g) Pd/C, H, EtOAc; (h) CBz-Ala- ©/ oA, C A e
Val-OH, HBTU, EgN,CHs;CN (49%, 2 steps). ©/
34 7 X=BOC
b, c
7a X = Cbz-Ala-Val

7b X = CBz- Ala-Asn

Conditions: (a) PhB(OH),, PhMe, reflux)(b) THF, Y (78%, 2 steps)
(c) Cbz-Ala-Val-OH, HBTU, Et;N, CHgéN (73%).

28

33 X=BOC

Amine 19 was directly coupled with Cbz-Val using HBTtto
give adduct20. Four different P3 and P3esidues were then
introduced to addu@0 by applying the same deprotection and aConditions: (a) PhB(OH) PhMe, reflux; (b) THF, rt (78%, 2
coupling procedures described above to gdZe-25. Finally, steps); (c) Chz-Ala-Val-OH, HBTU, B, CH,CN (73%).° Conditions:
the target inhibitor8—11 were prepared by deprotection of the (a) MeOH, EiN (80%); (b) TFA, CHCl,; (c) HBTU, E&N, CHCN,
isopropylidene group from the corresponding precursors (SchemeCbz-Ala-Val-OH (76%) or Cbz-Ala-Asn-OH (78%).
1). Compoundsl2—16 were obtained by applying the same
procedure described previously using,@R,3R,49-1,4-bis[(N-
Cbz)amino]-1,4-dibenzyl-2,3-diol as a starting material.

The hydroxyethylamine inhibitoRb was prepared by cou-
pling the proline derivativ®7 to the epoxide28®1° via reflux
in methanol, using triethylamine as shown in Scheme 2. The
synthesis of the core isosteba has been modified from the
method previously employed by our group. Tdadydroxy acid
29, prepared from known proceduré®) was coupled to the
proline derivative27 to give thea-hydroxy amides3a and3b.
Hydrogenation of the diasteromeBa and 3b followed by
HBTU-mediated coupling with Cbz-Ala-Val-OH gavia and
4b in 65% yield. Dess Martin oxidatiorf! of the a-hydroxy

amides3a—4b gave the corresponding-keto amidesba and
5b in moderate yield (Scheme 3).

The synthesis oféb began with the cyclic boronat81
prepared by refluxing the diamirg0 with phenylboric acid?
Condensation of the phenyl boronad& with carbonate32
followed by HBTU-mediated coupling with Cbz-Ala-Val-OH
gave the desired produéb (Scheme 4). The synthesis of the
modified Saquinavir derivativega and7b began with conden-
sation of the isoquinoline derivatig with epoxide33to give
the adduc®7 in 80% yield* Removal of the BOC group iid
with TFA followed by HBTU coupling with Cbz-Ala-Val-OH
or Chz-Ala-Asn-OH gave the modified inhibitoi&a and 7b,
respectively (Scheme 4).

(17) Dourtoglou, V., Gross, BSynthesis1984 572-574.

(18) Biosym Technologies, San Diego, CA, 1998.

(19) Hung, R. R.; Straub, J. A.; Whitesides, G. 84.0rg. Chem1991
56, 3849-3855.

(20) Munoz, B.; Giam, C.-Z.; Wong. C.-HBioorg. Med. Chem1994

Conclusion

In summary, manipulation of the backbone of HIV PR
2 1085-1090. inhibitors to create appropriate P3 residues can improve potency
' (21) Dess, D. B.; Martin, J. CJ. Am. Chem. Sod 991, 113 7277- agalnst FIvV, HIV, and mutant HIV PRs, regardless of the

7287. structure of the PAP1 core units. The inhibitors with small
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P3 and bulky P1 described in this study are effective againsta colorless oil. The crude amine, Cbz-Ala-Val-OH (12 mg, 0.039
FIV and HIV PR and exhibit high potency against drug-resistant mmol), HBTU (14 mg, 0.038 mmol), and &t (4.7 mg, 0.046 mmol)
mutant HIV PRs. In addition, modification of some existing in CH:CN (1 mL) gave2b (12 mg, 49%) as a white solictH NMR
HIV PR inhibitors to have a small P3 group also enhances their (500 MHz, DMSO¢, 60°C) 6 0.76 (6H, dJ = 6.7 Hz), 1.20 (3H, d,

inhibition of FIV PR and mutant HIV proteases without affecting i 58_7'210'322’1ﬁ‘zrg)(ngéf)(’l}_iGﬁ)jg é%H(’ll:)’ rT}fggf?l(HlHt’))m;' 9

the activity ag_ain.st. wild-type .HIV ER. T.he development of (1H, br), 3.03 (3H, m), 3.50 (1H. br), 4.681.13 (3H. m), 5.04 (2H.
broad-based inhibitors described in this study contributes s), 7.16-7.50 (14H, m);33C NMR (100 MHz, DMSOds, 60 °C) &

significantly to our understanding of the specificity and resis- 180, 19.2, 28.3, 30.0, 30.8, 34.7, 38.2, 49.5, 50.1, 52.8, 55.5, 57.7,
tance development of the aspartyl protease and provides a new9 4, 65.3, 67.8, 71.0, 125.7, 127.6, 127.7, 127.8, 128.3, 129.2, 137.0,

strategy for the development of new antiviral pharmaceuticals.

