J. Med. Chem. 1992, 35, 2735-2743 2735

Phosphate Triester 32. Treatment of compound 25 (400 mg,
1.28 mmol) with phosphoramidite 28 (650 mg, 1.28 mmol) and
1H-tetrazole (127 mg, 1.8 mmol) following the procedure described
for 29 gave triester 31 (725 mg, 79%) as a colorless foam after
chromatography (eluent CH,Cl,-Et;N-MeOH, 96:3:1). The %'P
NMR showed peaks at § 140.80, 140.91. Compound 31 (350 mg,
0.49 mmol) was converted to 32 (278 mg, 80%) by oxidation with
I,/H.0 following the procedure described for the preparation of
compound 26: UV (MeOH) A, 230, 262, 304, nm; 'H NMR
(CDCly) é (italicized protons are assigned to the thymidyl moiety)
1.26 (0.7 X 3 H, br s, 5-CHj), 1.73 (0.3 X 3 H, br s, 5-CHj), 2.27
(1H, m, 2-H), 2.64 (1 H, m, 2’-H), 3.80 (0.7 X 3 H, d, Jyp = 11.4
Hz, POCHj,), 3.81 (0.3 X 3 H, d, Jyp = 11.4 Hz, POCH,), 4.30 (2
H, m, 5-H), 4.48-4.72 (4 H, m, 3’-H, 4’-H, 5-H), 5.13 (1 H, m,
4’-H), 6.16 (1 H, m, 2-H), 6.25-6.31 (2 H, m, 1’-H, 3’-H), 7.05 (0.3
X 1H,m, 1’-H), 7.16 (0.7 X 1 H, m, 1’-H), 7.40-7.62 (7 H, m, C¢H;,
5-H), 7.87 (1 H, m, 6-H), 7.99 (4 H, m, C¢H,), 8.66 (0.7 X 1 H,
br s, NHCO), 8.72 (0.3 x 1 H, NHCO), 8.83 (1 H, br s, NH); 3P
NMR (CDCly) 6 0.06; MS (FAB) m/z 736 (M + 1), 737 (M + 2).
Anal. (Ca4H34N5012P'0-5H20) H, N, P; C: Ca.lcd, 54.84; found,
54.20.

Phosphate Diester 17. Compound 32 (240 mg, 0.35 mmol)
was deprotected by following the procedure described for the
preparation of 16 to give 17 (145 mg, 82%) as a colorless solid:
UV (Hy0) Apy, 268 nm; 'H NMR (D,0) 4 (italicized protons are
assigned to the thymidyl moiety) 1.90 (3 H, br s, 5-CHj), 2.18 (1

H, quintet, 2’-H), 2.43 (1 H, ddd, J = 14.1, 6.3, 3.0 Hz, 2'-H), 3.70
(1H,dd, J = 12.6,4.8 Hz, 5’-H), 3.78 (1 H, dd, J = 12.6, 3.6 Hz,
5-H), 3.98-4.14 (3 H, m, 4"-H, 5’-H), 4.65 (1 H, m, 3’-H), 5.10 (1
H, m, 4-H), 598 (1 H, app dt, J = 6.0, 1.8 Hz, 2”-H), 6.03 (1 H,
d,J =17.5Hz, 5-H),6.20 (1 H, t,J = 6.3 Hz, 1"-H), 6.48 (1 H, app
dt, J = 6.0, 1.7 Hz, 3"-H), 6.96 (1 H, m, 1’-H), 7.62 (1 H, m, 6-H),
7.19 (1 H, d, J = 7.5 Hz, 6-H); 3P NMR (D,0) § -0.60; 13C
NMR(D,0) § (thymidyl carbons are italicized) 12.44 (5-CH,), 38.43
(d, J = 3.3 Hz, C-2), 61.83 (C-5), 66.77 (d, J = 5.4 Hz, C-5), 75.77
(d, J = 5.3 Hz, C-3'), 85.82 (C-1'), 86.36 (d, J = 6.4 Hz, C-4), 86.55
(d, J = 9.3 Hz, C-4), 91.67 (C-1'), 96.66 (C-5), 112.20 (C-5), 126.45
(C-29),134.68 (C-3), 138.07 (C-6), 143.96 (C-6), 152.17 (C-2), 157.83
(C-2), 166.24 (C-4), 167.10 (C-4); MS (FAB) m/z 530 (M*), 514
(M + 1, for free acid), 513 (M*, free acid). Anal. (C,;sHy;Ne-
010P'H20) C, H, N, P.
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Eight new coumarin compounds (1-8) were isolated by anti-HIV bioassay-guided fractionation of an extract of
Calophyllum lanigerum. The structures of calanolide A (1), 12-acetoxycalanolide A (2), 12-methoxycalanolide A
(3), calanolide B (4), 12-methoxycalanolide B (5), calanolide C (6) and related derivatives 7 and 8 were solved by
extensive spectroscopic analyses, particularly HMQC, HMBC, and difference NOE NMR experiments. The absolute
stereochemistry of calanolide A (1) and calanolide B (4) was established by a modified Mosher’s method. Calanolides
A (1) and B (4) were completely protective against HIV-1 replication and cytopathicity (ECy, values of 0.1 uM and
0.4 uM, respectively), but were inactive against HIV-2. Some of the related compounds also showed evidence of
anti-HIV-1 activity. Studies with purified bacterial recombinant reverse transcriptases (RT) revealed that the
calanolides are HIV-1 specific RT inhibitors. Moreover, calanolide A was active not only against the AZT-resistant
(G-9106 strain of HIV-1 but also against the pyridinone-resistant A17 strain. This was of particular interest since
the Al7 virus is highly resistant to previously known HIV-1 specific, non-nucleoside RT inhibitors (e.g., TIBO;
BI-RG-587; 1.693,593) which comprise a structurally diverse but apparently common pharmacologic class. The
calanolides represent a substantial departure from the known class and therefore provide a novel new anti-HIV

chemotype for drug development.

Introduction

The National Cancer Institute is actively acquiring and
screening extracts from diverse plant, marine, and mi-
crobial sources for anti-HIV activity.? Stemming from
these efforts, HIV-inhibitory compounds have thus far
been isolated and identified from plants in the families
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Euphorbiaceae,> Ancistrocladaceae,’ Combretaceae,® and
Piperaceae.” In this continuing program, an organic ex-

(1) Part 7 in the series HIV Inhibitory Natural Products. For part
6, see ref 7.

(2) Boyd, M. R. Strategies for the identification of new agents for
the treatment of AIDS: A national program to facilitate the
discovery and preclinical development of new drug candidates
for clinical evaluation. In AIDS Etiology, Diagnosis, Treat-
ment and Prevention; DeVita, V. T., Jr., Hellman, S., Rosen-
berg, S. A,, Eds.; Lippincott: Philadelphia, 1988; pp 305-319.

(3) Gustafson, K. R.; Munro, M. H. G.; Blunt, J. W.; Cardellina,
J. H,, II; McMahon, J. B.; Gulakowski, R. J.; Cragg, G. M.; Cox,
P. A,; Brinen, L. S.; Clardy, J.; Boyd, M. R. HIV inhibitory
natural products. 3. Diterpenes from Homalanthus acumi-
natus and Chrysobalanus icaco. Tetrahedron 1991, 47,
4547-4554.
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tract of the tropical rainforest tree Calophyllum lanigerum
Migq. var. austrocoriaceum (T.C. Whitmore) P.F. Stevens
(Guttiferae) has been found to inhibit the cytopathic ef-
fects of in vitro HIV infection. We report here the results
of our bioassay-directed fractionation of the extract, and
the chemical and biological characterization of active
constituents. Previous phytochemical studies of the genus
Calophyllum had revealed it to be a rich source of sec-
ondary metabolites. Xanthones,? steroids,? triterpenes,!?
coumarins,!! and benzopyrans!? were among the com-
pounds reported earlier from Calophyllum species; how-
ever, no antiretroviral activity had previously been asso-
ciated with this genus.

