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A new nonsymmetric dimeric steroid, crellastatin A (1), was isolated from the Vanuatu Island marine
sponge Crella sp. Structural assignment was accomplished through extensive 2D NMR spectros-
copy. The stereochemistry of 1 was established from an analysis of ROESY experiments and from
molecular mechanics and dynamics calculations. Crellastatin A (1), which possesses an unprec-
edented connection through the side chains, exhibits in vitro cytotoxic activity against NSCLC-N6

cells (ICsp of 1.5 ug/mL).

Introduction

Dimeric and oligomeric steroids represent an emerging
class of compounds which has recently attracted attention
for their rigid, predictable, and inherently asymmetric
architecture. They could have a wide range of potential
applications in pharmacology, as well as in molecular
recognition and in ion complexion and enzymatic cataly-
sis.»? Despite the increasing interest and the potential
biological applications of these molecules, chemical stud-
ies have so far been limited to semisynthetic dimeric or
oligomeric derivatives with very few reports of naturally
occurring bioactive compounds. Among these, the first
example of naturally occurring dimeric steroid was the
sulfur-containing japindine, isolated from the root-bark
of Chonemorpha macrophylla.® Another example of a
natural bis-steroid is cephalostatin 1, a powerful cell
growth inhibitor (EDsg 1077 to 107° ug/mL), isolated from
the marine worm Cephalodiscus gilchristi.* Following
the discovery of cephalostatin 1 in 1988, Pettit's group
has reported the structure of 16 other cephalostatins,®
all containing the novel structural framework of two
polyoxygenated steroidal units joined through a pyrazine
ring involving C2 and C3 of each monomeric unit.
Related steroidal pyrazine ring dimers, the ritterazines,
were reported from the tunicate Ritterella tokioka,®’
suggesting a common symbiotic origin for both cepha-

* Corresponding author. FAX: +39-81-7486552. E-mail: madauria@
unina.it.

T Dedicated to the memory of Prof. Luigi Minale, deceased on May
11, 1997.

* University of Naples Federico IlI.

§ ORSTOM.

"'University of Nantes.

(1) Li, Y.; Dias, J. R. Chem. Rev. 1997, 97, 283—304 and references
cited in.

(2) Davis, A. P. Chem. Soc. Rev. 1993, 243—253.

(3) Baneriji, J.; Chatterjee, A. Indian J. Chem. 1973, 11, 1056—1060.

(4) Pettit, G. R.; Inoue, M.; Kamano, Y.; Herald, D. L.; Arm, C,;
Dufresne, C.; Christie, N. D.; Schmidt, J. M.; Doubek, D. L.; Krupa, T.
S. J. Am. Chem. Soc. 1988, 110, 2006—2007.

(5) Pettit, G. R.; Xu, J. P.; Schmidt, J. M. Bioorg. Med. Chem. 1995,
5, 2027—2032 and references therein.

(6) Fukuzawa, S.; Matsunaga, S.; Fusetani, N. J. Org. Chem. 1994,
59, 6164—6166.

(7) Fukuzawa, S.; Matsunaga, S.; Fusetani, N. J. Org. Chem. 1997,
62, 4484—4491 and references therein.

S0022-3263(98)01022-6 CCC: $15.00

lostatins and ritterazines. Two additional examples of
dimeric steroids, bistheonellasterone and bisconicaster-
one, were isolated from Theonella swinhoei. They rep-
resent Diels Alder adducts of the corresponding 3-keto-
4-methylene sterols theonellasterone and conicasterone,
respectively.8~10

In this paper we report the isolation and structure
elucidation of crellastatin A (1) from the Vanuatu Islands
marine sponge Crella sp. This compound, which repre-
sents the first example of a unsymmetrical dimeric
steroid through the side chain, exhibits cytotoxicity
against human cancer NSCLC-N6 cells with an ICs
value of 1.5 ug/mL.