138.8, 155.6, 170.2, 170.3, 172.0; HRMS (FABcalcd for MCs

Although the current results represent only an initial step toward CssHsiNsOsCs m/e 770.2894, foundr/e 770.2922.
development of therapeutic agents efficacious against both native Compounds 3b and 4bA mixture of diastereomea and4a’ (85
and mutant HIV proteases, using FIV PR as a general model Mg, 0.170 mmol) was hydrogenated with 10% Pd/C (20 mg) in EtOAc

for the drug-resistant mutant HIV PRs is clearly an effective

strategy. One may thus use cats as a drug-resistant animal mod

to accelerate the drug development process.

Experimental Section.

Chemical Synthesis. General ProceduresAnalytical TLC was
performed on precoated plates (Merck, silica gel 60F-254). Silica gel
used for flash column chromatography was Mallinckrodt Type 60
(230—-400 mesh). NMR H, *3C) spectra were recorded on either a
Bruker AMX-400 or an Am-500 MHz Fourier transform spectrometer.
Coupling constantsJj are reported in hertz (Hz), and chemical shifts
are reported in parts per milliod) relative to tetramethylsilane (TMS,
0.0 ppm) with CDCJ, DMSO, or CROD as solvent.

e%{

(3 mL) to give an amine as a colorless oil. The crude amine, Cbz-Ala-
al-OH (55 mg, 0.170 mmol), HBTU (65 mg, 0.170 mmol), angNEt
20 mg, 0.20 mmol) in CECN (4 mL) gave separable mixture 8b
and4b (72 mg, 65%) as a white solid.

Compound 3b: *H NMR (400 MHz, CQ:OD, 20°C) 6 0.82 (6H,
br s), 1.28-1.33 (12H, m), 1.862.05 (5H, m), 2.86-2.97 (4H, m),
3.36 (1H, br), 4.16-4.20 (2H, m), 4.25 (1H, br s), 4.44 (1H, br s),
5.09 (2H, s), 7.20 (1H, br), 7.247.55 (13H, m);"*C NMR (100 MHz,
CD;0D, 20°C) ¢ 18.0, 18.3, 19.9, 25.5, 28.8, 30.7, 32.1, 38.8, 47.8,
52.0, 52.9, 60.1, 62.3, 67.7, 70.4, 127.7, 128.9, 129.0, 129.5, 129.6,
130.5, 139.4, 158.1, 172.0, 172.7, 173.8; HRMS (FARalcd for
MCs" CssHs:NsOsCs mve 770.2894, foundn/e 770.2922.

Compound 4b: 'H NMR (400 MHz, DMSO¢ls, 60 °C) 0 0.74—
0.77 (6H, m), 1.2+1.23 (3H, overlapping), 1.23 (9H, s), 1.81.91

All other reagents were commercial compounds of the highest purity (5H, br), 2.70 (1H, m), 2.71 (1H, m), 2.78 (1H, br), 2.89 (1H, br),

available and purchased from the Aldrich, Sigma, Nova Biochem, or
Bachem.

General Procedure for Coupling Reaction.To a solution of a free
amine (1.0 mol equiv) and carboxylic acid (1.0 mol equiv) in dry
CHsCN (0.1-0.15 M) was added HBTU (1.0 mol equiv) followed by
Et:N (1.0 mol equiv) at 20°C under Ar atmosphere. The reaction
mixture was stirred for 15 min and then quenched by addition of brine
and extracted with EtOAc. The organic layer was then washed
sequentially wih 1 N HCI, saturated aqueous NaH¢&@nd brine, dried
over MgSQ, filtered, and concentrated in vacuo. The crude product
was purified by flash chromatography to give the desired product.

Compound 1c.Compoundlb? (5.3 mg, 0.0058 mmol) was treated
with a mixture of freshly prepared dimethyldioxirane in acetone (0.047
M, 0.372 mL, 3 equiv) and CD@I(0.3 mL) at 25°C. The reaction
was monitored with analytical HPLC. After 3 days of stirring, the

3.00 (1H, br), 3.36:3.41 (4H, m), 5.04 (2H, s), 7.167.44 (14H, m);
13C NMR (100 MHz, DMSO#€s, 60°C) ¢ 17.1, 17.6, 18.7, 23.3, 28.1,
30.1, 36.8, 37.8, 45.7, 49.6, 50.0, 57.3, 60.1, 65.1, 69.4, 125.6, 127.1,
127.2, 127.6, 127.8, 128.6, 136.6, 138.2, 155.1, 169.9, 171.6; HRMS
(FAB+) calcd for MCS CssHsiNsOsCs mie 770.2894, foundm/e
770.2947.

Compound 5b. Dess-Martin reagent (22 mg, 0.074 mmol) was
added to a solution of diasteromeds and4b® (16 mg, 0.025 mmol)
in CH,Cl, (2 mL). The reaction mixture was stirred for 12 h and then
quenched by addition of brine and extracted with EtOAc. The organic
layer was then washed with saturated aqueous Nat#@®brine, dried
over MgSQ, filtered, and concentrated in vacuo. The crude product
was purified by flash chromatography to gige (10 mg, 63%) as a
mixture of isomers (1:1):*H NMR (500 MHz, DMSO#€., 60 °C) ¢
0.76-0.85 (6H, m), 1.16, 1.18 (3H, d,= 7.0 Hz), 1.24, 1.26 (9H, s),

reaction mixture was concentrated and purified on a semipreparative 1.70-1.80 (3H, m), 1.822.08 (3H, m), 2.152.22 (1H, m), 2.60 (1H,

