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Abstract. The synthesis and structure activity relationships of conformationally constrained analogs of
the HIV-1 protease inhibitor L-685,434 are described. In addition, the X-ray crystal structure of a
complex between L.-700,497 and the HIV-1 protease is shown.

The human immunodeficiency virus type-1 (HIV-1) protease plays a key role in the HIV viral
life cycle by posttranslational processing of gag and gag-pol polyproteins into viral core components. !
Genetic inactivation of the protease resulted in the production of non-infectious virions in cell culture.2
Accordingly, the HIV-1 protease was recognized as a key target for developing anti-AIDS
chemotherapy.3 To date, most of the potent HIV-1 protease inhibitors reported? are peptidomimetic
transition-state mimic analogs, and very few have reached the clinic as a result of poor oral
bioavailability in animal models. A number of hydroxyethylene derived inhibitors (represented by L.-
685,434 (1)) that contain an amino-indanol as a novel Py' amino acid surrogate were recently
reported.56 Unfortunately, compounds from this class lacked oral bioavailability in animals, possibly a
result of the proteolytic instability of the indan amide bond. A successful strategy for increasing the
stability of this amide bond while further decreasing the peptide-like nature of the compound entails
constraining the amide group into a lactam ring.6 The successful application of this strategy to L-
685,434 was aided by examination of a molecular model of 1 docked into the native HIV-1 protease
active site.” In this model, the inhibitor occupied the active site in an extended conformation with the
indan and t-Boc group filling the P;' and P; pockets respectively. Figure 1 shows an isolated view of
the conformation of the Py’ carbonyl relative to the adjacent carbon in which the indan NHy and C-2
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Reagents: a) 2.05 eq. LDA, -780C, THF,; allylbromide; b) 2.05 eq. LDA, -78¢C, THF; benzyl iodide
(64% from 3); c) O3, -78°C, CH;Cl/MeOH; Dimethy! sulfide (65%); d) RNH;, MeOH, AcOH,
NaBH3CN; HOBT, 110°C, 2-5 hrs, toluene.

proton (H7) are in an eclipsed relationship. This was viewed as an ideal position to form a five-
membered lactam ring. In addition to improving the stability of the amide bond, the conformational
constraint introduced was expected to enforce the bioactive conformation, thus compensating to some
degree for the loss of any important inhibitor/enzyme interactions. A stereoselective route to
compounds of general structure 2 is shown in Scheme 1.

Lactone 38 was alkylated with allyl bromide to give 4 as the exclusive product. Subsequent
alkylation of 4 with benzyl iodide afforded lactone 5 in good yield (64% from 3). Alkylation occurred
from the alpha face of the molecule, opposite to the bulky Boc-amino group.9 The terminal olefin of §
was converted to aldehyde 6 which was reductively aminated!® with an appropriate amine. In some
cases, the intermediate amine 7 spontaneously cyclized upon the lactone group to afford the lactam 2,
while in other cases, isolated 7 required heating in toluene with catalytic HOBT to effect closure.

Several analogs of compound 2 were evaluated as HIV-1 inhibitors in a peptide cleavage
assay,!1 and the results are shown in Table 1. Amino-indan 8 was less potent than its acyclic analog 1
(37 nM vs 0.3 nM) possibly due to the loss of a critical hydrogen bond to Gly 27. Compound 9, which
contains valinol in the P7' position, was equipotent to amino-indan 8. Hydroxycyclopentane 10, which
is a conformationally constrained isostere for valinol,!2 was almost three times as potent as alcohol 8. A
decrease in activity occurred upon substitution of an isothiabenzopyran group!3 (11) for the aminoindan
in 8. Oxidation of sulfide 11 (Oxone®, MeOH/H0 (1:1) 25°C, 5hr, 87%) to the corresponding sulfone
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a) Required heating 7 in toluene with 10% HOBT.; b) Yield after oxidation of sulfide 11 See text.

