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Chemical investigation of a new species of the deep-water marine sphemgermatiumcollected by

manned submersible at a depth of 740 feet in Palau, resulted in the isolation of two cytotoxic macrolides,
leiodolides A () and B @). The leiodolides represent the first members of a new class of 19-membered
ring macrolides, incorporating several unique functional groups including a conjugated oxazole ring, a
bromine substituent, and arhydroxy-a-methyl carboxylic acid side-chain terminus. The structures of
these new metabolites were established by spectroscopic analysis, chemical modification, and degradation.
The relative and absolute stereochemistries at most chiral centers were assigned on detailed interpretation
of spectroscopic data, coupled with chemical degradation and application of the modified Mosher ester
method. Leiodolide A showed significant cytotoxicity (averagegoGl 2.0 uM) in the National Cancer
Institute’s 60 cell line panel with enhanced activity against HL-60 leukemia and OVCAR-3 ovarian
cancer cell lines.

Introduction several studies of lithistid sponges collected from deeper waters
. o ._.along the New Caledonian Norfolk Ridge via sea-floor
Marine sponges of the order Lithistida (class Demospongiae) dredging> 14 have been reported. The important anticancer

are well-known as a prolific source of novel bioactive secondary 4gent giscodermolide was isolated from a deep-water Atlantic
metabolites, which include complex polyketides, cyclic peptides,
alkaloids, pigments, and novel sterdl€hemical investigations Ch(4) Mgtsug%%a, S; zFuggfaéniéé\l.; Hashimoto, K.; Walchli, MJRAm.
; ; em. Socl989 111, 25 588.
of lithistid sponges h‘_ave focused on tropical Indo-Pacific species (5) Kitagawa, 1. Kobayashi. M.: Katori, T.. Yamashita, M.: Tanaka, J.:
that were collected in shallow waters by scdb&. However, Doi, M.: Ishida, T.J. Am. Chem. Sod.99Q 112 3710-3712.
(6) Fusetani, N.; Matsunaga, S.; Matsumoto, H.; Takebayaski, Am.
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T University of California, San Diego. T.J. Am. Chem. Sod.993 115 66616665.
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sponge collected by submersibfel” While many of the lithistid
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human colon adenocarcinoma (HCT-116); thus, these fractions

sponges are known to be deep-water species, those from thavere combined and further fractionated by isocratic reversed-
West-Central Pacific, including Micronesia and Polynesia, have phase HPLC (PRP-1 semi-prep, 27.5% acetonitrj&/t2 mL/
been less accessible because submersibles are rarely availablain) to give leiodolide A {, 8 mg, 0.001% dry weight) and

in this area. Recently, we had the opportunity to utilize the leiodolide B ¢, 0.8 mg, 0.0001% dry weight).

manned submersiblBeep Workerwhich provided access to

The molecular formula of leiodolide Alj}, assigned as

deeper collection sites along the barrier reefs of Palau. As partC;;H,sNOg by high-resolution MALDI-MS spectral analysis
of our general interest in exploring marine-derived anticancer [m/z = 598.2992 [M+ Na]t, A 0.9 ppm], was consistent with
agents, a new sponge, identified as a member of the rare genugoth13C and'H NMR spectral data (Table 1). Analysis of proton

Leiodermatium (order Lithistida, family Azoricidaé} was

and carbon NMR data revealed signals due to two disubstituted

collected at a depth of 720 feet near Uchelbeluu Reef in Palau.and two trisubstituted double bonds, four oxygenated methines,
No secondary metabolites have been reported from this genusa methoxy group, a saturated carboxylic acidggftunsaturated
to date. In this paper, we describe the structures and bioactivitiesester or carboxylic acid, and a small, nitrogen-containing aromat-

of two selectively cytotoxic macrocyclic lactones, leiodolides
A (1) and B @) isolated from this rare source.

Results and Discussion

ic ring (On 7.68,0¢ 135.0,0¢ 143.5,0¢ 166.3). Combined, these
data suggested thdt was an oxygenated polyketide-derived
metabolite.

Analysis of COSY NMR cross-peaks established the con-
nectivity between two olefinic protons at C-2(5.71, d, 15.5
Hz) and C-3 ¢y 6.89, dd, 15.5, 9.5 Hz). The large coupling
constant between H-2 and H-3 establishedElenfiguration
for this disubstituted double bond. COSY correlations revealed
a linear spin system comprised ofA#- olefin, a methylated
methine, C-4 ¢y 2.39, m), a methyl doublet, C-18{ 1.26, d,

7.0 Hz), and an oxygen-bearing methine, G3p 4.55, dd, 8.5,

2.0 Hz). The H-5 methine resonance was also coupled to an
olefinic proton resonance at C-646.32, dd, 9.0, 1.5 Hz) of a
trisubstituted double bond. Allylic coupling between H-6 and
the C-19 methyl protons(; 1.93, d, 1.5 Hz) was evident from

the COSY spectrum, and this established the presence of these
two substituents as a trisubstituted double bond. A NOESY NMR
experiment, which showed a correlation between H-19 and H-5,
combined with the lack of a correlation between H-19 and H-6,
established the configuration of this double bondcEas