Chemistry

The 1:1 CH,Cl,/MeOH extract of C. lanigerum fruit and
twigs showed confirmable anti-HIV activity in the initial
screen.!® A sequential solvent/solvent partitioning pro-
tocol provided hexane- and CCl,-soluble fractions in

(4) Gustafson, K. R.; Cardellina, J. H., II; McMahon, J. B.; Gula-
kowski, R. J.; Ishitoya, J.; Szallasi, Z.; Lewin, N. E.; Blumberg,
P. M.; Weislow, O. S.; Beutler, J. A.; Buckheit, R. W., Jr.;
Cragg, G. M,; Cox, P. A; Bader, J. P.; Boyd, M. R. A non-
promoting phorbol from the Samoan medicinal plant Homa-
lanthus nutans inhibits cell killing by HIV-1. J. Med. Chem.
1992, 35, 1978-1986.

(5) Manfredi, K. P.; Blunt, J. W.; Cardellina, J. H., II; McMahon,
J. B.; Pannell, L. K.; Cragg, G. M.; Boyd, M. R. Novel alkaloids
from the tropical plant, Ancistrocladus abbreviatus, inhibit
cell killing by HIV-1 and HIV-2. J. Med. Chem. 1991, 34,
3402-3405.

(8) Beutler, J. A.; Cardellina, J. H., Il; McMahon, J. B,; Cragg, G.
M.; Boyd, M. R. Anti-HIV and cytotoxic alkaloids from
Buchenavia capitata. J. Nat. Prod. 1992, 55, 207-213.

(7) Gustafson, K. R.; Cardellina, J. H., II; McMahon, J. B.; Pan-
nell, L. K,; Cragg, G. M,; Boyd, M. R. The peltatols, novel HIV
inhibitory catechol derivatives from Pothomorphe peltata. J.
Org. Chem. 1992, 57, 2809-2811.

(8) See for example: (a) Dharmaratne, H. R. W.; Sotheeswaran,
S.; Balasubramaniam, S.; Reisch, J. Xanthones from roots of
three Calophyllum species. Phytochemistry 1986, 25,
1957-1959. (b) Kumar, V.; Sotheeswaran, S.; Surendrakumar,
S.; Balasubramaniam, S. Calocalabaxanthone, the putative
isoprenyl precursor of calabaxanthone from Calophyllum ca-
laba. Phytochemistry 1982, 21, 807-809. (c) Somanthan, R.;
Sultanbawa, M. U. S. Chemical investigation of Ceylonese
plants. Part VIII. Trapezifolixanthone, a new di-isoprenylated
xanthone from the bark of Calophyllum trapezifolium Thw.
(Guttiferae). J. Chem. Soc. Perkin Trans. 1 1974, 2515-2517.

(9) Gunasekera, S. P.; Sultanbawa, M. U. S. Chemical investiga-
tion of Ceylonese plants. Part XVI. Extractives of Calo-
phyllum cordatooblongum Thw. (Guttiferae). J. Chem. Soc.
Perkin Trans. 1 1975, 2215-2220.

(10) See for example: (a) Gunatilaka, A. A. L.; De Silva, A. M. Y.
J.; Sotheeswaran, S.; Balasubramaniam, S.; Wazeer, M. I. M.
Terpenoid and biflavonoid constituents of Calophyllum calaba
and Garcinia spicata from Sri Lanka. Phytochemistry 1984,
23, 323-328. (b) Dahanayake, M.; Kitagawa, I.; Somanathan,
R.; Sultanbawa, M. U. S. Chemical investigation of Ceylonese
plants. Part VII. Extractives of Calophyllum thwaitesii
Planch and Triana and Calophyllum walkeri Wight (Guttif-
erae). J. Chem. Soc. Perkin Trans. 1 1974, 2510-2514.

(11) See for example: (a) Samaraweera, U.; Sotheeswaran, S.;
Sultanbawa, M. U. 8. Calozeylanic acid, a new bark acid from
three Calophyllum species (Guttiferae). Tetrahedron Lett.
1981, 22, 5083-5086. (b) Gautier, J.; Kunesch, G.; Polonsky,
J. Structure of calophynic acid, a novel constituent of Calo-
phyllum inophyllum. Tetrahedron Lett. 1972, 2715-2718.

(12) Stout, G. H.; Sears, K. D. Calophyllum products. III. The
structure of blancoic acids. J. Org. Chem. 1968, 33, 4185-4190.

(13) Weislow, O. S.; Kiser, R.; Fine, D. L.; Bader, J.; Shoemaker, R.
H.,; Boyd, M. R. New soluble-formazan assay for HIV-1 cyto-
pathic effects: application to high-flux screening of synthetic
and natural products for AIDS-antiviral activity. J. Natl.
Cancer Inst. 1989, 81, 577-586
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which the HIV-inhibitory activity was concentrated. Re-
peated vacuum liquid chromatography on silica gel, eluting
with mixtures of hexane/EtOAc, provided fractions which
contained a series of coumarin derivatives which we have
named the calanolides. The anti-HIV activity of all
fractions was assessed at each chromatographic step and
active fractions were pooled together according to their 'H
NMR and TLC profiles. On silica TLC plates, the cou-
marin derivatives charred upon treatment with vanillin/
H,S0, to give blue spots which intensified in color over
24 h to a deep ink-blue appearance. Final purification of
the individual constituents was achieved by silica HPLC
for calanolide A (1), calanolide B (4), and compound 7.
Reversed-phase C,; HPLC using MeOH/H,0 mixtures
provided 12-acetoxycalanolide A (2), 12-methoxycalanolide
A (3), 12-methoxycalanolide B (5), calanolide C (6), and
compound 8.

Calanolide A. This compound (1) was isolated as an
optically active oil, [a]p = +60°, which gave a HREIMS
parent ion at m/z 370.1736 Da, indicating a molecular
formula of Cy,Hy405. The mass spectrum contained sig-
nificant fragment ions for M* - CH; (m/z 355, 100%), M*
- CH; - H,0 (m/2 337, 12%) and M* - C;H,, (m/z 299,
29%). The infrared spectrum showed bands corresponding
to hydroxyl (3300 cm™) and carbonyl (1735 cm™) groups.
Resonances for 11 sp? carbons in the *C NMR spectrum
revealed a conjugated ester (6 160.4), a disubstituted olefin
conjugated to a phenyl group (6 126.9 [1 H] and 116.5 [1
H]), a trisubstituted olefin conjugated to a carbonyl (8
1589 and 110.1 [1 H]), and a fully substituted benzene ring
bearing three oxygen moieties (§ 154.5, 153.1, 151.1, 106.3,
106.4, and 104.0). Taking into account the number of
double bond equivalents implicit in the molecular formula,
calanolide A (1) had to be tetracyclic. The 'H NMR
spectrum contained two methyl singlets (5§ 1.49 and 1.44),
two methyl doublets (5 1.44 and 1.13), and a methyl triplet