crellastatin A (1)

Results and Discussion

The methanolic extract (20 g) of the lyophilized sponge
(80 g) was subjected to a modified Kupchan partitioning
procedure.’* The cytotoxic CHCI; extract (1.6 g, 1Cso <
3.3 ug/mL on NSCLC-N6 cells) was purified by droplet
countercurrent chromatography (CHCI3:MeOH:H,0 7:13:
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1H and 3C NMR of Crellastatin A (1) (500 MHz, methanol-d,)

western hemisphere

eastern hemisphere

no. Oc On J values (Hz) no. oc On J values (Hz)
la 42.8 2.17 overlapped 1'a 44.7 2.04 overlapped
15 2.20 overlapped 1p 1.94 overlapped
2 68.2 4.08 dd 8.8,3.3 2 67.2 4.04 dd 9.7,4.8
3 99.7 3 99.5
4 42.6 4 40.5
5 147.8 5 52.4 1.58 dd 10.5,1.0
6 115.7 5.60t 3.1 6' 75.3 4.65 dt 10.5,5.9
7 30.0 2.65brs w278 7o 35.2 2.04 dd overlapped
7B 2.92 dd 16.5,5.9
8 130.3 8 127.7
9 126.6 9 131.5
10 38.4 10 40.7
1la 23.4 2.26 overlapped 11'a 23.2 2.17 overlapped
115 2.04 overlapped 11'p 2.06 overlapped
120 38.2 2.08 overlapped 12'a 38.2 1.42 overlapped
125 1.46 overlapped 12'p 2.06 overlapped
13 425 13 42.6
14 53.3 2.22 overlapped 14 53.8 2.24 overlapped
15a 23.9 1.67 overlapped 15'a 24.9 1.74 overlapped
1543 1.36 overlapped 15'p 1.32 overlapped
160 30.5 2.17 overlapped 16'a 29.5 1.88 overlapped
1643 1.39 overlapped 16'p 1.47 overlapped
17 54.5 1.33 overlapped 17 52.8 1.58 overlapped
18 11.6 0.72s 18’ 11.2 0.68s
19: 72.8 4.30d 8.6 19'r 69.8 3.94 dd 8.8,1.0
195 3.66 dd 8.6,2.7 19's 3.83dd 8.8,1.8
20 36.2 1.66 overlapped 20 43.8 1.38 overlapped
21 19.2 1.01d 6.6 21 13.2 1.02d 6.6
22a 36.1 1.45 overlapped 22' 71.4 3.72 dd 11.4,4.2
22b 1.58 overlapped
23a 25.1 1.66 overlapped 23'a 34.0 1.32 overlapped
23b 1.40 overlapped 23'b 2.06 overlapped
24 85.7 3.22brt 4.0 24! 45.6 2.17 overlapped
25 87.9 25' 85.4
26a 36.4 2.25 overlapped 26' 25.5 1.36s
26b 2.07 overlapped
27 27.1 1.19s 27 32.4 1.26s
28 25.6 1.22s 28' 17.7 1.38s
29 25.6 1.16s 29' 28.4 1.19s

8, ascending mode) and then by reverse phase HPLC on
a u-Bondapak C-18 column eluting with MeOH:H,0 68:
32 affording 231 mg of crellastatin A (1) as a colorless
glassy solid.