Further analysis of COSY NMR data also illustrated a linear
subunit comprised of two sets of methylene protons, Céll (
2.71, 2.83, m) and C-12(, 1.60, 2.05, m), a methyl-bearing
methine proton, C-13 1.29, m), a methyl doublet, C-20
0.97, d, 6.0 Hz), a methylene pair, C-184(1.62, 2H, m), and
three oxygenated methane protons, C-4,53.24, ddd, 8.0 4.0,
0.5 Hz), C-16 §y 3.46, d, 9.5 Hz), and C-1%§ 5.77, t, 9.5
Hz). The downfield H-17 methine proton was also observed to
be coupled to an olefinic proton at C-2@4(5.14, dd, 9.5, 1.0
Hz), which in turn showed allylic coupling to a vinyl methyl
resonance at C-3®§ 1.80, d, 1.0 Hz). In the NOESY NMR
spectrum ofl, cross-peaks (H-22 and H-24, H-30 and H-25)

The lyophilized sponge (730 g, dry weight) was exhaustively established th& configuration of theA?223olefin. The remain-

extracted wih 1 L of methanol at room temperature. Roughly

ing proton couplings observed in the COSY spectrum were

half of the methanol was removed in vacuo, and the remaining assigned to a linear four-carbon subunit consisting of a down-
methanol solution was adsorbed onto an HP20 column andfield methylene proton pair, C-246§ 2.75, 2.81, m), two
subsequently eluted using an increasing concentration of acetonélefinic methine protons, C-2%{ 5.50, m) and C-2644 5.58,

in water as previously describé¥The 50% and 75% aqueous
acetone fractions exhibited significant cytotoxicity against

(14) D'Auria, M. A,; Debitus, C.; Paloma, L. G.; Minale, L.; Zampella,
A. J. Am. Chem. S0d.994 116 6658-6663.

(15) Gunasekera, S. P.; Gunasekera, M.; Longley, R. E.; Gayle, X. S.
Org. Chem.199Q 55, 4912-4915.

(16) Gunasekera, S. P.; Gunasekera, M.; McCarthyl. ®@rg. Chem.
1991, 56, 4830-4833.

(17) Gunasekera, S. P.; Pomponi, S. A.; McCarthyl. Nat. Prod.1994
57, 79-83.

(18) Schmidt, O.GrundZige einer Spongien Fauna des Atlantischen
Gebietes;Wilhelm Engelmann: Leipzig, 1870.

(19) sandler, J. S.; Forsburg, S. L.; Faulkner, DTétrahedron2005
61, 1199-1206.
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m), and an additional methylene pair, C-2¢;2.36, 2.52, m).
Selective decoupling of the C-24 methylene protons in a
homonuclear decoupling experiment (HOMODEC) revealed an
11.0 Hz coupling constant between H-25 and H-26, suggesting
a Z configuration for theA2526 glefin. Additional support for

(20) Hiemstra, H.; Houwing, H. A.; Possel, O.; van Leusen, AQ4n.
J. Chem.1979 57, 3168-3170.

(21) Yabuuchi, T.; Kusumi, TJ. Org. Chem200Q 65, 397—404.

(22) Norte, M.; Gonzalez, R.; Fernandez, J. J.; Rico,Tdtrahedron
1991, 47, 7437-7446.

(23) Kessler, HAngew. Chem., Int. E003 21, 512-523.

(24) Eberstadt, M.; Gemmecker, G.; Mierke, D. F.; KesslerARgew.
Chem., Int. Ed. Engl1995 34, 1671-1695.
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TABLE 1. I%C, H, and HMBC NMR Data for Leiodolide A (1) 2
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C no. 13C NMR (ppm) H no. IH NMR in ppm, mult §in Hz) HMBC spectral data
1 166.9 C
2 124.3 CH 5.71d (15.5) C-1,C-4
3 151.2 CH 6.89 dd (15.5, 9.5) C-1,C-2,C-4,C-18
4 44.9 CH 2.39m C-2,C-3,C-5,C-18
5 72.3 CH 4.55dd (8.5, 2.0) C-3,C-4,C-6,C-7,C-18
6 131.4 CH 6.32dd (8.5, 1.5) C-4,C-7,C-8,C-19
7 125.6 C
8 1435 C
9 135.0 CH 7.68s C-6, C-8, C-10
10 166.3 C
11 25.2 CH 271m C-10, C-12, C-13
CH; 2.83m C-10, C-12, C-13
12 34.7 CH 1.60 m C-10, C-11, C-13, C-14, C-20
CH; 2.05m C-10, C-11, C-13, C-14, C-20
13 29.5 CH 1.29m C-11, C-12, C-14, C-15, C-20
14 35.9 CH 1.62m C-12, C-13, C-15, C-16, C-20
15 80.2 CH 3.24 ddd (8.0, 4.0, 0.5) C-13,C-14,C-21
16 73.3 CH 3.46d (9.5) C-17,C-2
17 70.8 CH 5.77t(9.5) C-1, C-15, C-16, C-22, C-23
18 16.8 CH 1.26d (7.0) C-3,C-4,C-5
19 13.8 CH 1.93d (1.5) C-4,C-5,C-6,C-7,C-8
20 21.5 CH 0.97d (6.0) C-13,C-14
21 58.1 CH 3.39s C-1
22 123.3 CH 5.14dd (9.5, 1.0) C-16, C-24, C-30
23 143.3 C
24 38.1 CH 2.75m C-22, C-23, C-25, C-26, C-30
CH; 2.81m C-22, C-23, C-25, C-26, C-30
25 130.1 CH 550 m C-27
26 127.4 CH 5.58 m C-27,C-22
27 39.0 CH 2.36m C-25, C-26, C-28, C-29, C-31
CH; 252m C-25, C-26, C-28,C-31
28 76.1 C
29 181.1 C
30 17.9 CH 1.80d (1.0) C-22,C-23,C-24
31 26.4 CH 1.35s C-27,C-28, C-29

