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Abstract: Two diastereomers of a macrocyclic hydroxyamide (norstatine-based) peptide, having an
18-membered ring system, have been synthesized as HIV protease inhibitors. The (R)-diastereomer
(IC50 19 nM) was ~17-fold weaker than an acyclic analog, but had comparable or better antiviral activity,
suggesting improved cell penetration properties and/or resistance to cellular enzymes for the macrocyclic inhibitor.

Introduction. HIV protease, the aspartic proteinase encoded by the Human Immunodeficiency Virus (HIV),
has been identified as a promising target for the treatment of Acquired Immune Deficiency Syndrome (AIDS).1
Accordingly, a great number of inhibitors have been developed for this enzyme, in particular, a variety of peptide-
derived transition-state analog inhibitors.2 Norstatine-based inhibitors of HIV protease, which bear a key
hydroxyamide functionality, have been investigated in our3 and other? research groups. Several examples have
exhibited low or sub-nanomolar inhibitory activities, and potent antiviral activity.3’4

We recently described a series of macrocyclic peptide-based inhibitors of HIV protease which incorporate
a hydroxyethylamine functionality as the transition-state mimetic group.5 One potent example (IC50 = 1 nM)
exhibited HIV antiviral activity (RF/MT-2 cell assay, EC50 4 nM) which was equal to that of the Roche acyclic
hydroxyethylamine inhibitor Ro31-8959 (Saquinavir),® which has recently been approved for marketing in the
U.S. Another example of a macrocyclic HIV protease inhibitor, also linked from the P1 to P3 positions
(terminology of Schechter and Berger?), has been described by Podlogar et al.8 This derivative incorporates a
difluoroketone group as the transition-state mimetic, and provides very effective inhibitory activity
(Ki=20nM). Based on the potent activities achieved with our macrocyclic hydroxyethylamine inhibitors,>
and the success of the linear norstatine-based inhibitors,3:4 we have investigated the incorporation of the
hydroxyamide (norstatine) transition-state analog group into our macrocyclic peptide template structure.

Results and Discussion. In our previously reported synthesis of macrocyclic hydroxyethylamines,3 we
generated the complete linear structure, and then performed the macrocyclization (85% yield) as the final step. In
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contrast, for the preparation of the target macrocyclic hydroxyamide inhibitor, we decided to first assemble the
P3-P] macrocycle, then generate the hydroxyamide functionality, and finally incorporate the P{' group. After
preparation of the requisite P3 group,? the synthesis of the macrocycle template was achieved efficiently in four
steps, with an overall yield of 47% (Scheme). Unfortunately, conversion of this macrocyclic methy] ester to the
required a-hydroxy ester was problematic,10 and the route which was successful in providing comparable
amounts of both diastereomers proceeded in only low yield. However, pure samples of both the (S)-CHOH- (1)
and (R)-CHOH- (2) diastereomers of final hydroxyamide product could be obtained, with stereochemical
assignments being made by analogy with linear analogs.11
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Enzyme inhibition studies were carried out with protease from the BRU (IIIB) strain of HIV-1 virus, as
described previously.3’5 HIV-Antiviral activity was determined in a cell assay which used MT-2 cells infected
with virus strain HTLV-1 RF, and measured for the level of p24 core antigen.5 The inhibitory activities for the
two diastereomers of the macrocyclic hydroxyamide (1, 2) are given in the Table, accompanied by data for related
macrocyclic hydroxyethylamines, and related acyclic analogs. Structure/activity relationship observations are as
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follows:

Effect of chirality at -CHOH-: Similar to the observations for our hydroxyethylamines 3 and 4,5 the
macrocyclic hydroxyamide diastereomer with preferred chirality at -CHOH- (1, designated S for the
hydroxyamide structure) provxdes ~200-fold gneatcr HIV protease inhibition than the R-diastereomer 2.

. For acyclic derivatives having the same

peptide frame, and with Proline at P{', hydroxyamides have been found to be >10-fold more potent as HIV
protease inhibitors than the corresponding hydroxyethylamines.3 This trend is also observed for the macrocyclic
systems, in that the hydroxyamides ] and 2 are ~20 times more potent than the hydroxyethylamine analogs 3 and
4, respectively, which lack only the carbonyl functionality at the transition-state mimetic group.

Table
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f inhibition: In the case of our hydroxyethylamines,>

the conformationally-constrained macrocyclic inhibitors were generally less effective as HIV protease inhibitors
than related acyclic analogs. Similarly, the macrocyclic hydroxyamide 1 is observed to be ~17-fold less effective
as an HIV protease inhibitor than the related acyclic analog 3.

hy e n HIV antiviral activity: In our study of a set of 15 hydroxyethyl-
amines,’ the ratio of inhibitory activities in the cell assay vs. enzyme assay (i.e., EC50/IC50) was generally
superior for the macrocyclic inhibitors, as compared to the ratio observed for acyclic analogs. Similarly, the
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ECs¢/IC50 ratio for 1 is ca. 30-fold better than that for §. That is, although 1 provides ~17-fold less HIV
protease inhibition than §, it is comparable to or better than § in the HIV cell assay. These observations, in both
this and our previous5 studies, suggest that our macrocyclic inhibitors may have improved cell permeability
and/or resistance to cellular enzymes, relative to their acyclic counterparts.