(14) Grode, S. H.; James, T. R.; Cardellina, J. H., II; Onan, K. D.
Molecular structures of the briantheins, new insecticidal di-
terpenes from Briareum polyanthes. J. Org. Chem. 19883, 48,
5203-5207.
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Table 1. 500-MHz 'H NMR Data for Compounds 1-8°
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proton
no. 1 2 3 4 5 6 7 8
3 592, t,J = 593, t, J = 594,t,J = 593, t,J = 592, t,J = 594,t,J = 598, t, J = 2.67,dd, J =
1.0 Hz 1.0 Hz 1.0 Hz 1.0 Hz 1.0 Hz 1.0 Hz 1.0 Hz 6.5, 15.0 Hz
2.81,dd, J =
9.0, 15.0 Hz
4 3.67, br m
7 5.52,d,J = 5.52,d,J = 5.50,d, J = 5.51,d,J = 551,d,J = 5.56,d, J = 561,d,J = 5.45,d,J =
9.5 Hz 10.0 Hz 10.0 Hz 10.0 Hz 10.0 Hz 10.5 Hz 11.0 Hz 10.0 Hz
8 6.60,d,J = 6.61,d,J = 6.61,d,J = 6.61,d, J = 6.60,d, J = 6.83,d, J = 6.78,d,J = 6.58,d, J =
9.5 Hz 10.0 Hz 10.0 Hz 10.0 Hz 10.0 Hz 10.5 Hz 11.0 Hz 10.0 Hz
10 3.90,dq, J = 4.18, quin, J = 4.26, ddq, J = 4.24,dq,J = 4.27,dq, J = 4.32,dq, J = 4.69,dq,J = 4.49,dq,J =
9.0, 6.5 Hz 6.5 Hz 1.3, 3.5, 6.5 Hz 10.5, 6.5 Hz 11.0, 6.0 Hz 2.5, 7.0 Hz 3.0, 6.5 Hz 3.5, 7.0 Hz
11 1.91,ddq, J = 2.09,ddd, J = 2.23,ddq, J = 1.73,ddq, J = 1.69, ddq, J = 2.22, ddq, J = 261,dq,J = 252,dq,J =
9.0, 8.0, 6.5 6.0, 6.5, 7.5 Hz 3.5,3.7, 7.5 Hz 10.5, 3.3, 6.5 Hz 11.0, 2.5, 6.0 Hz 2.5, 6.0, 7.0 Hz 3.0, 7.0 Hz 3.5, 6.5 Hz
Hz
12 4.70,d, J = 597,d,J = 4.31,dd, J = 4.95,d,J = 4.54,d,J = 5.06,dd, J =
8.0 Hz 6.0 Hz 3.7, 1.3 Hz 3.3 Hz 2.5 Hz 6.0, 1.5 Hz
13,1 2.87,m 2.86, m 2.80, ddd 2.87, m 2.88, m 2.88, ddd 2.85, m 1.50, m
2.92, ddd 2.79, ddd 1.80, m
14,14’ 1.63, m 1.63, sext, J = 1.63, m 1.63, sext, J = 1.64, sext, J = 1.60, sext, J = 1.63, sext,J = 1.14, m (2 H)
7.0 Hz 7.0 Hz 7.0 Hz 7.0 Hz 7.0 Hz
15 1.01,t, J = 1.0, t,J = 1.01,t,J = 101, t,J = 101, t, J = 098, t,J = 101, t,J = 084,t,J =
7.5 Hz 7.0 Hz 7.5 Hz 7.5 Hz 7.5 Hz 7.5 Hz 7.5 Hz 7.0 Hz
16 1.44,s 1.46, 8 147, 8 1.46, s 1.46, 8 1.46, s 1.50, s* 141, 8
17 1.49, 8 1.49, s 1.45,8 147, 8 147, 8 1.46, 8 1.50, s* 1.45,8
18 144,d,J = 143,d,J = 1456,d,J = 141,d,J = 1.38,d, J = 141,d,J = 142,d,J = 1.35,d,J =
6.5 Hz 6.5 Hz 7.0 Hz 6.0 Hz 6.5 Hz 7.0 Hz 7.0 Hz 7.0 Hz
19 1.13,d,J = 1.05,d, J = 1.00,d,J = 1.12,d,J = 1.13,d,J = 1.06,d, J = 1.14,d,J = 1.12,d,J =
6.5 Hz 7.5 Hz 7.5 Hz 7.0 Hz 6.5 Hz 7.5 Hz 7.5 Hz 6.5 Hz
OR 3.55,brs (OH) 2.10, s (OAc) 3.59, s (OMe) 2.43, br s (OH) 3.58, s (OMe) 3.64,d,J = 124, s (OH)
1.5 Hz (OH)

4Spectra obtained in CDCl,. Compounds 1, 7, and 8 were assigned by HMQC, HMBC, COSY and difference NOE experiments. Assignments for compounds
2-6 were made by analogy. ?Two peaks separated by 0.04 Hz.

Table II. 125-MHz 13C NMR Data for Compounds 1-8°

carbon no. 1 2 3 4 5 6 7 8
2 160.4 160.0 160.9 160.9 160.8 160.8 160.0 1786
3 110.1 110.9 110.7 110.3 110.3 111.1 111.4 38.5
4 1568.9 157.7 158.2 158.7 158.5 158.6 158.1 30.5
4a 104.0 101.16 102.7 103.5 103.2 103.5° 102.7 108.9
4b 151.1 151.7 151.6 151.4 151.4 150.6 1567.6 157.3
6 76.6 77.8 716 71.7 71.6 78.8 789 78.2
7 126.9 126.8 126.6 126.7 126.6 126.9 128.2 125.6
8 116.5 116.4 116.6 116.5 116.6 115.7 115.0 115.6
8a 106.3 104.1° 104.1 106.1° 104.7° 102.9 104.1 102.6
8b 153.1 152.6 151.6 1563.9 153.8 152.6 160.0 160.04
10 7.9 76.6 73.8 73.0 73.4 75.6 714 76.1
11 40.5 38.6° 35.1 38.6° 38.66 35.1 45.7 44.2
12 67.2 67.1 71.6 61.9 70.8 65.9 192.9 201.0
12a 106.3 106.2 106.4 106.2 106.0° 109.2 106.8 101.2
12b 154.4 154.4 155.1 153.1 153.1 154.6 154.3 160.0/
13 38.7 38.1° 38.6 38.2° 38.65 38.9 38.9 35.4
14 23.3 233 23.3 23.3 23.3 23.2 23.0 20.7
15 14.0 14.0 14.0 14.0 14.1 14.0 139 14.0
16 274 27.8 217 27.8 27.8 28.2 28.0 28.1
17 28.0 28.0 279 21.7 27.9 28.4 28.1 28.5
18 18.9 19.2 19.5 18.9 19.2 16.8 15.9 16.2
19 15.1 156.3 17.0 12.5 13.3 7.2 9.0 9.3
170.7¢ 57.6° 59.4¢
21.2¢

aSpectra recorded in CDCl, and attached protons determined by the DEPT pulse sequence. *°Resonances within a column may be
interchangeable. ?Acetyl resonances. ¢ Methoxy resonance. /In CD;0D these signals appeared as doubled peaks at § 161.20, 161.16 and &

161.10, 161.03.

(6 1.01). Additional proton signals included those of an
allylic methylene (6 2.87 [2 H], m), an aliphatic methylene
(1.63 [2 H], m), and three olefin protons (6 6.60 d, J = 9.5
Hz; 592 t, J = 1.0 Hz; 552 d, J = 9.5 H2). These data
suggested that calanolide A (1) was a coumarin derivative
related to costatolide (9), a metabolite from Calophyllum
costatum.!®

One-bond and long-range proton-detected heteronuclear
correlation experiments (HMQC and HMBC) allowed the
complete assignment of both the 'H NMR (Table I) and

(15) Stout, G. H.; Stevens, K. L. The structure of costatolide. J.
Org. Chem. 1964, 29, 3604-3609.

13C NMR spectra (Table II) of calanolide A (1). Key
correlations included those between H8 and carbons 4b,
6, 8a and 8b, which helped establish the position of the
2,2-dimethylchromene system. Placement of the n-propyl
group at C4 was aided by a 1.0-Hz allylic coupling between
the C13 allylic methylene protons and the C3 olefin proton,
and by three-bond heteronuclear correlations from the C13
methylene protons to C3 and C4a. The remaining sub-
stitution pattern about the coumarin nucleus was defined
by correlations between H12 and carbons 8b, 10, 11, 123,
12b, and 19. This confirmed that calanolide A (1) had the
same skeleton as costatolide (9)!® and apparently differed
from 9 only in the relative stereochemistry of the sub-
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stituents about the 2,3-dimethylchromanol ring.