al13C shifts and number of attached protons assigned by multiplicity-edited gHSQC experiff@MiVIR data were recorded at 75 MHz in MeQta-
while all *H NMR spectra, including HMBC spectral data, were obtained at 500 MHz in MdQH-

this configuration was provided by analysis of NOESY NMR

relations to the quaternary carbons C-8 and C-10. In addition,

data, which showed correlations between the methylene protonsHMBC correlations observed from both H-6 and Me-19 to C-8,
and from the methylene protons at C-11 and C-12 to C-10,
Long-range proton-carbon correlations observed in the HVMBC established the location of the oxazole ring as shown.

at C-24 and C-27.

spectrum ofl (Table 1) provided corroborative evidence to

Analysis of unassigned NMR and IR spectral data indicated

support the three subunits deduced from COSY NMR data (C-2 that the remaining portion of the molecule consisted of an
to C-6, C-11 to C-22, and C-24 to C-27). In addition, HMBC oxygenated quaternary carbon, C-28 6.1), a methyl singlet,
correlations were observed from the olefin protons at C-2 and C-31 (4 1.35,6¢ 26.4), and an aliphatic carboxyl acid carbon,
C-29 (0c 180.1; IR 1715 cml). HMBC NMR correlations (H-

C-3 to the carbonyl C-15¢ 166.9), establishing this as ang-

unsaturated lactone moiety. HMBC correlations allowed a link 27 to C-28, C-29, and C-31 and H-31 to C-27, C-28, C-29)
between the olefinic methyl group at C-19 and a substituted established a link between the C-27 methylene and this terminal
olefin carbon §c 125.6), assigned as C-7, to be made. Last, group. With all other atoms in compourdaccounted for, the
HMBC correlations from the C-30 olefinic methyl protons to  molecular formula only allowed for an additional three carbons,
the substituted olefin carbon C-23, and to the methylene carbonfive protons, and three oxygen atoms in this functional group.
C-24, established a link between C-24 and At&23trisubsti- Taken together, these data were consistent with literature NMR
tuted double bond, and allowed the methoxy group C&i1 ( models for thea-hydroxy-a-methyl carboxylic acid terminal
3.38,0¢ 58.1) to be positioned at the C-15 oxymethine carbon. group?!22Methylation of1 with diazomethane gave the methyl

Analysis of *C NMR data revealed the presence of a ester3 verifying the presence of the terminal carboxylic acid.
disubstituted 1,3-oxazole ring. These rings show characteristic  The molecular formula ofl indicated the presence of 10
carbon signals which were reflected by those at ©8143.5), unsaturation equivalents. With all carbon connectivities ac-
C-9 (0w 7.68, 0c 135.0), and C-10dc 166.3). Furthermore,  counted for, the remaining degree of unsaturation required a
the e coupling observed for C-9 (205.8 Hz) is highly cyclic structure. The observation of an HMBC correlation from
characteristic of these small ringsAs expected, the hetero- H-17 to the carbonyl carbon C-1 indicated an ester linkage
aromatic proton, H-9, exhibited long-range HMBC NMR cor- petween C-1 and C-17, thereby establishing the structufe of
= ” — as an 19-membered ring macrolide.

25) Matsumori, N., Kaneno, D., Murata, M.; Nakamura, H.; Tachibana, - v/ariable-temperature NMR experiments showed that the
K. 3 Org. Chem1999 64, 866-876. chemical shift differences of methylene protons dit-H

(26) Williamson, R. T.; Maquez, B. L.; Gerwick, W. H.; Keér, K. E. !
Magn. Reson. Chen200Q 38, 265-273. coupling constants at centers throughout compdunere not
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FIGURE 1. Depiction of the relative stereochemistry of C-2 to C-7
in leiodolide A (1): (a) sawhorse representation and (b) Newman
projection. Important NOEs are illustrated with dashed lines. Long-
range protor-carbon couplings are indicated with solid arrows=<8),
whereas vicinal protoaproton couplings are indicated with solid lines
(H—H). See the text for coupling constantdq and3Jy ).

dependent on temperature{80 °C) or NMR solvent (MeOH-
d4, DMSO-ds). These observations confirmed the existence of
a single predominant conform&rand implied that an assign-

Sandler et al.