12 resulted in an increase in activity (17 nM). The isothiabenzopyran sulfone in compound 12 is a
representative from a new class of non-peptide P2' ligands which will be published in due course.14

Compound 13 (Fig. 2), which contains a 3(S)-tetrahydrofuranyl carbamate as a novel P2 ligand,
has been reported to be a potent HIV-1 protease inhibitor (ICsg9 =0.06 nM).15 Incorporation of this
potency enhancing group into compound 12 gave inhibitor 14 (L-700,497, ICs50 = 1.8 nM).
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In an effort to gain insight into interactions of this series with the HIV-1 protease, compound 14
was co-crystallized with the enzyme, and the crystal structure was analyzed at 2.25 A resolution.16
Figure 3 shows a stereoview of 14 in the HIV-1 protease active site. The transition-state mimic
hydroxyl group is situated between the two catalytic aspartic acid groups of the enzyme. The two
inhibitor benzyl side chains occupy the P; and P}’ sites. The isothiabenzopyran group is in the Py’
pocket, and one of the suifone oxygens is within hydrogen bonding distance of an Asp 29 NH group (3.2
A). The reason for the tenfold increase in potency upon substitution of the THF group is not apparent
from this structure. As in all HIV-1 protease/inhibitor crystal structures, the two carbonyl groups of the
inhibitor form hydrogen bonds to a water molecule which in turn interacts with the flap Ile 50 NH
groups.

Figure 4 illustrates the superposition of compounds 14 (yellow) and L-689,5026 (magenta, a Py’
analog of 1.-685,434) generated by aligning both crystal structure complexes in the same frame of
reference. The indan and isothiabenzopyran groups occupy the P;' positions and both the indan's
hydroxy! group and sulfone's axial oxygen make an interaction with Asp 29 NH. As expected, the Boc

and THF groups occupy the P pocket. The main difference between the two compounds is that the
indan-amide NH of L-689,502 is able to make a hydrogen bond with Gly 27 of the enzyme while lactam

14, which contains a carbon atom in this position, cannot form this hydrogen bond. This may provide at
least a partial explanation for the loss in potency of the lactam series versus the corresponding acyclic
compounds. In addition, the lactam ring appears to experience non-bonded interactions that force the
Py’ lactam carbonyl group to be raised up by one angstrom relative to the L-689,502 Py’ carbonyl group.
It is also evident that in the lactam-enzyme complex (yellow), the Gly 27 carbonyl oxygen is displaced
one angstrom from the position of the Gly 27 carbonyl in the L-689,502 structure (magenta).

In summary, a concise and efficient synthesis of a new HIV protease inhibitor class has been
accomplished. A full account of this series' structure activity relationships, as well as pharmacokinetic
data for selected inhibitors, will be published in due course.!?
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Figure 3 X-r}y complex between L-700,497 (14, green) and HIV-1 protease. The sulfone oxygen of 14
is within 3.2 A of Asp 29 NH of the protease.

Figure 4 Superposition of the X-ray complexes of compound 14 (yellow) with L-689,502 (magenta).



504

3)

@

&)

6

9]

®
)
10
amn

(12)
(13)

(14)

(15)

(16)

an

(18)

J. P. VACCA et al.

(a) Johnston, M. I; Alluadeen, H. S.; Sarver, N. Trends Pharmacol. Sci. 1989, 10, 305. (b)
Dunn, B. M.; Kay, J. Antiviral Chem. and Chemotherapy 1999, 1, 3.

For two recent reviews see (a) Huff, J. R. J. Med. Chem. 1991, 34, 2305. (b) Tomasselli, A. G.;
Howe, W._ J.; Sawyer, T. K.; Wlodawer, A.; Heinrikson, R. L. Chimicaoggi 1991, (May), 6.