Crellastatin A (1) had a molecular formula of CsgHggO1,S
as established by HRFABMS and NMR data (Tables 1
and 2, 500 MHz, methanol-d,;). The FAB mass spectrum
showed a quasimolecular ion [MSOzNaNa]" at m/z 1053
and a base peak at m/z 933, due to the loss of a NaHSO,
group from the MSOz;NaNa* ion. HR mass measure-
ments were performed on the peaks at m/z 1053 and 933.
While the measurements on the quasimolecular ion gave
poor results because of the relatively weak intensity of
that ion, HR mass measurement on the ion at m/z 933
established the formula CsgHgsOsNa m/z 933.6154 (A
+6.6 mmu), thus leading to the molecular formula given
above. The presence of a sulfated group in the structure
of crellastatin A (1) was definitively confirmed by strong
IR absorptions at 1200 and 1060 cm™! and by FABMS
analysis on the desulfated derivative (see Experimental
Section). The *H NMR spectrum recorded in DMSO-dg
(Table 3) revealed the presence of four exchangeable
signals, assigned to two secondary and two tertiary OH
groups. Infact, on acetylation under standard conditions,
crellastatin A (1) gave a diacetate derivative (see Ex-
perimental Section). The low field region of the 13C NMR
spectrum revealed the presence of six olefinic carbons
(corresponding to a trisubstituted double bond and two
tetrasubstituted double bonds), two ketalic/hemiketalic

carbons (0c 99.7 and 99.5 ppm) and nine signals in the
range 87.9—67.2 ppm, assigned to oxygenated carbons.
On the basis of DEPT experiments, these were ascribed
to two oxygenated quaternary carbons (dc 87.9, 85.4
ppm), five oxygenated methines (67.2, 68.2, 71.4, 75.3,
85.7), and two oxygenated methylenes (72.8, 69.8). The
three double bonds derived from 3C NMR analysis
accounted for only three of the fifteen degrees of unsat-
uration expected for the molecular formula of the des-
ulfated derivative, thus implying a polycyclic nature for
crellastatin A (1). At the same time, the existence of
several pairs of analogous signals in both 'H and 3C
NMR spectra suggested that 1 was a nonsymmetrical
dimeric molecule.

COSY coupling networks were interrupted by many
quaternary carbons and complicated by poor chemical
shift dispersion; furthermore, the high degree of func-
tionalization of the molecule did not allow the straight-
forward identification the steroidal nature of the isolate.
Interpretation of the data from COSY, HOHAHA, HMQC,
and HMBC experiments led to the identification of four
structural units A, B, C, D (Figure 1) which were
eventually combined to give the complete structure of
crellastatin A (1).