C18 column (HPLC yield 63%)2H NMR (500 MHz, DMSO#ds, 20
°C) 0 0.65-0.72 (12H, m), 1.11 (3H, d] = 5.9 Hz), 1.14 (3H, dJ =
5.9 Hz), 1.75-1.85 (2H, m), 2.672.77 (2H, m), 2.82 (1H, ddJ =
4.1, 11.6 Hz), 3.02 (1H, bd] = 10.2 Hz), 4.054.13 (4H, m), 4.26
(1H, bd,J = 5.9 Hz), 4.574.62 (1H, m), 4.955.03 (4H, m), 5.11
(1H, d,J = 5.2 Hz), 7.16-7.15 (4H, m), 7.16:7.23 (6H, m), 7.26
7.37 (9H, m), 7.43-7.47 (2H, m), 7.52 (1H, d] = 7.5 Hz), 7.54 (1H,
d,J = 7.4 Hz), 7.72 (1H, dJ = 7.4 Hz), 8.42 (1H, dJ = 6.8 Hz);
HRMS (FAB+) calcd for MCS CsoHeaNsO10Cs /e 1139.3582, found
m/e 1139.3538.

Compound 1d. (25,3S5S)-3-Hydroxy-2,5-bisamino-1,6-diphenyl-
hexané®® (15.7 mg, 0.055 mmol) was coupled 6Chz-Ala-Val-OH
(39 mg, 0.12 mmol) to give the product (39 mg, 79%) as a white
solid: *H NMR (500 MHz, DMSOs, 20 °C) 6 0.56-0.61 (2H, m),
0.64-0.68 (2H, m), 0.720.76 (6H, m), 0.840.88 (2H, m), 1.17
1.25 (12H, m), 1.491.53 (2H, m), 1.79-1.91 (2H, m), 2.552.60
(1H, m), 2.69-2.76 (2H, m), 3.60 (1H, m), 4.634.14 (6H, m), 4.47
(1H, m), 5.00 (4H, m), 7.087.43 (20H, m);®*C NMR (100 MHz,
DMSO-ds, 20 °C, major peaks) 17.9, 18.1, 18.2, 18.2, 19.2, 19.3,

dd,J = 10.5, 14.6 Hz), 2.96 (1H, dd,= 9.1, 14.2 Hz), 3.17 (1H, dd,
J=4.9, 14.2 Hz), 3.243.26 (1H, m), 3.38-3.65 (5H, m), 4.074.12
(3H, m), 4.19 (1H, tJ = 6.6 Hz), 4.24 (2H, tJ = 5.7 Hz), 4.62 (1H,
g,J = 4.3 Hz), 4.954.99 (1H, m), 5.01 (2H, s), 5.26 (1H, m), 7125
7.45 (12H, m);}3C NMR (100 MHz, DMSQd,, 60 °C) ¢ 17.6, 18.0,
19.1, 21.7, 24.4, 28.4, 29.1, 31.0, 32.4, 33.7, 34.2, 35.6, 47.4, 50.0,
50.2, 55.9, 56.7, 56.8, 57.1, 57.5, 59.8, 60.4, 65.3, 126.2, 126.5, 127.7,
127.7, 128.1, 128.2, 128.3, 128.4, 128.6, 128.9, 137.1, 137.2, 138.0,
140.5, 155.6, 162.0, 162.2, 169.8, 170.7, 171.0, 171.4, 172.1, 172.2,
196.0, 198.1; HRMS (FAB) calcd for MCS CgsHs7/NsO,Cs m/e
782.2530, foundwe 782.2558.

Compound 6b. The amine6a'® (20 mg, 0.047 mmol), Chz-Ala-
Val-OH (15 mg, 0.047 mmol), HBTU (18 mg, 0.047 mmol), angNEt
(5.7 mg, 0.056 mmol) in CECN (1 mL) gave the title compoungb
(25 mg, 73%) as a white solid*H NMR (400 MHz, DMSO¢ds, 80
°C) 0 0.75-0.78 (6H, m), 1.21 (3H, d) = 7.1 Hz), 1.48-1.56 (2H,
m), 1.85-1.94 (1H, m), 2.62-2.79 (3H, m), 3.58 (1H, m), 3.79 (1H,
m), 4.05-4.08 (1H, m), 4.16-4.13 (2H, m), 5.04 (2H, dJ = 2.5 Hz),
5.14 (2H, s), 7.087.34 (15H, m), 7.80 (1H, s), 8.98 (1H, 4JC NMR

30.7, 30.9, 37.4, 38.8, 46.8, 50.0, 53.2, 57.6, 57.7, 65.3, 68.2, 78.7,(100 MHz, DMSOds, 80°C) 6 17.4, 18.7, 30.2, 37.0, 38.0, 46.9, 50.0,
79.2,125.7, 125.8, 127.7, 127.74, 127.8, 127.83, 127.9, 128.0, 128.3,52.9, 55.5, 57.0, 57.5, 65.1, 68.6, 125.3, 127.1, 127.2, 127.4, 127.4,
129.0, 129.2, 137.0, 138.5, 139.2, 155.6, 169.9, 170.5, 172.0, 172.2,127.8, 128.5, 128.6, 128.7, 133.5, 136.9, 138.2, 138.8, 142.3, 154.4,

172.4; HRMS (FABtH) calcd for MCS CsoHeaNsOoCsmve 1025.3789,
found m/e 1025.3748.

Compound 2b. Compound2a® (18 mg, 0.039 mmol) was hydro-
genated with 10% Pd/C (15 mg) in EtOAc (2 mL) to give an amine as

155.0, 169.2, 170.0, 171.5; HRMS (FAB calcd for MCs CzgH47NsO7-
SCsm/e 862.2277, foundn/e 862.2251.