&
R R,

10 R, 3 CHy, Ry m H, Ry = CoHs 13
11 Ry = CHy, Ry s H, Ry s CHy
12 R; = H.Ry = CHy, Ry = CeHs

In the 'H NMR spectrum of compound 1, the H12
benzylic carbinol proton showed an 8.0-Hz coupling to H11,
which revealed that these two protons had a trans-diaxial
orientation. A 9.0-Hz coupling between H11 and H10
established that H10 also was axial. This assignment was
supported by NOE enhancements (3%) observed between
the diaxial H10 and H12 protons. Calanolide A (1) was
thus a diastereomer of costatolide (9), which showed /o ),
and Jy,_;, of 10.5 and 3.5 Hz, respectively.!® Two related
coumarin derivatives, inophyllum B (10)! and cordatolide
A (11)Y" reportedly had the same relative stereochemical
features about the chromanol ring as those found in 1, but
differed in their C4 substituents. The Jy4.,; and Jy,_ 2
coupling constants observed in calanolide A (1) were in
very close agreement with those reported for both com-
pounds 108 and 11.17

12-Acetoxycalanolide A. Compound 2, [a]p = +20°,
gave a parent ion by HREIMS at m/z 412.1825 Da cor-
responding to a molecular formula of CoHy30,. Significant
fragment ions were observed for M* — CH; (m/z 397,
41%), M* — AcOH (m/z 352, 30%) and M* — AcOH - CH,
(m/z 337,100%). The presence of an acetate group was
suggested by a sharp 3 H singlet in the 'H NMR spectrum
at § 2.10 and '3*C NMR resonances at § 21.2 (3 H) and
170.7. The remaining 'H and *C NMR signals for com-
pound 2 were very similar to those recorded for calanolide
A (1), except that the H12 resonance in 2 was shifted
downfield to é 5.97. This suggested that compound 2 was
the 12-acetoxy derivative of calanolide A (1). The J4;
(6.5 Hz) and J,,-,; (6.0 Hz) couplings in 2 supported a
pseudoaxial orientation of the chromanol ring protons.
The slightly diminished chromanol proton couplings in 2
conceivably resulted from a slight twisting of the flexible
chromanol ring. Further evidence for the proposed sub-

(16) (a) Bandara, B. M. R.; Dharmaratne, H. R. W.; Sotheeswaran,
S.; Balasubramaniam, S. Two chemically distinct groups of
Calophyllum species from Sri Lanka. Phytochemistry 1986,
25, 425-428. (b) Gunasekera, S. P.; Jayatilake, G. S.; Selliah,
S. S.; Sultanbawa, M. U. 8. Chemical investigation of Ceylo-
nese plants. Part 27. Extractives of Calophyllum soulattri
Burm. f. (Guttiferae). J. Chem. Soc. Perkin Trans. 1 1977,
1505-1511.

(17) Dharmaratne, H. R. W.; Sotheeswaran, S.; Balasubramaniam,
S.; Waight, E. S. Triterpenoids and coumarins from the leaves
of Calophyllum cordato-oblongum. Phytochemistry 1985, 24,
1553-1557.
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stituent configuration was provided by difference NOE
enhancements of 2% measured between H10 and H12.

12-Methoxycalanolide A. This compound (3), [a]p =
+32°, showed an HREIMS parent ion at m/z 384.1924 Da,
corresponding to a molecular formula of Cy3H,05. Sig-
nificant fragment ions observed for M* — CHj; (m/z 369,
12%), M* - CH,OH (m/z 352, 9%) and M* - CH,0H -
CH; (m/z 337, 100%) suggested the presence of a methoxyl
group, which was confirmed by a 'H NMR singlet (6 3.59,
3 H) and a corresponding carbon resonance at § 57.6. The
'H and BC NMR spectra revealed that compound 3 had
the same skeleton as calanolide A (1). However, important
differences were observed in the signals for some of the
chromanol ring substituents. In addition to the vicinal
couplings of J1.1; (3.5 Hz) and ;5 (3.7 Hz), a W coupling
of 1.3 Hz was observed between H10 and H12 in compound
3. The W coupling required a pseudodiequatorial con-
figuration for the C10 and C12 protons. Significant NOE
enhancements between H11 and both the C10 methyl
group (3.5%) and the C12 methoxyl group (3.5%) indi-
cated that H11 was cis to these two substituents and
therefore had an equatorial orientation about the chro-
manol ring. It appeared that in 12-methoxycalanolide A
(3) the preferred conformation of the chromanol ring was
inverted relative to calanolide A (1). Thus, while H10, H11,
and H12 were oriented a, 8, a, respectively, in both com-
pounds, in calanolide A (1) all three protons were axial,
and in 12-methoxycalanolide A (3) they were all equatorial.

Calanolide B. This compound (4), [a]p = +8°, was
isomeric to calanolide A (1), as it also showed a HREIMS
parent ion at m/z 370.1747 Da, corresponding to Cy,Hys05.
The 'H and 3C NMR spectra of calanolide B (4) were
virtually identical to those from calanolide A (1), with the
exception of some variations in signals from the chromanol
ring. It was clear from the spectral data that compound
4 differed from 1 only in the stereochemical disposition
of the chromanol ring substituents. Proton—proton cou-
pling constant analysis showed a 10.5-Hz J|4; coupling
and a 3.3-Hz J,,.;; coupling. Thus, H10 and H11 were
trans-diaxial while H11 and H12 were in a cis configuration
with H12 in a pseudoequatorial orientation. Calanolide
B (4) had the same relative stereochemistry as costatolide
(9) but its optical rotation was opposite in sign to that
reported for Y;!5 therefore, compounds 4 and 9 were en-
antiomeric.

12-Methoxycalanolide B. This compound (5), [a]p =
+34°, provided a HREIMS parent ion at m/z 384.1890 Da
appropriate for a molecular formula of C,;Hy05 Addi-
tional fragment ions were seen for M* — CH; (m/z 369,
12%), M* - CH;0H (m/z 352, 13%) and M* - CH,0H
- CH; (m/z 337, 100%). The 'H and *C NMR spectra
of 5 were virtually identical to those recorded for com-
pound 4 with the addition of a sharp 3 H singlet at § 3.58
and a corresponding carbon resonance at § 59.4. These
data indicated that compound 5 was the 12-methoxyl de-
rivative of calanolide B (4). This assignment was con-
firmed by acid hydrolysis of 5 using 6 N HCI at room
temperature in THF /H,0 for 48 h to provide compound
4 as the only product.

Calanolide C. Compound 6, [a]p = +68°, also was
isomeric with calanolide A (1), since it showed a similar
HREIMS parent ion at m/z 370.1695 Da, consistent with
a molecular formula of C;,Hy405;. Fragment ions were
found at M* - CH; (m/z 355, 100%), M* - CH; - H,0
(m/z 337, 26%) and M* - C;H,, (m/z 299, 35%). Again,
the only notable differences between the 'H and 3C NMR
spectra of 6 and those recorded for compound 1 were the
resonances associated with the chromanol ring. The J,¢;
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in 6 was 2.5 Hz while J;.,; was 6.0 Hz. These coupling
constants were insufficient to define the relative stereo-
chemistry of carbons 10, 11, and 12. However, the C12
hydroxyl proton exhibited a 1.5-Hz coupling to H12, which
suggested that the rate of exchange of the OH proton was
reduced due to hydrogen bonding to Ol. Hydrogen
bonding to O1 would require an equatorial OH at C12. A
5% NOE enhancement between H10 and H12 confirmed
that these protons each had axial orientations. Therefore,
H11 had to be equatorial because of the small /., cou-
pling. Calanolide C (6) was thus the C11 epimer of cala-
nolide A (1) and had the same substitution pattern and
relative stereochemistry about the chromanol ring as the
coumarin derivative inophyllum A (12).1 The J,4; (3.3
Hz) and J},,, values (5.4 Hz) reported for 12!¢ were in good
agreement with the respective couplings observed in ca-
lanolide C (6).