p-toluenesulfonate provided the five-membered ring acetonide
5, which was purified by reversed-phase HPLC. The NOESY
spectrum ob revealed NOE enhancements between H-16 and
H-17 and between H-21 and H-22, establishing the cis orienta-
tion of H-16 and H-17 in acetonide (Figure 3). A very small
coupling constant (0.5 Hz) between H-15 and H-16 (Figure 2c)
suggested a system in which both protons are opposite the
oxygen atomg? A small3Jc 4 (2.5 Hz) observed for H-16 and
C-14 indicated a gauche orientation for these atoms. NOE
enhancements (H-17 to H-15 and Me-21; C-16 OH to H-14
and Me-21; H-14 to H-16) established the configuration of C-15
relative to C-16, with the C-21 methoxyl anti to H-16 (Figure
2c). The relative configuration of a 1,3-methine system can be
determined if the C-2 diastereotopic methylene protons can be
assigned® Although it was possible to determine both th:
chemical shifts and the coupling constants of the C-14 methylene
protons in DMSOds, the presence of multiple NOE enhance-
ments (H-14a to H-13, H-14b to H-13, H-14a to Me-20, and
H-14b to Me-20), and intermediate vicinal coupling constants
made an assignment of the C-13 stereochemistry relative to C-15

ment of the relative stereochemistry for at least some of the via C-14 difficult.

chiral centers would be possible from a combination of NOE
NMR studies and by analysis of vicinal coupling const&fits.
We assumed that vicinal protemroton €Jy4) and carbon-
proton @Jcy) coupling constants would roughly follow a
Karplus equation (although values can vary in magnitude),
and thus used this approach for stereochemical anafysis.
Approximate3Jc i values were determined by careful analysis
of the gHSQMBCS8 spectrum and their values were informative.
The relative configuration of C-2 to C-7 is shown in Figure 1.

The absolute stereochemistry of leiodelide A was determined
by derivatization with methoxy trifluoromethyl phenyl acetic
acid (MTPA) using the modified Mosher's meth&dJnexpect-
edly, the major products from reactions bfwith the R and
SMTPA acid chlorides were the tris-MTPA esters, C-29 methyl
esters6 and 7 (Figure 4 and Figures S6 and S7, Supporting
Information), respectively. These esters presumably formed via
a mixed anhydride intermediate that was subsequently displaced
by methanol when the reaction was quenched. This type of side

The methine proton attached to C-5 appeared as a doublet ofreaction has been observed previously for carboxylic acids in
doublets with a large vicinal coupling to H-6 (8.5 Hz) and a the presence of MTPA22° Nonetheless, assignment of the
small vicinal coupling (2.0 Hz) to the oxymethine H-4, Ads g values from the resulting tris-MTPA ester products was
suggesting that H-4 and H-5 are gauche to one another. A largepossible (Figure 4). The large negative value of H-6 and large
3Jc.n (6.0 Hz) between H-5 and C-18, along with the presence positive value of H-18 suggested that the configuration of C-5
of a NOE enhancement between H-5 and H-18 suggested a syris R. Interpretation of theAds gy values from the other sur-
relationship between these two centers, which is consistent withrounding protons, however, was somewhat ambiguous (Figure
the observation of a smaller coupling (2.2 Hz) between H-5 4). It is reasonable to assume that the small negative values
and C-3. These data, combined with the presence of a positiveobserved for H-2—3, and—4 are the result of transannular
NOE enhancement between H-3 and H-6, established aninterference from the C-16 MTPA ester, which exerts negative

eclipsing orientation for C-4 and C-5, with Me-18 gauche to
the hydroxyl group at C-5 as shown (Figure 1b).

Analysis of coupling constant data and NOE correlations
revealed the relative configuration of C-15 to C-17 (Figure 2a).
A large vicinal coupling (9.5 Hz) and the absence of an NOE

values in neighboring protons. Similarly, the small positive

Ad(s-r) values for H-9 and H-19 could be a result of the C-16
MTPA ester. Although the data suggests3a%R configuration,

we consider this interpretation tenuous. Unfortunately, limited

material prevented further approaches to analyze these centers.

enhancement between H-16 and H-17 established the anti-In contrast, evaluation of the other stereogenic centers was

periplanar relationship for these two protons (Figure 2b). A
NOESY experiment (in DMSQI) revealed an NOE enhance-

ment between H-22 and the hydroxyl proton at C-16, establish-

ing the anti relationship of the two oxygen functionalities
(hydroxyl at C-16 and O-acyl at C-17). This is supported by
the fact that in linearthreo 1,2-dioxy systems, the anti rotomer
would be disfavored due to steric €6C) and electrostatic
(O<0) repulsior?® An NOE enhancement between H-16 and
H-22, and a smalPfJcy of 2.5 Hz between H-16 and C-22
indicated a dihedryl angle of approximately’66r these atoms,
further supporting the proposed anti orientation of H-16 and
H-17.

The proposed relative configuration of C-16 and C-17 was
confirmed by analysis of derivatives prepared frbrifreatment
of leiodolide A with sodium methoxide (MeONa) in methanol,
cleaved the lactone linkage to give the methyl ester, linear diol
4. Reaction of4 with 2,2-dimethoxypropane and pyridinium

7248 J. Org. Chem.Vol. 71, No. 19, 2006

less ambiguous. Although th®ds-g) value for H-21 did not
show the expected sign, the values for H-31,2, —13, —20,
—14,—-17,—22, and—30 were suggestive of a B516S, 17R
configuration.