Unit A: Tetracyclic Core of Western Hemisphere.
In the HMBC spectra both signals assigned to a highly
anisochronous oxygenated methylene (AB system 6y 4.30
d, J = 8.6 Hz and 3.66 dd, J = 8.6, 2.7 Hz) showed an
unusual high number of correlations with carbons at dc
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Table 2. ROESY and HMBC Data of Crellastatin A 1 (500 MHz, methanol-dy)
western hemisphere eastern hemisphere
no. o ROESY HMBC no. o ROESY HMBC
la 2.20 H2 C2, C3, C5, C9, C10, Ta 1.94 H2' C2', C3, C%, C10', C15'
15 2.18 H19= C19 1p 2.04 H19'r C2', C10, C19
2 4.08 H29, Hla C10 2' 4.04 H1l'a, H5', H29 Cr
5 1.58 H2', H29' C4' Cce', C7', C19'
6 5.60 H28, H29, H7 C4, C5, C7, C8, C10, 6 4.65 H7'3, H19's, H28' C4' Ccy%'
C19
To 2.65 C5, C6, C8, C9 7 2.04 H14' C%', C6', C8'
75 2.92 Hé' C5', Cé', C8', C9', C14'
llaa  2.26 H19= Cc9 11'0c 217 co'
1158 2.04 C8, C9 11'p 2.06 H19's
12a 12' 1.42 H14'
125 2.06 H18'
14 2.22 C8, C13 14 2.22 H12'a
155 1.36 Cl4 155 1.32 C16'
2.17 Cl4 16a
17 17 1.58 c22
18 0.72 C12, C13, C14, C17 18’ 0.68 H11'p C12', C13', C14', C17'
19= 4.30 H15, H1la C1, C3, C5, C6, C9, 19'r H1'p C3, C5', C9', C10’
195 3.66 H28 C10 19's H6', H11'p, H28' C5%', C10'
C1,C3,C5
20 20 1.38 H22' Cc23'
21 1.01 C17, C20 21 1.02 H22', H23'b, H26' C17', C20', C22'
22a 1.45 22 3.72 H20", H21', H22b, H23b, C17', C20', C21',C24
22b 1.58 H24, H22' C24 H26a
23a 1.66 23'a 1.32 H22' C25', C26
23b 1.40 H22' 23'b 2.06 H21', H26' Cc20’
24 3.22 H22a, H22b, H23a, C23, C25, C26, C22' 24 2.17 H26' C22', C23', C25, C26
H23b, H27
26a 2.25 H22' C25, C23', C24', C25' 26' 1.36 H21' C24', C25', C27'
26b 2.07 H27, H27' C24, C25, C27, C23',
C24', C25'
27 1.19 H24, H26b, H27' C24, C25, C26 27 1.26 H26b, H27 C24', C25', C26'
28 1.22 H6, H19s C3, C4, C5,C29 28 1.38 H19's, HE' C3', C4', C5', Cc29
29 1.16 H6, H2 C3, C4,C5,C28 29' 1.19 H5', H2' C3', C4', C5, Cc28
Table 3. Selected 'H and 3C NMR of Crellastatin A (1) (500 MHz, DMSO-ds)
western hemisphere eastern hemisphere
no. dc On J values (Hz) no. oc OH J values (Hz)
la 415 1.98 overlapped la 43.7 1.73 overlapped
15 1.90 overlapped 1p 1.82 overlapped
2 66.8 3.80m 2 65.4 3.80m
3 98.1 3 98.1
4 41.0 4 38.5
5 147.2 5 50.7 1.36 d overlapped
6 114.3 547t 3.1 6' 71.4 4.27 dt 11.0, 6.6
7 28.4 2.53brs 7o 34.4 1.74 dd overlapped 16.9, 1.9
7B 2.73dd
8 128.4 8 129.9
9 125.8 9 136.7
10 37.1 10' 38.5
17 53.7 1.13 overlapped 17 51.7 1.46 overlapped
18 115 0.59s 18' 11.2 0.55s
19 71.1 4.13d 7.43 19'r 3.72brd 8.6,1.0
195 3.44 dd 743,15 19's 68.3 3.59dd 8.6,1.3
20 35.1 1.46 overlapped 20' 42.4 1.27 overlapped
21 18.8 0.90d 6.6 21 13.2 0.90d 6.6
22 34.5 22' 69.5 3.59 overlapped
23a 24.2 1.47 overlapped 23'a 34.0 1.22 overlapped
23b 1.20 overlapped 23'b 1.85 overlapped
24 84.0 3.07brt 3.7 24' 44.2 2.0 overlapped
25 85.9 25 83.1
26a 35.4 2.0 overlapped 26' 25.3 1.19s
26b 1.89 overlapped
27 27.3 1.05s 27 325 1.12s
28 25.4 1.09s 28’ 17.6 1.17s
29 255 1.01s 29' 27.9 1.01s
20H 456d 5.22 2'0H 4.68d 4.4
3 0OH 5.16 br s 3'0OH 4.80 brs

42.8 (C1), 99.7 (C3), 147.8 (C5), 115.7 (C6), 126.6 (C9),
38.4 (C10). This indicated the presence of a tricyclic
system in which the CH,O methylene occupies a bridge
position. These data correspond to a structural feature,

that can be accommodated in the A—B ring framework
of a steroidal or triterpenoid skeleton, in which the
angular CH319 has been oxydized to a hydroxymethylene
and is involved in a hemiketal linkage to carbon 3, as
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Table 4. ROESY and HMBC Data of Crellastatin A (1) (500 MHz, DMSO-dg)