Compound 7. This compound, [a]p = +60°, provided
a HREIMS molecular ion at m/z 353.1352 Da appropriate
for a molecular formula of C3,H,,0;. This indicated that
7 had one additional unsaturation equivalent relative to
calanolide A (1). The infrared spectrum, with bands at
1734 and 1697 cm™, suggested the presence of an addi-
tional carbonyl group. Heteronuclear correlation experi-
ments allowed the complete assignment of the 'H and 1°C
NMR spectra of 7. While the *C NMR spectrum of
compound 7 was quite similar to that of calanolide A (1),
the C12 peak in 7 was shifted downfield to é 192.9, indi-
cative of an a,8-unsaturated ketone functionality. A shift
of the C11 proton resonance in 7 to § 2.61 supported its
placement a to a ketone carbonyl.

The small coupling measured between H10 and H11
(101 = 3.0 Hz) indicated that at least one of these protons
was equatorial. The oxidation product (13) of soulattro-
lide!® contains a similar 2,3-dimethylbenzopyranone ring
system. In compound 13, H10 and H11 are trans and a
J1o-11 coupling of 11.0 Hz was recorded.!® This indicated
that when the H10 and H11 protons were trans, the ring
adopted a conformation with these two protons in a diaxial
orientation. Therefore, the relative stereochemistry of the
H10 and H11 protons in calanolide D (7) had to be cis.
The absolute stereochemistry at C10 and C11 has not been
determined and therefore both of the corresponding me-
thyls have been drawn arbitrarily as 3. The ketone 7 could
be cleanly converted to calanolide C (6) by reduction with
NaBH,; the compounds were identical in all respects.

Compound 8. This compound, [a]p = +30°, had a
molecular formula of C,Hy04 as indicated by the
HREIMS parent ion at m/z 388.1890 Da. Fragment ions
appropriate for M* — CH; (m/z 373, 100%), M* - C;H,
(m/z 345, 3%), M* - COZCH3 (m/z 329, 5%), M* - C3H702
(m/z 313, 3%) and M* - COCHCH,;CHOHCH, (m/z 287,
3%) were also observed. The complete 'H and *C NMR
spectra of 8 were assigned with information provided from
NOE experiments and heteronuclear correlations. The 1*C
NMR spectrum contained signals for an unsaturated ke-
tone (6 201.0), a saturated ester (6 178.6), a disubstituted
olefin (6 125.6 [1 H] and 115.6 [1 H]), and a fully substi-
tuted benzene ring bearing three oxygens (6 160.0 [2 C],
157.3, 108.9, 102.6, and 101.2). Therefore, 8 had only three
of the four rings found in the other members of the cala-
nolide series. In contrast to compounds 1-7, which gave
vivid blue spots on TLC when charred with vanillin/
H,SO0,, 8 gave a brownish-green spot.

The 'H and '3C NMR spectra of 8 showed some reso-
nances that corresponded closely to the coumarin and
2,2-dimethylchromene ring systems of compounds 1-7.
However, the C3/C4'8 double bond in 1-7 was fully satu-
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Calanolide B - MTPA ester

Figure 1. 'H NMR Aé values (Aé = §g - 0y in Hertz at 500 MHz)
for (R)- and (S)-MTPA esters of calanolide A (1) and calanolide
B (4).

Calanolide A - MTPA esler

rated in 8. This resulted in a methylene (§ 2.81dd, J =
15.0,9.0 Hz and 2.67 dd, J = 15.0, 6.5 H2) a to the lactone
carbonyl that was coupled to the C4 benzylic methine (5
3.67 m). The C4 proton also showed heteronuclear cor-
relations to C2, C3, C4a, C12b, C13, and C14, which sup-
ported the presence of a 3,4-dihydrocoumarin skeleton with
an n-propyl substituent at C4. Heteronuclear correlations,
including those between H8 and C4b, and C6 and C8b,
confirmed the placement of the chromene functionality on
the coumarin ring system. This suggested that the chro-
manol ring system present in 1-7 was open in 8.

The position of the phenol on C8b was established by
heteronuclear correlations from the phenolic proton to C8a,
C8b and C12a and an NOE interaction with H8. Since the
remaining ketone group in the molecule was unsaturated,
it had to be located on C12. In this position it could accept
a hydrogen bond from the C8b phenol proton, which ap-
peared as a sharp singlet at § 12.40. The downfield shift
of H11 (6 2.52 dq, J = 3.5, 6.5 Hz) was appropriate for a
methine located a to a ketone. The C10 carbinol methine
proton (6 4.49 dq, J = 7.0, 3.5 Hz) showed vicinal coupling
to H11 and to the C18 methyl group. All heteronuclear
correlations, including those from the C19 methyl protons
to C10, C11, and C12, were fully consistent with the as-
signed structure for 8.

Stereochemistry. The absolute stereochemistry of
calanolide A (1) and calanolide B (4) was determined by
a modified Mosher’s method.’®* The technique utilized
anisotropic shifts induced in the 'H NMR spectra of a-
methoxy-a-(trifluoromethyl)phenylacetic (MTPA) esters
of secondary alcohols to define the absolute stereochem-
istry. Both (+)-(R)- and (-)-(S)-MTPA esters of com-
pounds 1 and 4 were prepared and Ad values (Figure 1)
from their 500-MHz 'H NMR spectra were calculated (Ad
= §g — ég). By this method, the absolute configuration of
C12 was determined to be 125 in calanolide A (1) and 12R
in calanolide B (4). As established earlier, calanolide A
(1) [10R, 11R, 12S5] and calanolide B (4) [10R, 11R, 12R]
were C12 epimers.

Esterification of calanolide A (1) occurred slowly (24 h
reflux for 1 vs 5 h for 4) and by '"H NMR analysis ester-
ification appeared to cause a change in the conformation
of the chromanol ring. The methyls and the ester group
flipped from equatorial to axial positions in the MTPA

(18) For clarity of discussion, calanolide E (8) has been numbered
in a scheme that is analogous to the numbering in the other
members of the calanolide series (1-7).

(19) (a) Ohtani, I.; Kusumi, T.; Ishitsuka, M. O.; Kakisawa, H.
Absolute configurations of marine diterpenes possessing a
xenicane skeleton. An application of an advanced Mosher’s
method. Tetrahedron Lett. 1989, 30, 3147-3150. (b) Ohtani,
L; Kusumi, T.; Kashman, Y.; Kakisawa, H. A new aspect of the
high-field NMR application of Mosher’s method. The absolute
configuration of marine triterpene sipholenol-A. J. Org. Chem.
1991, 56, 1296-1297.
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Table II1. Comparative Evaluation of Anti-HIV-1 Activity of
Compounds 1-8 in the Primary Screening Assay

maximum ECqg, ICy,
compd protection (%) (uM)° (uM)° TL
1 100 0.1 20 200
2 100 2.7 13 5
3 b b 21 b
4 100 0.4 15 37
5 35 b 19 b
6 30 b 30 b
7 b b 27 b
8 b b 25 b

¢ Averages of triplicate determinations; standard errors averaged
<10% of the respective means. ®Not measurable.

ester of 1, as Jy4.;; = 2.5 Hz (previously 9.0 Hz) and J},_),
= 2.5 Hz (previously 8.0 Hz). In addition, a four-bond W
coupling of 1.5 Hz between H10 and H12 could also be
observed. Similar changes in the conformation of the
chromanol ring were previously noted for compound 3.
The anisotropic shifts induced in the MTPA esters indi-
cated that the bulky MTPA group was sterically repulsed
by the coumarin ring lactone. Thus, the plane which di-
vided the molecule’s proton resonances into Ad-positive
and Ad-negative did not cleanly bisect the dihydropyran
ring through C12 and 09. In calanolide A (1) the dividing
plane seemed to come closer to C6 and in calanolide B (4)
to C8b. Due to the 1,3-diaxial orientation of the C108-
methyl and the C12(3-ester group in the MTPA ester of
1, the former methyl group was very strongly influenced
by the ester (Aé = +240 in comparison to +16 measured
for the Cl1la-methyl).