Compound 7a.The aminé* (30 mg, 0.075 mmol) prepared from
the BOC derivativer, Chz-Ala-Val-OH (24 mg, 0.075 mmol), HBTU
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(28 mg, 0.075 mmol), and B (9.1 mg, 0.09 mmol) in CECN (1
mL) gave the title compound@a (40 mg, 76%) as a white solidtH
NMR (500 MHz, DMSOds, 80°C) 6 0.73 (3H, d,J = 6.8 Hz), 0.75
(3H, d,J = 6.8 Hz), 1.19 (3H, dJ = 7.08 Hz), 1.26 (9H, s), 1.31
1.43 (4H, br), 1.48 (2H, br), 1.59 (1H, br), 1.63 (1H, br), 1.73 (1H,
br), 1.82-1.98 (3H, m), 2.05-2.13 (2H, m), 2.572.66 (3H, m), 2.93
2.98 (2H, m), 4.06:4.20 (3H, m), 5.03 (2H, s), 7.097.39 (14H, m);
13C NMR (100 MHz, DMSO#dg, 80°C) 6 16.9, 17.8, 18.2, 18.6, 19.3,

20.4, 24.8, 25.9, 28.4, 29.8, 30.6, 31.2, 32.4, 33.3, 35.7, 49.9, 52.1,

Lee et al.

NMR (500 MHz, DMSOss, 80 °C) 6 0.80-0.88 (12H, m), 1.15
1.20 (1H, m), 1.22 (3H, dJ = 7.0 Hz), 1.45-1.51 (1H, m), 1.53
1.60 (1H, m), 2.04 (1H, ¢) = 6.2 Hz), 3.48 (1H, s), 4.064.15 (2H,
m), 4.24 (1H, ddJ = 7.5, 2.5 Hz), 5.03 (2H, dd] = 16.5, 11.5 Hz),
7.23 (1H, d,J = 9.0 Hz), 7.26-7.31 (1H, m), 7.337.40 (5H, m),
7.45 (1H, dJ = 8.9 Hz); HRMS (FABt) calcd for MCS Cs7H72NeO10-
Csm/e 1013.4364, founadn/e 1013.4324.

General Procedure for Deprotection.To a solution of22 (25 mg,
0.030 mmol) in MeOH (1.5 mL) was added a catalytic amount of

57.3,58.0, 65.3, 69.8, 125.4, 127.6, 127.7, 127.8, 128.3, 129.3, 137.0,p-TsOH. The reaction mixture was heated at°@for 24 h and then

140.2, 155.6, 170.1, 172.0, 172.7; HRMS (FABcalcd for MCs
C0Hs9NsO6Cs mve 838.3520, foundr/e 838.3546.

Compound 7b. The aminé* (49 mg, 0.122 mmol) prepared from
the BOC derivativer, Cbz-Ala-Asn-OH (41 mg, 0.122 mmol), HBTU
(46 mg, 0.122 mmol), and B (12.4 mg, 0.09 mmol) in DMF (1 mL)
gave the title compounda (42 mg, 78%) as a white solidtH NMR
(500 MHz, DMSO#ds, 60°C) 6 1.22 (3H, d,J = 7.1 Hz), 1.27 (9H, s),
1.31-1.85 (10H, m), 1.90 (2H, m), 2.22 (1H, br), 2.33 (1H, br), 249
2.58 (3H, m), 2.71 (1H, dd] = 9.4, 14.3 Hz), 2.81 (1H, m), 2.91
2.94 (1H, m), 3.18-3.25 (2H, m), 3.74 (1H, m), 4.08 (1H, 4,= 7.3
Hz), 4.52 (1H, qJ = 6.3 Hz), 5.03 (2H, s), 7.137.35 (10H, m);*C
NMR (100 MHz, DMSOdg, 20 °C) ¢ 18.3, 20.2, 21.3, 25.2, 26.0,

28.3, 29.5, 30.5, 32.8, 34.7, 35.6, 37.5, 49.5, 50.1, 50.3, 58.3, 58.5,

diluted with EtOAc (10 mL). The organic solution was washed with
saturated aqueous NaHg@ mL) and saturated aqueous NaCl (2 mL),
dried over MgSQ filtered, and concentrated in vacuo to give free diol
21 (14 mg, 57%) as a white solidtH NMR (500 MHz, DMSO¢s, 80
°C) 6 0.82-0.88 (12H, m), 1.141.20 (1H, m), 1.24 3H, d) = 7.1
Hz), 1.38-1.58 (2H, m), 1.53-1.60 (1H, m), 2.01 (1H, qJ = 6.8
Hz), 2.86 (1H, s), 4.064.16 (3H, m), 5.03 (2H, s), 6.846.89 (2H,
m), 7.25-7.70 (1H, m), 7.3+ 7.74 (4H, m), 7.40 (1H, d] = 8.6 Hz);
13C NMR (125 MHz, DMSOds, 80°C) 6 17.24, 17.5, 18.6, 21.5, 22.6,
23.6,29.5,41.5,47.2,49.8,57.7,65.0, 72.5, 126.9, 127.0, 127.6, 137.0,
154.54, 1696, 1716, HRMS (FAB) calcd for MCs C44H53N5010CS
m/e 973.4051, foundn/e 973.4028.

The preparations 0P—16 were carried out using the general

61.2,65.5, 68.0, 126.7, 127.8, 127.9, 128.4, 128.7, 129.6, 137.1, 137.4 procedures for coupling and deprotection.