An approach to the assignment of stereochemistry at C-28

was to isolate this center through degradation. Ozonolysis of

1, followed by oxidative workup in hydrogen peroxide and

methylation with diazomethane, resulted in the formation of a
mixture of methyl esters, which included a small diester that
exhibited an identical HPLC-MS retention time and molecular

weight with an authentic sample of dimethyl citramalate. Chiral

(27) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H.Am. Chem.
Soc.1991, 113 4092-4096.

(28) Findeis, M. A.; Whitesides, G. Ml. Org. Chem1987, 52, 2838~
2848.

(29) Brauer, D. J.; Schenk, S.; Rossenbach, S.; Tepper, M.; Stelzer, O.;
Haeusler, T.; Sheldrick, W. S. Organomet. Chen200Q 598 116-126.
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FIGURE 2. Depiction of the relative stereochemistry from C-15 to C-17 in leiodolidd)A (a) sawhorse representation, (b) Newman projection
of C-16 and C-17, and (c) Newman projection of C-15 and C-16. Important NOEs are illustrated with dashed lines. Long-rangegsbaton
couplings are indicated with solid arrows<HC), whereas vicinal protenproton couplings are indicated with solid lines-(H). See the text for
coupling constants®jc 4 and3Ju p).

< (2R - —
FIGURE 3. Proposed relative stereochemistry of theacetonide in FIGURE 5. Overlay of chiral gas chromatograms for the ozonolysis
5. Important NOE enhancements are illustrated with dashed lines. product ofl go-lnjected Wlt_hR- andS_rdlmethyI citramalate st_andards:
Truncated portion of the molecule shown for clarity. (a) ozonolysis product S-dimethyl citramalate, (b) ozonolysis product

+ R-dimethyl citramalate, and (c) ozonolysis product alone. ¥agis
represents time (min), and thgaxis represents flame ionization
detection levels (pA).

were similar to those of (Table S1, Supporting Information),
suggesting that it was a related macrolide. Detailed examination
of the IH and13C NMR data revealed that certain portions of
the molecule (C-1 to C-14; C-23 to C-28) were fundamentally
conserved, while other centers were altered. In particular, the
oxymethine carbons C-1&¢ 80.5) and C-17{c 78.4) were
shifted downfield and the multiplicities of H-16 and H-17 were
noticeably modified ir2. In addition, the C-22 methiné 4.28,

¢ 56.2) appeared to be the site of bromine incorporation, while
(S)MTPA the quaternary carbon at C-2884.0) was oxygenated in this
(R)-MTPA macrolide (Table S1). The disappearance of Ag&23 olefin,
despite the fact tha?2 has the same number of double bond
equivalents a$, introduced the possibility of an additional ring.
These data, combined with chemical reasoning, suggested an
ether linkage between C-16 and C-23 forming a five-membered

citramalate confirmed the C-28 Sconfiguration in leiodolide tetrahydrofuran ring. Overall NMR data supported this conclu-
A (Figure 5). It should also be noted that a small amount of the ;5 NOE enhancements from H-17 to Me-30 and from H-16

28-Repimer was present (Figure 5c; data not shown), sUggestingy, 125 established the relative configuration around the ring

that the biosynthetic formation of this remote chiral center is (Figure 6). The proposed mechanism for the formation of the
not ;teregspec_ific. The presence ofcaxy-a,a-disubstituted 16,23-ether bridge i”2 from 1 is illustrated in Scheme 1. In
acetic acid moiety has been reported for natural products suchy hat appears to be an enzymatic halogenation, addition of an
as quinic acid derivativé®and okadaic acid derivativésOn electrophilic bromine to tha2223alkene, followed by trapping

the basis of these overall experiments, the absolute stereochemss e resylting electron deficient intermediate with the nucleo-
istry of leiodolide A was assigned aS#4R, 15R, 16S, 17R,

; ; philic C-16 hydroxyl group, generates the bromo-tetrahydrofuran
28S. The stereochemistry of the methyl-bearing carbon, C-13, iy Assuming thatl is the biosynthetic precursor & the
could not be defined by these experiments.

X . ' ) relative configuration of the C-15 to C-17 unit fhprovides
Leiodolide B @) analyzed by high-resolution MALDI-MS 4 itional support for the proposed orientation of these centers
for the molecular formula &H44"°BrNOg (M/'z = 676.2074,

n ' (9.4 in 1. The rigid five-membered ring formed as a result of the
[M + NaJ*, A —2.7 ppm), the isotope pattern of which illustrat- 16,23-ether bridge ir2 (Figure 6) supports the use of NOE

ed the presence of one bromine atom. The spectral da for 4,4 vicinal coupling constant data to assign the stereochemistry

+0.14

6 R
7R

FIGURE 4. Ads-r values (in ppm) of the MTPA trieste&and?7.