Biological Activity

Structure-Activity Comparisons. The pure com-
pounds 1-8 were comparatively evaluated for anti-HIV
activity in the primary screening assay!? (Table ITII). Over
a broad concentration range (<0.1->10uM), calanolide A
(1) provided 100% protection against the cytopathic effects
of HIV-1 infection and essentially haited HIV-1 replication
in human T-lymphoblastic (CEM-SS) cells (EC, = 0.1 uM,
IC;, = 20 uM). The ester derivative, 12-acetoxycalanolide
A (2), also was active, albeit less potent (EC;, = 2.7 uM,
IC;, = 13.0 uM), while 12-methoxycalanolide A (3) showed
no detectable antiviral activity in the primary screening
assay. Calanolide B (4), the C12 epimer of 1, was fully
active against HIV-1 and was more comparable to 1 in
potency (ECs, = 0.4 uM, IC;, = 15.0 uM). The 12-meth-
oxycalanolide B (5) and the calanolide C (6) showed very
weak but detectable activity in the primary screen, while
compounds 7 and 8 were inactive. The apparent in vitro
therapeutic indices (TT) for compounds 1, 2, and 4 were
200, 5, and 37, respectively. While the absolute stereo-
chemistry of calanolide C (6) was not determined, the
markedly diminished activity of 6 suggested that the ste-
reochemical orientation of both the hydroxyl and also the
methyl substituents about the chromanol ring significantly
influenced the activity in this series of compounds.

Correlative Assays. For a more definitive demon-
stration of the anti-HIV-1 activity of the pure calanolides
1 and 4, a battery of interrelated assays was performed on
individual wells of 96-well microtiter plates.?’ Cellular
viability, in the presence and absence of the calanolides,
was estimated in uninfected and HIV-1-infected cells, both

(20) Gulakowski, R. J.; McMahon, J. B.; Staley, P. G.; Moran, R.
A;; Boyd, M. R. A semiautomated multiparameter approach
for anti-HIV drug screening. J. Virol. Methods 1991, 33,
87-100.
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by an adaptation? of the published XTT-tetrazolium
method,? and by means of the fluorescent probe 2/,7-
bis(carboxyethyl)-5-carboxyfluorescein 6-acetoxymethyl
ester (BCECF),? a nonfluorescent molecule which enters
viable cells where it is hydrolyzed by cellular esterases to
a fluorescent compound. Total cellular DNA content was
measured with the dye, 4’,6-diamidino-2-phenylindole
(DAPI),” which fluoresces when intercalated at A-T spe-
cific sites in chromatin. Supernatant viral reverse tran-
scriptase (RT), viral p24 antigen (p24), and syncytium-
forming units (SFU) were assayed as described.?

As illustrated in Figure 2a—d, calanolide A was capable
of complete inhibition of all of the indices of cytopathic
effects of HIV-1 and of HIV-1 replication in CEM-SS
human lymphoblastoid target cells in vitro (ECs, 0.06-0.08
uM); direct cytotoxicity of the compound upon the target
cells was apparent only at 200-fold or greater concentra-
tions (IC;y 12-16 uM). Calanolide A also strikingly in-
hibited the production of RT, p24 core protein, and in-
fectious virus from HIV-1-infected CEM-SS within these
same inhibitory effective concentrations, indicating a
cessation of viral replication. Similar results (data not
shown) as those depicted for calanclide A in graphs in
Figure 2a—d were also obtained with calanolide B, although
requiring approximately 4-fold higher concentrations of
the latter for equivalent cytoprotection, as consistent with
the earlier comparative testing in the primary screen.

Activity of Calanolides against HIV-1 Reverse
Transcriptase. Calanolide A was also tested against
several strains of HIV-2 and found inactive (data not
shown). This raised the possibility that the calanolides
might fall into an emerging group of structurally-diverse,
non-nucleoside, HIV-1-specific inhibitors which act at a
common site on HIV-1 reverse transcriptase.2-2 Asan
initial step to examine this question, we tested calanolides
A and B against bacterial recombinant HIV-1 and HIV-2
reverse transcriptases using a poly(rA)-p(dT),, homo-
polymer template.?-31 Both compounds selectively in-

(21) Rink, T. J,; Tsien, R. Y.; Pozzan, T. Cytoplasmic pH and free
Mg?* in lymphocytes. J. Cell. Biol. 1982, 95, 189-196.

(22) McCaffrey, T. A.; Agarwal, L. A.; Weksler, B. B. A rapid
fluorometric DNA assay for the measurement of cell density
and proliferation in vitro. In Vitro Cell. Dev. Biol. 1988, 24,
247-252.

(23) Connolly, J. J.; Hammer, S. M. Antiretroviral therapy: Re-
verse transcriptase inhibition. Antimicreb. Agents Chemother.
1992, 36, 245-254,

(24) Pauwels, R.; Andries, K.; Desmyter, J.; Schols, D.; Kukla, M.
J.; Breslin, H. J.; Raeymaeckers, A.; VanGelder, J.; Woesten-
borghs, R.; Heykants, J.; Schellekens, K.; Janssen, M. A. C.;
DeClercq E.; Janssen, P. A. J. Potent and selective inhibition
of HIV-1 replication in vitro by a novel series of TIBO deriv-
atives. Nature 1990, 343, 470-474.

(25) Koup, R. A.; Merluzzi, V. J.; Hargrave, K. D.; Adams, J.;
Grozinger, K.; Eckner, R. J.; Sullivan, J. L. Inhibition of hu-
man immunodeficiency virus type 1 (HIV-1) replication by the
dipyridodiazepinone BI-RG-587. J. Infect. Dis. 1991, 163,
966-970.

(26) Goldman, M. E.; Nunberg, J. H.; O’Brien, J. A.; Quintero, J.
C.; Schleif, W. A.; Freund, K. F.; Gaul, S. L.; Saari, W. S.; Wai,
J. S.; Hoffman, J. M.; Anderson, P. S.; Hupe, D. J.; Emini, E.
A.; Stern, A. M. Pyridinone derivatives: Specific human im-
munodeficiency virus type 1 reverse transcriptase inhibitors
with antiviral activity. Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
6863-6867.

(27) Nunberg, J. H.; Schleif, W. A.; Boots, E. J.; O’'Brien, J. A.;
Quintero, J. C.; Hoffman, J. M.; Emini, E. A.; Goldman, M. E.
Viral resistance to human immunodeficiency virus type 1-
specific pyridinone reverse transcriptase inhibitors. J. Virol.
1991, 65, 4887-4892.

(28) DeClercq, E. HIV inhibitors targeted at the reverse transcrip-
tase. AIDS Res. Hum. Retroviruses 1992, 8, 119-134.
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Figure 2. Graphs A, B, and C show the effects of a range of concentrations of calanolide A upon uninfected CEM-SS cells () and
upon HIV-1 infected CEM-SS cells (®), as determined after 6 days in culture. Graph A depicts the relative numbers of viable CEM-SS
cells as assessed by the BCECF assay; graph B depicts the relative DNA content of the respective cultures; graph C depicts the relative
numbers of viable CEM-SS cells, as assessed by the XT'T assay. Graph D shows the effects of a range of concentrations of calanolide
A upon indices of infectious virus or viral replication; these indices include viral reverse transcriptase activity (A), production of viral
core protein p24(#), and syncytium-forming units (W). In graphs A, B, and C, the data points are represented as the percent of the
respective uninfected, nondrug treated control values. In graph D, the data points are represented as the percent of the respective
infected, nondrug treated control values. In all graphs, each point was derived from the mean of at least quadruplicate determinations;

standard errors averaged <10% of the respective means.

hibited the HIV-1 reverse transcriptase (Figure 3). While
the apparent IC;y’s for HIV-1 RT inhibition were 5-10-fold
higher than for the HIV-1 anticytopathic ECy;’s, this could
be explained by the use of the recombinant enzymes
and/or the homopolymer template in the assays.??
Therefore as a followup, calanolide A was tested against
HIV-1 RT using a ribosomal RNA template;* the resulting

(29) Hizi, A.; McGil, C.; Hughes, S. H. Expression of soluble, en-
zymatically active, human immunodeficiency virus reverse
transcriptase in Escherichia coli and analysis of mutants.
Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 1218-1222.