155.7, 158.0, 158.3, 172.1, 173.2; HRMS (FABcalcd for MH"
C3oHs7NeO7 m/e 721.4262, foundn/e 721.4289.

Compound 18.To a solution of 1,4-bis[{-Cbz)amino]-1,4-diisobu-
tyl-2,3-diol (17) (450 mg, 0.90 mmol) in 2,2-dimethoxypropane (24
mL) was added a catalytic amount pfTsOH. The reaction mixture
was heated at 68C for 5 h and cooled to 28C. The reaction mixture
was diluted with EtOAc (200 mL), and the resulting solution was
washed with saturated agqueous NaH@@d saturated aqueous NacCl,
dried over MgSQ, filtered, and concentrated in vacuo. The residue
was then purified by flash chromatography to give 2,3-protected
(1S2R,3R 49)-diastereomet 8 (467 g, 96%) as a white solidH NMR
(400 MHz, DMSOsg, 80 °C) 6 0.80-0.87 (6H, m), 1.1+1.20 (1H,
m), 1.27 (3H, s), 1.421.49 (1H, m), 1.53-1.61 (1H, m), 3.58 (1H,
s), 3.72-3.83 (1H, m), 5.00 (1H, dJ = 12.8 Hz), 5.08 (1H, dJ =
12.8 Hz), 6.42 (1H, br s), 7.267.32 (5H, m);33C NMR (100 MHz,
DMSO-ds, 80°C) 0 21.1, 22.3, 23.8, 26.4, 41.0, 48.1, 64.8, 78.9, 126.8,
127.0, 127.6, 136.7, 153.4; HRMS (FAB calcd for MCS CziH44N206-
Csm/e 673.2254, foundn/e 673.2228.

Compound 20 (General Procedure for the Coupling Reaction).
CompoundL8 (480 mg, 0.89 mmol) in EtOAc (30 mL) containing 10%
Pd/C (170 mg) was stirred under, KiLatm) at 20°C for 20 h. The
reaction mixture was filtered through Celite and then concentrated in
vacuo to give diamin&9 (226 mg, 93%) as a colorless oil, which was
used for the coupling reaction without purification.

To a solution of diaminel9 (194 mg, 0.71 mmol) andN-Cbz-
valine (377 mg, 1.50 mmol) in G}N (8 mL) was added HBTU (569
mg, 1.50 mmol) followed by BN (166 mg, 1.64 mmol). The reaction
mixture was stirred for 15 min at 20C under Ar and then quenched
by addition of brine (20 mL) and extracted with EtOAc 420 mL).
The organic layer was washed sequentiallyhwit M HCI (5 mL),
saturated aqueous NaH@® mL), and saturated aqueous NaCl (5
mL), dried over MgSQ filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography to gk@ (430 mg,
82%) as a white solid*H NMR (400 MHz, DMSO#dg, 25°C) 6 0.78—
0.88 (12H, m), 1.051.15 (1H, m), 1.22 (3H, s), 1.471.63 (2H, m),
2.01 (1H, gq,J = 6.4 Hz), 3.42 (1H, s), 3.97 (1H, dd,= 9.0, 6.2),
4.02-4.10 (1H, m), 5.01 (2H, dd] = 17.3, 12.6 Hz), 7.277.41 (7H,

m); 3C NMR (100 MHz, DMSO#€s, 20°C) 6 17.6, 19.3, 21.4, 23.9,

Compound 9. In a similar manner21 (19 mg, 0.041 mmol) was
coupled toN-Cbz-Leu (23 mg, 0.086 mmol) to giva8 (23 mg, 58%)
as a white solid:*H NMR (500 MHz, DMSQ¢s, 80°C) ¢ 0.75-0.88
(18H, m), 1.15-1.19 (1H, m), 1.28 (3H, s), 1.401.70 (5H, m), 1.95
2.02 (1H, m), 3.49 (1H, s), 4.664.12 (2H, m), 4.26-4.28 (1H, m),
5.03 (2H, ddJ = 17.1, 12.0 Hz), 7.127.20 (1H, br), 7.227.41 (6H,
m), 7.45 (1H, d,J = 9.0 Hz); HRMS (FABt) calcd for MCs
Cs3HgaNsO10Cs m/e 1097.5303, foundn/e 1097.5351.

Compound23 (20 mg, 0.021) was deprotected to gi9€9.0 mg,
46%) as a white solid*H NMR (500 MHz, DMSOes, 80°C) 6 0.80—
0.95 (18H, m), 1.121.19 (1H, m), 1.46-1.55 (4H, m), 1.66-1.68
(1H, m), 1.95-2.02 (1H, m), 3.17 (1H, s), 4.634.13 (3H, m), 5.03
(2H s), 7.00 (1H, dJ = 9.5 Hz), 7.02-7.10 (1H, br), 7.257.35 (5H,
m), 7.49 (1H, dJ = 9.0 Hz); 3C NMR (100 MHz, DMSO#s, 25 °C)

0 18.1, 19.4, 21.5, 21.9, 23.1, 23.6, 23.9, 24.2, 30.2, 40.7, 42.1, 46.9,
53.2,57.7,65.3, 73.2, 127.6, 127.8, 128.3, 137.1, 155.8, 170.2, 172.1;
HRMS (FAB+) calcd for MCs CsoHgoNsO10Cs Ve 1057.4990, found

m/e 1057.4954.