GC analysis of the mixture co-injected wih andR- dimethyl

of 1.
17;3’01)823““* G. F.; Poetsch, F.; Nahrstedt, hytochem. Anall99g 9, The leiodolides are the first members of a new class of
(31) Yasumoto, T.; Murata, M.; Oshima, Y.; Sano, M.; Matsumoto, G. apparent m!xed p0|yket'de‘n0n”b030m_a| peptide sythetase
K.; Clardy, J.Tetrahedron1985 41, 1019-1025. (NRPS) derived natural products bearing several structural
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1180, 1140, 1090, 1025, 990 ckfor H and'3C NMR data, see
Table 1; (H)-LREIMS nvz (rel int) 350 (35), 508 (13), 526 (15),
551 (8), 558 (55), 576 (5), 598 (100), 599 (40), 600 (8);
HRMALDIMS [M + Na]t m/z 598.2992 (calcd for §GHsNOg-
Na, 598.2987).
Leiodolide B (2): pale yellow oil; CD (MeOH) P]2z4 +6.2,
[0]212 —8.3; UV (MeOH) Amax (l0g €) 221 (2.8); IRvmax (MeOH)
3400 (br), 2935, 1715, 1655, 1460, 1415, 1360, 1270, 1225, 1200,
1140, 1095, 990, 655 cr# for 'H and13C NMR data see Table
g S1; (H)-LREIMS miz rel int) 557 (6), 577 (8), 598 (15), 654 (100),
(2): (a) sawhorse representation and (b) Newman projection. Important 655 (35), 656 (80), 657 (30), 658 (10), ?76 (78), 677 (27), 678
NOEs are illustrated with dashed lines. Vicinal protgmoton couplings (73), 679 (25), 680 (8); MALDIMS [M+ Na]* m/z676.2074 (calcd
(Ju) are indicated with solid lines (HH), with Juuspis= 2 Hz, and 0 CaiHaa™BrNOeNa, 676.2092).

FIGURE 6. Relative stereochemistry of C-15 to C-23 in leiodolide

Jnen1z and a7 vz = 8 Hz. Preparation of Methyl Ester 3. Several drops of ethereal
diazomethane~0.66 M) were added to a portion of leiodolide A
SCHEME 1. Plausible Mechanism for the Bromonium lon (1, 1.0 mg) dissolved in 0.5 mL of MeOH, and the solution was
Induced Formation of the Tetrahydrofuran 16,23-Ether stirred overnight. The solvents were then removed under a stream
Bridge in 2 from 12 of N, and the methyl estéd was obtained in roughly quantitative
HO M, yield by reversed-phase HPLC (PRP-1 semi-prep; 25% to 100%
( ., acetonitrile/water; 2 mL/min.). For methyl ester 'H NMR (CDs-

0D) 6 0.97 (3H, d, H-20), 1.25 (3H, d, H-18), 1.35 (3H, s, H-31),
1.60 (1H, m, H-12a), 1.61 (2H, m, H-14), 1.78, (3H, d, H-30), 1.92
(3H, d, H-19), 2.04 (1H, m, H-12b), 2.30 (1H, m, H-27a), 2.39
(2H. m, H-4), 2.49 (1H, m, H-27b), 2.71 (1H, m, H-11a), 2.77
(1H, m, H-24a), 2.81 (1H, m, H-24b), 2.83 (1H, m, H-11), 3.22
(1H, m, H-15), 3.38 (3H, s, H-21), 3.44 (1H, d, H-16), 3.68 (3H,
s, COMe), 4.54 (1H, dd, H-5), 5.15 (1H, d, H-22), 5.47 (1H, m,
aTruncated portion of the molecule shown for clarity. H-25), 5.54 (1H, m, H-26), 5.70 (1H, d, H-2), 5.75 (1H, t, H-17),
6.31 (1H, d, H-6), 6.89 (LH, m, H-3), 7.67 (1H, s, H-9); HRFABMS
[M + H]* miz 612.3142 (calcd for GHaNOGNa, 612.3150).
Methanolysis of Leiodolide A (1).Leiodolide A @, 2.6 mg)

features of biogenetic interest. Although we have no direct
cudence, e oXazle Ut = generl coneiered 1 b e e win 0.1 1 NaOMi (2 ) and surea (o 4. e
. L S reaction was quenched Wwit2 N HCI and partitioned between
acid, which is observed in several other natural products, may gtoac and HO to obtain methyl este4. For compoundd: *H
be formed by a BaeyetVilliger oxidation of an intact acetate  NMR (CD;OD) 6 0.98 (3H, d, H-20), 1.25 (3H, d, H-18), 1.28
unit followed by a dehydrogenase-catalyzed oxidation to intro- (1H, m, H-13), 1.36 (3H, s, H-31), 1.63 (1H, m, H-12a), 1.65 (2H,
duce then-hydroxyl, as has been proposed for the biosynthesis m, H-14), 1.71, (3H, d, H-30), 1.95 (3H, d, H-19), 2.04 (1H, m,
of okadaic acid? Alternatively, the branches at C-28 may be H-12b), 2.30 (1H, m, H-27a), 2.39 (2H, m, H-4), 2.49 (1H, m,
derived from an HMGCOoA synthase-like motif, as has been H-27b), 2.71 (1H, m, H-11a), 2.77 (1H, m, H-24a), 2.81 (1H, m,
observed in the curacin A and jamaicamide A biosynthetic gene H-24b), 2.79 (1H, m, H-11b), 3.18 (1H, m, H-15), 3.38 (3H, s,
clusters?®334 Although these compounds share some structural H-21), 3.56 (1H, d, H-16), 3.71 (3H, s, GRAe), 4.60 (1H, dd,