Acknowledgment. We are very grateful to V.J. Robinson for NMR spectroscopy; M.J. McRoberts,
M. Laney, and R. Schatzman for the HIV cell assay; H. Chan, J. Barnett, C. Bach, and their colleagues for the
molecular biology; T.F. Tam and A.L. Castelhano for helpful discussions; and D.H. Pliura for initial
contributions to the HIV protease research program.

References and Notes

1. Johnston, M. I.; Hoth, D. F. Science 1993, 260, 1286.

2. (a) Meek, T. D. J. Enzyme Inhibition 1992, 6, 65. (b) Huff, I. R. J. Med. Chem. 1991, 34, 2305.

3. Tam, T. F.; Carriére, J.; MacDonald, 1. D.; Castelhano, A. L.; Pliura, D. H.; Dewdney, N. J.; Thomas, E.
M.; Bach, C.; Barnett, J.; Chan, H.; Krantz, A. J. Med. Chem. 1992, 35, 1318.

4. (a) Kiso, Y.; Mimoto, T.; Imai, J.; Kisanuki, S.; Enomoto, H.; Hattori, N.; Takada, K.; Akaji, K.;
Kageyama, S.; Mitsuya, H. Peptides: Chemistry, Structure and Biology (Proceedings of the 13th American
Peptide Symposium); Hodges, R. S.; Smith, J. A., Eds.; ESCOM: The Netherlands, 1994; pp. 619-621.
(b) Mimoto, T.; Imai, J.; Kisnauki, S.; Enomoto, H.; Hattori, N.; Akaji, K.; Kiso, Y. Chem. Pharm. Bull.
1992, 40, 2251. (c) Raju, B.; Deshpande, M. S. Biochem. Biophys. Res. Commun. 1991, 180, 181. (d)
Sakurai, M.; Higashida, S.; Sugano, M.; Komai, T.; Yagi, R.; Ozawa, Y.; Handa, H.; Nishigaki, T.; Yabe,
Y. Bioorg. Med. Chem. 1994, 2, 807.

5. Smith, R. A.; Coles, P. J.; Chen, J. J.; Robinson, V. I.; MacDonald, I. D.; Carriére, J.; Krantz, A. Bioorg.
Med. Chem. Lett. 1994, 4, 2217.

6. Roberts, N. A.; Martin, J. A.; Kinchington, D.; Broadhurst, A. V.; Craig, J. C.; Duncan, I. B.; Galpin, S.
A.; Handa, B. K.; Kay, J.; Krohn, A.; Lambert, R. W.; Merrett, J. M.; Mills, J. S.; Parkes, J. E. B;
Redshaw, S.; Ritchie, A. J.; Taylor, D. L.; Thomas, G. J.; Machin, P. J. Science 1990, 248, 358.

7. Schechter, I.; Berger, A. Biochem. Bioghys. Res. Commun. 1967, 27, 157.

8. Podlogar, B. L.; Farr, R. A.; Friedrich, D.; Tarnus, C.; Huber, E. W.; Cregge, R. J.; Schirlin, D. J. Med.
Chem. 1994, 37, 3684.

9. The following scheme provided the P3 acyl chloride:

OH  Br(CHy);OH SI\OH NaOH c';POH SOCl,, cat ol
r(CHy)3 a ,, cat. pyr. (e]
— —_— —_ O

‘(.r OCH3 K,C03, A “;rOCHa dioxane-Hz0 OH CH,Cl, C'

o (55%) 0 (95%) o} (79%) 0o

10. (a) Herranz, R.; Castro-Pichel, J.; Vinuesa, S.; Garcia-Lépez, M. T. J. Org. Chem. 1990, 55, 2232. (b)
Herranz, R.; Castro-Pichel, J.; Garcia-Lépez, M. T. Synthesis 1989, 703. (c) Kobayashi, S.; Tsuchiya,
Y.: Mukaiyama, T. Chem. Lett. 1991, 537. (d) lizuka, K.; Kamijo, T.; Harada, H.; Akahane, K.; Kubota,
T.; Umeyama, H.; Ishida, T.; Kiso, Y. J. Med. Chem. 1990, 33, 2707.

11. Diastereomeric hydroxyamides 1 and 2 were separated and purified by preparative silica gel thin layer
chromatography. Assignments of configuration for these hydroxyamides are based on NMR characteristics
and relative polarities, according to assignments given to acyclic derivatives.3-10 The final products had
similar, appropriate 300 MHz 'H NMR, 13C NMR, and FAB-MS characteristics, and were >96% pure,
based on reverse phase HPLC (0.05 M aqueous NH4OAc/acetonitrile gradient). 1: more polar diastereomer,
TLC Rf = 0.17 (10% MeOH/CHCI3), IH NMR (CDCI3) includes 4.1 ppm (m, CH(OH)CO). 2: less polar
diastereomer, TLC Ry = 0.24 (10% MeOH/CHCI3); IH'NMR (CDCI3) includes 4.2 ppm (m, CH(OH)CO).
Abbreviations: Bn = benzyl; NMM = N-methyl-morpholine; EDC = N-ethyl-N’-dimethylaminopropy}-
carbodiimide hydrochloride; HOBt = 1-hydroxybenzotriazole.

(Received in USA 11 November 1995; accepted 17 January 1996)