Compound 10.Compound21 (22 mg, 0.047 mmol) was coupled
to N-Cbz-Phe (30 mg, 0.098 mmol) to gi2d (30 mg, 63%) as a white
solid: *H NMR (500 MHz, DMSOsg, 80°C) 6 0.76-0.92 (12H, m),
1.15-1.20 (1H, m), 1.29 (3H, s), 1.451.60 (2H, m), 1.982.10 (1H,
m), 2.78-2.85 (1H, m) 3.51 (1H, s), 4.684.15 (1H, br), 4.254.35
(2H, m), 4.95 (2H s), 7.127.35 (12H, m), 7.56 (1H, d] = 8.5 Hz);
HRMS (FAB+) calcd for MCS CsgHgoNgO10Cs Ve 1165.4990, found
m/e 1165.4936.

Compound24 (20 mg, 0.019) was deprotected to giie (11 mg,
58%) as a white solid*H NMR (400 MHz, DMSOes, 80°C) 6 0.83—
0.89 (12H, m), 1.181.25 (1H, m), 1.43-1.58 (2H, m), 2.02 (1H, q,
J=6.7 Hz), 2.82 (1H, ddJ = 14.1, 9.8 Hz), 3.04 (1H, dd} = 14.2,
4.4 Hz), 3.23 (1H, s), 4.104.20 (2H, m), 4.324.38 (1H, m), 4.95
(2H, s), 6.95-7.00 (2H, m), 7.157.32 (10H, m), 7.54 (1H, d] = 8.5
Hz); 13C NMR (100 MHz, DMSO¢s, 25°C) 6 17.3, 18.7, 21.5, 22.6,
23.6,29.7,37.0,41.5,47.3,55.7,57.7,64.9, 72.5, 125.5, 126.7, 127.0,
127.3,127.6, 128.5, 137.4, 139.1, 156.0, 169.6, 170.6; HRMS (PHAB
calcd for MCs CsgH76NgO10Cs Ve 1125.4677, foundn/e 1125.4709.

Compound 11.Compound21 (22 mg, 0.047 mmol) was coupled
to N-Cbz-Val (25 mg, 0.098 mmol) to give5 (31 mg, 70%) as a white

27.0,30.1,41.7,44.5, 60.2, 65.4, 79.2, 107.3, 127.6, 127.7, 128.3, 136.8 s0lid: *H NMR (500 MHz, DMSO#s, 80°C) 6 0.75-0.88 (18H, m),

156.0, 171.1; HRMS (FAB) calcd for MCS C4iHeN4sOsCs m/e
871.3622, foundn/e 871.3648.

Compound 8. Compound20 (170 mg, 0.23 mmol) was hydroge-
nated with 10% Pd/C (50 mg) in EtOAc (8 mL) to givd (106 mg,
99%) as a colorless viscous oil. It was used for the coupling reaction
without purification.

Compound21 (20 mg, 0.043 mmol) was coupled witi+Cbz-Ala
(20 mg, 0.089 mmol) to give2 (28 mg, 75%) as a white solid*H

1.12-1.19 (1H, m), 1.28 (3H, s), 1.451.60 (2H, m), 2.00 (2H, br s),
3.50 (1H, s), 3.923.99 (1H, m), 4.034.12 (1H, br s), 4.254.32
(1H, m), 4.98-5.08 (2H m), 6.89-6.95 (1H, br), 7.257.38 (6H, m),
7.48 (lH, d,J =8.9 HZ); HRMS (FAB"‘) calcd for MCs C51H80N5010-
Csm/e 1069.4990, founadn/e 1069.4943.

Compound25 (24 mg, 0.025) was deprotected to giv/é (11 mg,
50%) as a white solid*H NMR (400 MHz, DMSOQO¢s, 80°C) 6 0.80—
0.88 (18H, m), 1.131.22 (1H, m), 1.4+1.56 (2H, m), 1.952.04
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(2H, m), 3.20 (1H, s), 3.94 (1H, dd,= 8.9, 6.6 Hz), 4.11 (1H, €, = 8.3 Hz), 7.49 (1H, dJ = 9.7 Hz), 7.51 (1H, dJ = 9.3 Hz); 1°C

= 4.4 Hz), 4.17 (1H, dd) = 8.8, 6.6 Hz), 5.04 (2H, s), 6.74 (1H,d, NMR (100 MHz, DMSOds, 20 °C) 6 13.7, 17.8, 18.7, 19.3, 22.5,

J=8.2 Hz), 6.94 (1H, dJ = 9.3 Hz), 7.25-7.35 (5H, m), 7.43 (1H, 30.7, 34.0, 38.5, 50.3, 54.5, 57.3, 65.3, 73.2, 125.6, 127.7, 127.8, 128.3,

d, J = 8.8 Hz);3C NMR (100 MHz, DMSO#dg, 80°C) 6 17.3, 18.5, 129.0, 137.0, 138.9, 155.9, 170.3, 171.6; HRMS (RARcalcd for

18.7, 21.5, 22.6, 23.6, 29.6, 29.7, 41.5, 47.3, 57.6, 60.0, 65.0, 72.5,MCs" CssH7:NsO10Cs m/e 1097.4364, founan/e 1097.4317.