. s . . H-5), 5.30 (1H, d, H-22), 5.54 (1H, m, H-25), 5.70 (1H, m, H-26),
features with other lithistid metabolites such as theonezdlide, 5.72 (1M, t, H-17), 5.89 (1M, d, H-2), 6.17 (1H, d, H-6), 7.03 (1H.

they do not appear to be closely related biosynthetically. dd, H-3), 7.76 (1H, s, H-9):%)-EIMS m/z = 630 [M + Na]*;
In initial biotesting, leiodolides A and B were found to be (_y.E|Ms nvz = 606 [M — H]-. ’
significantly cytotoxic to HCT-116 human colon carcinoma,  preparation of Acetonide 5.To a solution of crude methanolysis

with 1Csp values of 1.4ug/mL (2.5uM) and 3.8ug/mL (5.6 product4 (2.6 mg) in 2,2-dimethoxypropane (3 mL) and anhydrous
uM), respectively. Methyl esteB exhibited roughly the same  methanol (1.5 mL) was added a small amount of pyridinium
ICs0 as1 (1.9 uM), suggesting that the carboxyl group inis p-toluenesulfonate (PPTS). After the mixture was stirred 8€4
not required for activity. The biological activity of leiodolide  for 24 h, saturated ag NaHG@vas added, and reaction mixture
A was also examined in the National Cancer Institute’s 60-cell Was extracted with EtOAc. The organic layer was dried over anhyd
line assay. In these oncologically diverse cell lines, leiodolide NaQSO4fand C(;]ncentrated In ]}’aC‘?O to 3bga|n the agetﬁﬁdﬂ
A showed enhanced potency against a number of unrelated celf™Pure form. The mixture was fractionated by reversed-phase HPLC
. (PRP-1 semi-prep, 30% acetonitrile, 2 mL/min) to obtain acetonide
lines. Gko values of 0.26uM, 0.26 uM, and 0.25uM were Nt
. 5 (0.3 mg). For compound: H NMR (CDsCN) 6 0.86 (3H, d,
recorded for HL-60 (leukemia), NCI-H522 (nonsmall cell lung H-20), 1.19 (3H, d, H-18), 1.28 (1H, m, H-13), 1.40 (3H, s, H-31)
cancer), and OVCAR-3 (ovarian cancer) cell lines, respectively. 1 58 (1H, m, H-12a), 1.62 (2H, m, H-14), 1.64, (3H, d, H-30), 1.79
(3H, d, H-19), 2.04 (1H, m, H-12b), 2.30 (1H, m, H-27a), 2.50
Experimental Section (1H, m, H-4), 2.50 (1H, m, H-27b), 2.71 (1H, m, H-11a), 2.77
o , (1H, m, H-24a), 2.81 (1H, m, H-24b), 2.79 (1H, m, H-11b), 3.15
Leiodolide A (1): pale yellow oil; CD (MeOH) p],33 +11.9, (1H, m, H-15), 3.40 (3H, s, H-21), 4.01 (1H, d, H-16), 3.67 (3H,
[0]215—11.0; UV (MEOH)Amax (10g €) 224 (3.2); IRvmax (MeOH) s, COMe), 4.45 (1H, dd, H-5), 4.70 (1H, t, H-17), 5.24 (1H, d,
3400 (br), 2930, 1715, 1650, 1585, 1455, 1410, 1360, 1275, 1235,{ 507 5 42 (1H. m, H-25), 5.62 (1H, m, H-26). 5.85 (1H, d, H-2)
6.13 (1H, d, H-6), 6.70 (1H, dd, H-3), 7.63 (1H, s, H-9); HRFABMS
(32) Murata, M.; Izumikawa, M.; Tachibana, K.; Fujita, T.; Naoki, H.  [M + H]* m/z 648.3753 (calcd for GHs,NOo, 648.3742).

J. Am. Chem. S0d.998 120 147-151. h . .
(33) Chang, Z.; Sitachitta, N.; Rossi, J. V.; Roberts, M. A,; Flatt, P. M.; MTPA Ester§ of 1. Le.'OdOHde A (L, 1.2 mg) wa_s reacted in
Jia, J.; Sherman, D. H.; Gerwick, W. Bl.Nat. Prod 2004 67, 1356-1367. separate experiments wift and SMTPACI (20 L) in 1 mL of
(34) Edwards, D. J.; Marquez, B. L.; Nogle, L. M.; McPhail, K.; Goeger, PYyridine containing 10 mg of DMAP for 2 h. The reaction mixtures
D. E.; Roberts, M. A.; Gerwick, W. HChem. Biol.2004 11, 817-833. were quenched with several drops of MeOH and patrtitioned between
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CH,Cl, and water. The organic layer was dried over anhyg-Na
SO, and the solution was concentrated in vacuo and then