Lyle, T. A.; Wiscount, C. M.; Guare, J. P.; Thompson, W. J.; Anderson, P. S.; Darke, P. L.;
Zugay, J. A.; Emini, E. A_; Schleif, W. A.; Quintero, J. C.; Dixon, R. A. F.; Sigal, I. S.; Huff, J.
R.J. Med. Chem. 1991, 34, 1228.

Thompson, W. J.; Fitzgerald, P. M. D.; Holloway, M. K.; Emini, E. A_; Darke, P. L.; McKeever,
B. M.; Schleif, W. A.; Quintero, J. C,; Zugay, J. A; Tucker, T. J.; Schwering, J. E.; Homnick,
C.; Nunberg, J.; Springer, J. P.; Huff, J. R. J. Med. Chem 1992, 35, 1685.

(a) Freidinger, R. M.; Perlow, D. S.; Veber, D. F. J. Org. Chem. 1982, 47, 104. (b) Aube, J.;
Wolfe, M. S. Biomed. Chem. Lett. 1992, 2, 925.

Decamp, A. E.; Kawaguchi, A. T.; Volante, R. P. Tetrahedron Lett. 1991, 32, 1867.
Tomioka, K.; Cho, Y-S.; Sato, F.; Koga, K. J. Org. Chem. 1988, 53, 4094.
Borch , R. F. Org. Syn. 1972, 52, 124.

Heimbach, J. C.; Garsky, V. M.; Michelson, S. R.; Dixon, R. A. F.; Sigal, 1. S.; Darke, P. L.
Biochem. Biophys. Res. Commun. 1989, 164, 955.

Hungate, R. W.; Chen, J. L.; Starbuck, K. E. Tetrahedron Lett. 1991, 32, 6851.

We are indebted to S. F. Britcher and L. S. Payne for a sample of 1-(S)-amino-
isothiabenzopyran. This was synthesized by reducing the methoxyoxime of isothiabenzopyran-
1-one by the method of Ghosh!8 followed by resolution with phenylalanine®.

(a) Ghosh, A. K. manuscript in preparation. (b) For a recent example of the use of cyclic
sulfolanes as potent P; ligands in HIV-1 protease inhibitors see: Ghosh, A. K.; Thompson, W. J.;
Lee, H. Y.; McKee, S. P.; Munson, P. M,; Duong, T. T.; Darke, P. L.; Zugay, J. A.; Emini, E. A,;
Schleif, W. A.; Huff, J. R.; Anderson, P. S. J. Med. Chem. 1992, 36, 924.

Ghosh, A. K.; Thompson, W. J.; McKee, S. P.; Duong, T. T.; Lyle, T. A.; Chen, J. C.; Darke, P.
L.; Zugay, J. A.; Emini, E. A.; Schleif, W. A_; Huff, J. R.; Anderson, P. S. J. Med. Chem. 1993,
30, 292.

A complex between 14 (L-700,497) and HIV-1 protease was crystallized in space group P2122,
a=59.41, b=87.30, c=46.61 A. A model for the complex was refined against data extending from
10.0 t0 2.25 A in resolution; the R-value for the final model was 0.169 and deviations from ideal
bond distances were 0.018 A. Full details of the crystallographic analysis will be published
elsewhere.

Hungate, R. W. (manuscript in preparation). A preliminary account has recently been presented:
Hungate, R. W_; Chen, J. L.; Starbuck, K. E.; McDaniel, S. L.; Levin, R. B.; Dorsey, B. D.;
Guare, J. P.; Whitter, W. L.; Darke, P. L.; Zugay, J. A; Schleif, W. A.; Emini, E. A,; Quintero, J.
C.; Lin, J. H.; Chen, I-W.; Anderson, P. S.; Huff J. R.; Vacca, J. P. MEDI 143, 206th ACS
National Meeting, Chicago, IL, August 22-27, (1993).

Ghosh, A. K.; McKee, S. P.; Sanders, W. M. Tetrahedron Lett. 1991, 32, 711.

(Received in USA 9 November 1993; accepted 6 December 1993)