126.9, 127.0, 127.6, 137.4, 156.0, 169.7, 170.3; HRMS (Fj\Balcd Compound 16.Compound26 (22 mg, 0.041 mmol) was coupled

for MCs" CsgH7eNsO10Cs m/e 1029.4677, foundi/e 1029.4701. to N-a-Cbz+-norleucine (21.8 mg, 0.082 mmol). The adduct was then
Compound 12.(152R 3R 49)-1,4-Bis[(N-Cbz)amino]-1,4-dibenzyl-  geprotected to give6 (20.5 mg, 50%) as a white solidH NMR (500

2,3-diol derivative 26 was prepared by applying the procedure \jHz DMSO-ds, 20°C) 6 0.66 (3H, d,J = 6.7 Hz), 0.70 (3H, dJ =

deSCfibed.CompOUnCQG (40 mg, 0.074 mmol) was coupled WChz- 6.7 Hz), 0.83 (3H, 1) = 6.8 Hz), 1.15-1.28 (4H, m), 1.46-1.48 (1H,
Ser (38 mg, 0.16 mmol) to give the adduct (60 mg, 83%) as a white m), 1.49-1.57 (1H, m), 1.751.85 (1H, m), 2.61 (1H, dd] = 3.9
solid: *H NMR (500 MHz, DMSO¢, SOOC)O 0.66 (3H, dJ= 65), 13.8 HZ), 2.76 (1H, ddJ = 9.9, 13.8 HZ), 3.25 (lH, S), 3.94.01
0.72 (3H, d.J=6.0), 1.31 (3H, 5), 1.90 (IH, &= 6.2 Hz), 2.65 (14, m) 4.10 (1H, dd) = 8.8, 6.6 Hz), 4.38:4.45 (1H, m), 4.63 (1H,
2.80 (2H, m), 313317 (1H, m), 358 (2H, 5), 4.67.16 (2H. M), &) 501 (21, 5). 7.047.00 (IH. m). 716717 (4H. m). 7.27.7.31
4.23-4.31 (LH, m), 4.664.70 (1H, m), 5.05 (2H, 5), 6.966.99 (1H, (11 1m) 7.32-7.37 (4H, m). 7.45 (1H. ) = 8.4 Hz), 7.48 (1H, dJ
br), 7.07-7.19 (6H, m), 7.257.35 (5H, m), 7.457.50 (14, b HRMS ' ) 751 (1H, ) = 6.6 Hz); C NMR (100 MHz, DMSOd,
(FAB+) calcd for MCS Cs3HegNsO12Cs m/e 1113.3990, foundwe

o 20°C) 6 13.9, 17.8, 19.3, 21.9, 27.7, 30.7, 31.6, 38.4, 50.4, 54.8, 57.4,
1113.3897. 65.3, 73.0, 125.6, 127.7, 127.8, 128.3, 129.0, 137.1, 138.9, 155.9, 170.3,

The adduct (30 mg, Q.O31_mmol) was then deprotected to ve 171.6; HRMS (FABH) calcd for MCS CsgHzeNsOriCs e 1125.4677,
(15 mg, 51%) as a white solid*H NMR (400 MHz, DMSOéds, 80 found me 1125.4729.

°C) 6 0.70 (3H, dJ = 6.5 Hz), 0.72 (3H, dJ = 7.0 Hz), 1.91 (1H, se,
J = 6.5), 2.68-2.82 (2H, m), 3.33 (1H, s), 3.683.65 (2H, m), 4.07

(1H, dd,J = 9.0, 6.5 Hz), 4.16 (1H, g} = 8.0), 4.29 (1H, s), 4.37 Molecular Modeling
4.43 (1H, m), 4.63-4.70 (1H, m), 5.07 (2H, s), 6.826.92 (1H, br), A .
7_05(7.40 (1)2,_'] m)iC |\(1MR (1)00 MHZ(, DM%O% SOOC)((S 17_6), Models of the protease inhibitdib, complexed with HIV-1

19.3, 30.3, 38.5, 50.5, 57.0, 57.8, 61.8, 65.5, 73.2, 125.7, 127.8, 128.4,protease and FIV protease, were built using the Brookhaven

129.1, 136.9, 139.0, 155.9, 169.9, 170.2; HRMS (RAR:alcd for Protein Data Bank entries 1H¥land 1FI\f as starting points.

MCs" CsoHeaNsO12.Cs mVe 1073.3637, foundn/e 1073.3685. The entry 1HVI has a resolution of 1.8 A and contains @e
Compound 13.Compound26 (33 mg, 0.061 mmol) was coupled  symmetric Abbott inhibitor A77003R,S) co-crystallized with

to N-Cbz-Thr (33 mg, 0.13 mmol) to give the adduct (52 mg, 85%) as the HIV-1 protease of strain HIVLAI expressedfn coli. The

j‘i"gtg EZI)Id:Ol;'A'\gAI-Ff ((f]og 2";'?_1 Z?N'ls(%d(ﬁél_glo;g)_%oéﬁz(;’ql ??2 structure of A77003 is quite similar to that dfb. The

(3H, 5), 1.93 (1H, se] = 6.0 Hz), 2.68-2.80 (2H. m), 3.60 (1H. ), _stereochemlstry of one of the_ core hydroxyls had to be

3.90-3.98 (1H, m), 4.02 (1H, dd] = 8.5, 5.0 Hz), 4.20 (1H, dd] = inverted, and the terminal pyrimidine groups were .replaced by

8.5, 6.0 Hz), 4.274.32 (1H, m), 4.56 (1H, d] = 5.5 Hz), 5.06 (2H, the Cbz groups. The 1FIV structure has a resolution of 2.0 A

s), 6.65-6.75 (1H, br), 7.16-7.19 (6H, m), 7.287.35 (5H, m), 7.44 and contains the inhibitor LP-149 co-crystallized with the feline