JOC Article

H.O, and stirred for 24 h, after which time solvent was removed
under a stream of Nand in vacuo. The ozonolysis product was

fractionated by reversed-phase HPLC (Phenomenex Luna C18 semidissolved in 0.5 mL MeOH, and excess ethereal diazomethane was

prep, 56-100% acetonitrile, 2 mL/min) to yiel& and R-MTPA
esters § and 7, respectively). For compoungt 'H NMR (CDs-
CN) 6 0.91 (3H, d, H-20), 1.25 (3H, d, H-18), 1.29 (1H, m, H-14a),
1.51, (3H, d, H-30), 1.55, (1H, m, H-13), 1.61 (3H, s, H-31), 1.65
(1H, m, H-14b), 2.07 (H, m, H-12), 2.10 (3H, d, H-19), 2.45 (1H,
m, H-27b), 2.47 (1H, m, H-24a), 2.50 (1H, m, H-27a), 2.52 (1H,
m, H-24b), 2.62 (1H, m, H-4), 2.71 (1H, m, H-11a), 2.82 (1H, m,
H-11b), 3.24 (3H, s, H-21), 3.50 (1H, m, H-15), 3.45 (3H, s,
0O-CH), 3.53 (3H, s, O-Ch), 3.58 (3H, s, O-Ch), 3.74 (3H, s,
CO:Me), 5.04 (1H, d, H-22), 5.26 (1H, d, H-16), 5.34 (1H, m,
H-25), 5.34 (1H, m, H-26), 5.78 (1H, d, H-2), 5.83(1H, t, H-17),
5.87 (1H, dd, H-5), 6.19 (1H, d, H-6), 6.74 (1H, dd, H-3), 740
7.62 (15H, m, phenyls), 7.74 (1H, s, H-9); MALDIMS [M H]*
m/z 1238.4523 (calcd for EHegNO; sk, 1238.4518). For compound
7: 'H NMR (CDsCN) ¢ 0.85 (3H, d, H-20), 1.05 (1H, m, H-14a),
1.11 (3H, d, H-18), 1.40 (1H, m, H-14b), 1.53, (1H, m, H-13),
1.59 (3H, s, H-31), 1.75, (3H, d, H-30), 2.12 (H, m, H-12), 2.09
(3H, d, H-19), 2.55 (1H, m, H-24a), 2.55 (1H, m, H-27a), 2.58
(1H, m, H-24b), 2.60 (1H, m, H-27b), 2.64 (1H, m, H-4), 2.69
(1H, m, H-11a), 2.79 (1H, m, H-11b), 3.28 (3H, s, H-21), 3.50
(1H, m, H-15), 3.49 (3H, s, O-CHi 3.50 (3H, s, O-Ch), 3.60
(3H, s, O-CH), 3.73 (3H, s, C@Me), 5.15 (1H, d, H-22), 5.27
(1H, d, H-16), 5.41 (1H, m, H-25), 5.45 (1H, m, H-26), 5.81 (1H,
d, H-2), 5.89 (1H, dd, H-5), 5.90 (1H, t, H-17), 6.34 (1H, d, H-6),
6.74 (1H, dd, H-3), 7.487.62 (15H, m, phenyls), 7.73 (1H, s, H-9);
MALDIMS [M + H]™ m/z= 1238.4512 (calcd for £HeoNO;5Fg,
1238.4518).

Absolute Stereochemistry at C-28 in Leoidolide A by Ozo-
nolysis.A sample of leiodolide AZ, 1.0 mg) was dissolved in 0.3
mL of MeOH and cooled te-78 °C. Ozone was bubbled through
the solution for 2 min and warmed to room temperature. After
complete reaction of starting material had been confirmed by TLC
analysis, the solution was oxidized by addition of 0.1 mL of 35%

added (prepared as described above). After 1 h, excess reagent and
solvent were removed under a stream @fadd in vacuo, and the
residue was analyzed by LC-MS (C18 Phenomenex Lung, 10
100% CHCN, flow rate 0.7 mL/min, detected at 254 nm). The
presence of dimethyl citramalate was confirmed by the presence
of a peak with the same retention tintg € 5.7 min) and molecular

ion [(+)-EIMS m/z = 199 [M + NaJ'] as authentic dimethyl
citramalate prepared from citramalic acid in the same manner. The
dimethyl citramalate product was next analyzed by chiral GC
[Chiraldex B-DP capillary column (0.25 mm 30 m)]. The oven
was maintained at 60C for 10 min and then slowly ramped up
(60—80°C at 1°C/min, 80-90 °C at 0.5°C/min). The ozonolysis
and methylation product was confirmed &slimethyl citramalate

by co-injection with a solution of authenti® and R-dimethyl
citramalate standards (Figure 5).

Acknowledgment. This research was a result of generous
financial support from the National Cancer Institute, NIH, under
Grant Nos. CA-44848 and CA-48112, and in part from the
California Sea Grant College Program (R/MP-87). We thank
the Developmental Therapeutics Branch of the National Cancer
Institute for providing this sponge sample. The assistance of
Dr. Lihini Aluwihare (Scripps Institution of Oceanography)
with chiral GC analysis and Dr. Hak Cheol Kwon (Scripps
Institution of Oceanography) with synthetic reactions is grate-
fully acknowledged.

Supporting Information Available: Spectral data for the
leiodolides A @) and B @) and MTPA ester§ and7. This material
is available free of charge via the Internet at http://pubs.acs.org.

JO060958Y

J. Org. ChemVol. 71, No. 19, 2006 7251