(30) Clark, P. K,; Ferris, A. L.; Miller, D. A,; Hizi, A.; Kim, K. W.;
Deringer-Boyer, S. M.; Mellini, M. L.; Clark, A. D., Jr.; Arnold,
G. F.; Lebherz, W. B,, III; Arnold, E.; Muschik, G. M.; Hughes,
S. H. HIV-1 reverse transcriptase purified from a recombinant
strain of Escherichia coli. AIDS Res. Hum. Retroviruses 1990,
6, 753-764.

(31) Hizi, A.; Hughes, S. H.; Shaharabany, M. Mutational analysis
of the ribonuclease H activities of human immunodeficiency
virus 1 reverse transcriptase. Virology 1990, 175, 575-580.

(32) White, E. L.; Buckheit, R. W.; Ross, L. J.; Germany, J. M,;
Andries, K.; Pauwels, R.; Janssen, P. A. J.; Shannon, W. M,;
Chirigos, M. A. A TIBO derivative, R82913, is a potent inhib-
itor of HIV-1 reverse transcriptase with heteropolymer temp-
lates. Antiviral Res. 1991, 16, 257-266.
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Figure 3. Effects of calanolide A (@,0) and calanolide B (a,a)
on HIV-1 RT (closed symbols) and HIV-2 RT (open symbols).
Each point represents the mean of triplicate determinations;
standard errors averaged <15% of the respective means.

IC,, value (0.07 uM; data not shown) corresponded closely
to the antiviral EC;, values (Figure 2).
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Figure 4. The effect of calanolide A on uninfected MT-2 cells
(0) and on infected MT-2 cells (@) with (A) AZT-resistant HIV-1
strain g9106 or (B) pyridinone-resistant HIV-1 strain A17. Each

point represents the mean of triplicate determinations; standard
errors averaged <15% of the respective means.

Calanolide A Activity against Drug Resistant
Strains of HIV-1. Experiments were performed with
calanolide A against MT-2 target cells infected with the
AZT-resistant HIV-1 strain, G-9106,% or with the pyri-
dinone-resistant HIV-1 strain, A17.2" The AZT-resistant
virus is inhibited by other reported non-nucleoside HIV-1
specific inhibitors; however, the pyridinone-resistant virus
is highly cross-resistant to all of these structurally diverse
compounds (including TIBO, BI-RG-587, and 1.963,593)
which appear to comprise a common pharmacologic
class.Z2 Tt is currently surmised that this group of com-
pounds interacts with the same binding site on HIV-1 RT
and that cross-resistance to the group results, at least in
part, from a mutation at amino acid position 181.7 It was
therefore of particular interest in the present study that
calanolide A was capable of fully protecting MT-2 target
cells from the cytopathic effects of not only the AZT-re-
sistant virus but also the A17 strain of HIV-1 (Figure 4).
This suggested that the calanolides represent a new
pharmacologic class of non-nucleoside, HIV-1 specific
antiviral RT inhibitor. More detailed analyses of the
molecular pharmacology of RT inhibition by the calano-
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lides have solidified this view; these results will be pres-
ented in detail in a separate manuscript.

Conclusion

Nucleoside derivatives, such as AZT and DDI, currently
represent the only commercially available, known clinically
active anti-HIV agents used widely in the therapy of AIDS.
While these agents are useful but not curative, the search
for new, non-nucleoside agents which do not share cross-
resistance, or which have different mechanisms of action
or nonoverlapping toxicity profiles is an urgent priority.
Combination chemotherapy with rationally selected drugs
representing diverse anti-HIV chemotypes will likely be
required for major advances in the effective treatment of
AIDS 3

The calanolides represent a novel anti-HIV chemotype
distinct from any previously known pharmacologic class.
Moreover, the relative structural simplicity of the class may
make synthesis feasible as a source for further study, as
well as offer the opportunity for synthetic or semisynthetic
structure—activity optimization. The calanolides merit
careful consideration as a priority class for drug develop-
ment.

Experimental Section

General. A description of the equipment and instrumentation
used in these studies has been provided in previous reports.#” The
paucity of the individual compounds available from the extracts
and the urgent need for detailed biological evaluation precluded
the use of combustion analyses. Composition and purity were
assessed by high resolution mass spectrometry and NMR analyses
(see supplementary material).

Collection and Extraction. Fruit and twig samples of
Calophyllum lanigerum were collected in Sarawak, Malaysia, as
part of an NCI plant collection contract. Voucher specimens for
this collection are maintained for botanical reference at the
Smithsonian Institution Museum of Natural History, Botany
Department. Dried plant material (763 g) was stored at =20° until
it was ground, percolated in 1:1 CH;Cl,/MeOH and washed with
100% MeOH. Removal of the solvent under reduced pressure
provided 72.5 g of organic extract.

Chromatographic Separation. A 10-g portion of the organic
extract was subjected to a solvent/solvent partitioning protocol
which concentrated the anti-HIV activity in the hexane (770 mg)
and CCl, (590 mg) soluble fractions. The active fractions were
individually separated by vacuum liquid chromatography (VLC)
on 10 g of silica using mixtures of hexane/EtOAc. The active
constituents eluting with 10-25% EtOAc were combined on the
basis of TLC and 'H NMR profiles to provide two active fractions.
The individual fractions were further separated by VLC on silica
using gradual step gradient elution with hexane/EtOAc mixtures.
Final purification was achieved by silica HPLC using 7:3 hex-
ane/EtOAc for calanolide A (1) (11.7 mg), calanolide B (4) (5.0
mg) and calanolide D (7) (12.5 mg). Purification of the other
components was effected by C,s HPLC with 9:1 MeOH/H,0 to
give 12-acetoxycalanolide A (2) (7 mg), 12-methoxycalanolide A
(3) (56 mg), 12-methoxycalanolide B (5) (16 mg), calanolide C (6)
(4 mg) and calanolide E (8) (11 mg).

Calanolide A (1): [a]p +60° (CHCI;, ¢ 0.7); UV A, (MeOH)
325 (e 13,700), 284 (¢ 22,800), 228 (¢ 22,200) nm; IR (film) v, 3439,
2966, 1735, 1713, 1583, 1111 cm!; HREIMS obsd m/z 370.1764,
caled for Cg,Hy0;5, 370.1780; LRMS m/z 370 (38%), 355 (100%),
337 (12%), 299 (29%).

12-Acetoxycalanolide A (2): [a]p +20° (CHCI,, ¢ 0.5); IR
(film) v, 2960, 1738, 1585, 1376, 1230, 1138 cm™!; HREIMS obsd
m/z 412.1825, caled for CoHyOg, 412.1886; LRMS m /2 412 (13%),
397 (41%), 352 (30%), 337 (100%), 299 (8%).

12-Methoxycalanolide A (3): [a]p +32° (CHCl;, ¢ 0.8); IR
(film) v, 2960, 1731, 1584, 1380, 1137 cm™!; HREIMS obsd m/2

(33) Larder, B. A.; Darby, G.; Richman, D. D. HIV with reduced
sensitivity to Zidovadine (AZT) isolated during prolonged
therapy. Science 1989, 243, 1731-1734.

(34) Merigan, T. C. Treatment of AIDS with combinations of an-
tiretroviral agents. Am. J. Med. 1991, 90 (Suppl. 4A), 4A-8S,
4A-175.
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384.1924, caled for CosHggOs5, 384.1937; LRMS m /2 384 (5%), 369
(12%), 352 (9%), 337 (100%).