(1H, d,J = 9.0 Hz); HRMS (FABF) calcd for MCS CssH7:NgO1.CS immunodeficiency virus protease frdrelis catusand expressed
m/e 1141.4263, foundwe 1141.4316. in E. coli.
The adduct (35 mg, 0.037 mmol) was then deprotected to Iive The model oflb bound to HIV-1 protease was built first,

(20 mg, 56%) as a white solidH NMR (500 MHz, DMSO¢;, 80 using Insightll 97.0’s Biopolymé? and Discover modules and
°C) 6 0.69 (3H, d,J = 6.5 Hz), 0.72 (3H, dJ = 7.0 Hz), 1.04 (3H, d, g Insig ; oy

J= 65 Hz), 1.87-1.93 (1H, m), 2.682.80 (2H, m), 3.33 (1H, s), the AMBERfo_rce field. Mqlecular mec_hanlcs r_nl_nlmlzatlon_was
3.90-4.15 (3H, m), 4.22-4.38 (2H, m), 5.06 (2H, s), 6.6€5.70 (LH performed using the conjugate gradients minimizer until the

br), 7.05-7.40 (11H, m), 7.50 (1H, dJ = 8.0 Hz); %C NMR (100 minimization converged, i.e., the derivative of the energy was
MHz, DMSO-ds, 20°C) 6 17.6, 19.3, 19.7, 30.6, 38.5, 50.6, 57.5, 60.3, less than 0.001. Distance constraints were used in the early
65.5, 66.8, 73.1, 125.5, 127.7, 127.8, 128.0, 128.4, 129.0, 136.9, 138.9,stages of the modeling to ensure that the hydrogen bonds were
156.0, 169.7, 170.2; HRMS (FAB) calcd for MCS CsHgsNsO12Cs preserved between the inhibitor, water, and protease. Initially,
nve 1101.3950, founde 1101.3900. only the inhibitor model, five active-site water molecules, and
Compound 14.Compound26 (22 mg, 0.041 mmol) was coupled  the residues of the active site that were in contact with the
to N-a-Cbz-2-aminobutyric acid (19.6 mg, 0.082 mmol). The adduct iipitor were allowed to move. These five waters consisted of
was then deprotected fo gild (16.4 mg, 43%) as a white solidH the water bound between the tips of the flaps, and four waters,

NMR (500 MHz, DMSO#ds, 20 °C) 6 0.66 (3H, d,J = 5.5 Hz), 0.70 . . . - L
(3H, d, J = 5.6 Hz), 0.79 (3H, tJ = 6.2 Hz), 1.42-1.50 (1H, m), two in each subunit of the dimer, that bind inside a pocket

1.52-1.58 (1H, m), 1.781.84 (1H, m), 2.572.65 (1H, m), 2.73 adjacent to the Arg-8 residue in HIV (Arg-13 in FIV). The
2.82 (1H, m), 3.24 (1H, s), 3.968.95 (1H, m), 4.10 (1H, dd] = 7.4, resulting model was minimized while allowing all atoms to
5.4 Hz), 4.42-4.49 (1H, m), 4.65 (1H, s), 5.01 (2H, s), 7.07 (1HJt, move. A similar procedure was applied to the modeling shown
= 5.8 Hz), 7.1%-7.18 (4H, m), 7.287.33 (1H, m), 7.327.37 (4H, in Figure 5, using HIV protease complexed with RO31-8959.

m), 7.41 (1H, dJ = 6.8 Hz), 7.46 (1H, dJ) = 7.7 Hz), 7.52 (1H, d,

J = 7.4 Hz); ®C NMR (100 MHz, DMSO¢, 20 °C) ¢ 10.4, 17.8, Acknowledgment. We thank Dr. M. C. Fitzgerald at Scripps
19.3, 25.2, 30.7, 38.5, 50.3, 56.1, 57.4, 65.3, 73.2, 125.6, 127.8, 128.3

129.0, 137.0, 138.9, 155.9, 170.3, 171.4- HRMS (FARealcd for for providing HIV and FIV PR substrates, Dr. George Trainor
MC§+‘CSZH;;8N6010(.ZS’ me i069.465i fou'nc'm/e 1069.4004. at Du Pont Pharmaceuticals for the inhibition analysidlofn
Compound 15.Compound26 (22 mg, 0.041 mmol) was coupled cell culture, and Dr. A. Wlodawer at NCI for providing the

to N-a-Cbz+-norvaline (20.6 mg, 0.082 mmol). The adduct was then coordinate of FIV protease complexed with. Support from
deprotected to giva5 (14 mg, 35%) as a white solid*H NMR (500 Grants P01GM48870 (C.H.W. and A.J.0.) and R01AI40882

MHz, DMSO-ds, 20°C) 6 0.67 (3H, d,J = 6.7 Hz), 0.70 (3H, dJ = (J.H.E.) from the National Institutes of Health is gratefully
6.7 Hz), 0.83 (3H, ) = 7.3 Hz), 1.15-1.34 (2H, m), 1.38-1.53 (2H, acknowledged. The contribution of reagents supplied by the
m), 1.77-1.85 (1H, m), 2.57#2.64 (1H, m), 2.732.80 (1H,m), 3.25  AIDS Reagents and Reference Program of the National Institutes
(1H,'s), 3.96-4.02 (1H, m), 4.10 (1H, dd] = 8.7, 6.6 Hz), 4.4+ of Health is also gratefully acknowledged.
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