western hemisphere

eastern hemisphere

no. o ROESY HMBC no. 1 ROESY HMBC
lo 1.98 H2 C2, C3, C5, C9, C10, C19 1'a 1.73 H2', 2'0OH C2',C3, C5', C10', C15’
15 1.90 H19g, 20H 1B 1.82 H19', 3'OH Cc2', C10', C19'
2 3.80 H29, Hlq, 30H c10 2 3.80 Hl'a, H5, H29, cr
3'0OH
5 1.36 H2', H29' C4', Ce', C7', C19'
6 5.47 H28, H29, H7 C4, C5, C7, C8, C10, C19 6’ 4.27 H7'5, H19's, H28' C4', C5
Ta 2.53 C5, C6, C8, C9 7 1.74 H14 C5', C6', C8'
0 2.73 H6' C5', Ce', C8', C9', C14'
17 1.13 17 146  H20' c22
18 0.59 C12, C13, C14, C17 18’ 0.55 C12, C13, C14, C17'
19 413  H1p, Hllqg, 20H C1, C3, C5,C6, C9 19'r 372  HIB C3, C5', C9', C10'
195 3.44 H28 C1,C3,C5 19's 3.59 H28', H6' C5', C10'
20 20 1.27 Cc23'
21 0.90 C17,C20 21 0.90 H23'b, H26' C17', C20, C22'
22a 158 H24 22 359 H23a C17', C20', C21', C24
22b
23a 1.47  H22, H24 23'a 122 H22 c25'
23b 120 H24 23'b 1.85  H21', H26' c20'
24 3.07 H27,H23a, H23b C23, C25, C26, C22' 24 2.0 H26' C22', C23', C25, C26
26a 2.0 C25, C23', C24', C25' 26' 1.19 H24', H23'b C24', C25', ca27'
26b 1.89 C24, C25, C27, C23,
C24', C25'
27 1.05 H24, H26b C24, C25, C26 27 1.12 H26b, H24' C24', C25', C26'
28 1.09  H6, H19, 30H C3, C4,C5,C29 28’ 1.17 H19k,H6E,30H  C3,C4', C5, C29
29 1.01 H6, H2, 30H C3, C4,C5,C28 29' 1.01 H5', H2', 3'OH C3', C4', C5', C28'
20H 458  Hla, H18, H19g, 30H 20H 468 Hl'a, H1'B c3
30H 5.16 20H, H28, H29 3'0OH 4.80 H2', H28', H29'
with the hemiketal carbon at ¢ 99.7 ppm (C3). Several
attempts aimed at the preparation of the methyl ketal
HO 7 HO at C3 by treatment with MeOH/HCI caused severe
0o degradation of crellastatin A (1). However, the presence
HO™® HO of a hemiketalic OH at position-3 was definitively con-

0SOy'Na*

Unit A: western hemisphere Unit B: eastern hemisphere

yw
” O}'L 2 /'\O m& ‘
4 4 22' "
% D

Units C and D: side chains with HMBC correlations

Figure 1. Units of crellastatin A (1).

shown in Figure 1. In addition, two methyl singlets,
resonating at 4 1.22 and 1.16 in the 'H NMR spectrum
and determined as geminal by the HMBC correlations
C28/H29 and C29/H28, exhibited correlations with car-
bons at dc 99.7 (C3), 147.8 (C5), and 42.6 (C4), thus
indicating their location at the biogenetic position 4 of a
A5 steroidal skeleton. Although the C19 methylene was
flanked by one oxygen and one quaternary carbon, one
of the two methylene protons at 6 3.66 (pro-S H19)
exhibited a W-type long-range coupling (J = 2.7 Hz) with
one of the C1 methylene protons (H1la, oy 2.17). This
long-range correlation was indicative of the folding of the
A ring in a rigid boat conformation. Both C1 methylene
protons were in turn correlated in the COSY and HO-
HAHA spectra with a methine resonating a 6 4.08 (H2,
dd, J = 8.8, 3.3 Hz) bearing a free hydroxyl group (OH,
0 4.58, d, J = 5.22 Hz, DMSO-d¢) as derived by COSY
cross-peaks in DMSO-dg between the OH doublet signal
and the H2 signal resonating at ¢ 3.80 (H2, m). This
location of the OH group was further confirmed by a
3Jy—c HMBC (DMSO-dg) correlation of the OH signal