Calanolide B (4): [a]p +10° (acetone, ¢ 1.0); UV A, (MeOH)
325 (e 13,700), 284 (e 22,800), 228 (¢ 22,200) nm; IR (film) »,,,, 3470,
2970, 1732, 1587, 1464, 1376, 1137 cm™'; HREIMS obsd m/z
370.1747, caled for CooHpsO5, 370.1780; LRMS m/z 370 (3%), 355
(100%), 337 (13%), 300 (5%), 299 (20%).

12-Methoxycalanolide B (5): [a]p +34° (CHCI;, ¢ 0.5); IR
(film) »,,, 2966, 1734, 1716, 1700, 1558, 1540, 1506, 1457 cm™!;
HREIMS obsd m/z 384.1880, calcd for Cy3HysO5, 384.1937; LRMS
m/z 384 (4%), 369 (12%), 352 (13%), 337 (100%).

Calanolide C (6): [a]p +68° (CHCI,, ¢ 0.7); IR (film) »,,, 2960,
1729, 1620, 1582, 1120 cm™; HREIMS obsd m/z 370.1695, caled
for CyHyg05, 370.1780; LRMS m/z 370 (52%), 355 (100%), 337
(25%), 299 (35%).

Compound 7: [a]p +60° (CHCI,, ¢ 0.5); IR (film) v, 2960,
1734, 1697, 1684, 1575, 1558 em™!; HREIMS obsd m /z 368.1213,
caled for CyoH,,Oy, 368.1624; LRMS m /2 368 (25%), 353 (100%),
297 (68%).

Compound 8: [a]p +30° (CHCl;, ¢ 0.5); IR (film) »,,, 2960,
1706, 1644, 1625, 1442, 1131 cm™'; HREIMS obsd m/z 388.1890,
caled for Cy,Hg50g, 388.1886; LRMS m/z 388 (19%), 373 (100%),
345 (3%), 329 (5%), 313 (3%), 287 (3%).

Preparation of the (R)- and (§)-MTPA Esters of Cala-
nolide A (1) and Calanolide B (4). A solution of (R)-a-meth-
oxy-a-(trifluoromethyl) phenylacetic acid chloride (2.5 mg in 50
wL of benzene) was added to 3 mg of calanolide A (1) dissolved
in 3 mL of dry benzene. A 0.03-mg aliquot of (dimethyl-
amino)pyridine and 10 uL of triethylamine were added, and the
reaction mixture was refluxed. After 3 h, a second 2.5-mg portion
of (R)-MTPA chloride was added, and the reaction was refluxed
for an additional 21 h. When the mixture had cooled, 10 mL of
benzene was added and the organic phase was successively washed
with 10% HCI], 1 N NaHCOj,, and H,0. The solution was dried
over Na,SO,, evaporated to dryness, and then quickly chroma-
tographed on a short plug (1 X 2 cm) of silica, eluting with
mixtures of hexane/EtOAc. A compound which appeared to be
an elimination product eluted first with 5% EtOAc while the
desired (R)-MTPA ester eluted with 12% EtOAc. The same
procedure was repeated with (S)-MTPA chloride to give the
(S)-MTPA ester. The (R)- and (S)-MTPA esters of calanolide
B (4) were prepared in an identical fashion, with the exception
that after the second addition of the MTPA chloride, the reaction
mixture was refluxed for only an additional 2 h (total time of reflux
=5h).

Hydrolysis of 12-Methoxycalanolide B (5) To Give Cala-
nolide B (4). A solution of 2 mg of compound 5 in 400 uL of
2:1 THF /H,;0 was treated with 8 uL of 6 N HCl. The reaction
mixture was maintained at room temperature for 48 h, at which
time no more starting material remained as judged by TLC. Ten
milliliters of CHCl, were added, and the organic phase was washed
with 1 N NaHCO,, dried over Na,SO,, and evaporated to dryness
to give calanolide B (4) as the only product.

Antiviral Assays. The XTT-tetrazolium primary NCI screen
for anti-HIV activity was performed as described previously.341320
The confirmatory assays were also performed as described else-
where.?2 The CEM-SS human lymphocytic target cell line used
in the antiviral assays was maintained in RPMI 1640 medium
(Gibeo, Grand Island, NY) without phenol red and supplemented
with 5% fetal bovine serum, 2 mM L-glutamine and 50 ug/mL
gentamicin (complete medium). Exponentially growing cells were
pelleted and resuspended at a concentration of 2.0 X 10° cells/mL
in complete medium. The Haitian variant of HIV, HTLV-1IIgzy
(3.54 X 10 SFU/mL) was used throughout. Frozen virus stock
solutions were thawed immediately before use and resuspended
in complete medium to yield 1.2 X 125 SFU/mL. The appropriate
amounts of the pure compounds for anti-HIV evaluations were
dissolved in 100% DMSQ and then diluted in complete medium
to the desired initial concentration (and with final DMSO content
not exceeding 1%). All serial drug dilutions, reagent additions,
and plate-to-plate transfers were carried out with an automated
Biomek 1000 Workstation (Beckman Instruments, Palo Alto, CA).
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For the experiments yielding the data depicted in Figure 2,
additional details are as follows. Uninfected CEM-SS cells were
plated at a density of 1 X 104 cells in 50 uL of complete medium.
Diluted HIV-1 virus was then added to appropriate wells in a
volume of 50 uL to yield a multiplicity of infection of 0.6. Ap-
propriate cell, virus, and drug controls were incorporated in each
experiment; the final volume in each microtiter well was 200 uL.
Quadruplicate wells were used for virus-infected cells, and du-
plicate wells were used for uninfected cells. Plates were incubated
at 37 °C in an atmosphere containing 5% CO, for 6 days. Sub-
sequently, aliquots of cell-free supernatant were removed from
each well using the Biomek, and analyzed for reverse transcriptase
activity, p24 antigen production, and synthesis of infectious virions
as described.?® Cellular growth or viability then was estimated
on the remaining contents of each well using the XTT,!3%
BCECF,? and DAPI? assays as described.?

Antiviral analysis was also performed with calanolide A in MT-2
target cells infected with the AZT-resistant strain of HIV, G-
9106, or the pyridinone-resistant HIV strain, A17.? The viruses
were grown and the antiviral assays performed in these cells as
previously described.?

Reverse Transcriptase Assay. Compounds were tested for
their inhibitory activity against recombinant HIV-1 and HIV-2
reverse transcriptases which were prepared and assayed as pre-
viously described?%! with certain modifications. Briefly, test
compounds were diluted in a virus disruption buffer (VDB)
containing 50 mM Tris, pH 7.8, 0.15 mg/mL dithiothreitol (DTT),
and 0.1% Triton X-100. Serial dilutions of candidate drugs were
added to the individual well of a 96-well V-bottom plate. Re-
combinant enzyme was diluted in VDB and added to appropriate
wells (50 uL/well). RT control wells received only VDB. Aliquots
of 10 uL from each well were added to 30 uL of cocktail containing
2 uL of 1 mM Tris, pH 7.8, 1 uL of 3 M KCl], 5 uL of 3 mg/mL
DTT, 5 uL of 0.1 M magnesium acetate, 10 uL of Poly(rA)-p(dT)s,
(2 units/mL), 8.5 uL of distilled water, 0.5 uL, of 10% Triton
X-100, and 10 uL of [*H]dTTP (16.56 Ci/mmol). Samples were
incubated for 30 min at 37 °C, harvested onto DE81 ion-exchange
paper, and allowed to absorb with distilled water. Pads were then
dried and counted in a liquid scintillation counter.

In an additional experiment, a solution containing 16S and 23S
Escherichia coli ribosomal RNA, obtained from Boehringer
Mannheim Biochemicals (Indianapolis, IN) was used for the
primer in an anti-HIV-1 RT assay. The preparation of the enzyme
and the other methods used in this assay have been described
elsewhere.?
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