firmed on the basis of diagnostic cross-peaks 3-OH/H2,
3-OH/Me28, and 3-OH/Me29 present in a ROESY spec-
trum performed in DMSO-dg (Table 4).

The H-6 olefinic proton (6y 5.60 ppm, t, J = 3.1 Hz)
was coupled to an isolated bis-allylic methylene as judged
on chemical shift considerations (64 2.65, br s, dc 30.0
ppm) which in turn showed HMBC correlations with two
guaternary sp? carbons (¢ 130.3 C8, 126.6 C9 ppm)
assigned to a A® double bond. In the HOHAHA spectrum,
the H,-7 proton signal was found to be correlated, as a
consequence of the homoallylic coupling to H,-11, with
two methylene groups (H-11,5 OJn 2.26, 2.04 ppm;
H-12,4 0w, 2.08, 1.46 ppm) assigned to H,-11 and H-
12 on the basis of diagnostic *3C chemical shifts [0c 23.4
(C11), 38.2 (C12)]. Finally, a comparative analysis of the
remaining data in the two-dimensional NMR spectra
(COSY, HMQC, and HMBC) allowed us to assign all the
resonances of the western hemisphere tetracyclic centers
(Tables 1 and 2).

Unit B: Tetracyclic Core of the Eastern Hemi-
sphere. In addition to the signals previously described
for the tetracyclic unit A, the NMR spectra showed the
presence of a set of analogous signals that led to the
identification of a closely related tetracyclic core. More-
over, the analysis of COSY, HMQC, HMBC spectra
indicated that this unit B differs from the western one
by the presence of an oxygenated functionality at the C6’
position which replaces the A% double bond. In this case,
both C19" methylene protons displayed W-type long range
couplings, namely pro-S H19' (4 3.83, dd, J = 8.8, 1.9
Hz) with H1'a and pro-R H19' (dd, J = 8.8, 1.0 Hz) with
H5' proton. This indicated an A/B trans ring junction.
A sulfated group was located at the C6' position by
consideration of the chemical shift in comparison with
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the 'H NMR of the desulfated derivative 1a (6 4.65 vs
4.10; 1 vs 1a) obtained by solvolysis of 1 in a 1:1 dioxane—
pyridine mixture at 140 °C (3 h) (see Experimental
Section).

It should be noted that compounds containing a 3o-
hydroxy-3,19 epoxy functionality (i.e. lantanilic*? and
camarilic acids®) were previously reported as natural
compounds from the aerial parts of Lantana camara, and
also recently described as synthetic intermediates.*
Comparison of the spectral data of the tetracyclic cores
of 1 with those reported in the literature for molecules
bearing this unusual functionality definitively confirmed
our structural assignments.

Side Chains (units C and D). Once the 'H and 3C
resonances relative to the two tetracyclic cores were
assigned, the remaining 16 carbon signals (5 methyls, 4
methylenes, 5 methines, and 2 quaternary carbons) were
suggestive of two highly functionalized steroidal side
chains. To satisfy the formal unsaturations required by
the molecular formula, the units C and D had to be
arranged in a bicyclic structural framework. We will
discuss in the order the structural determination of each
side chain and their pertinence to the two relative
tetracyclic units, and we will leave to the end the analysis
of the spectral data leading to the junction of the two
subunits that defines the complete planar structure of
crellastatin A (1). By following the coupling network of
unit C starting from the C21 methyl at 6y 1.01, 6c 19.2
ppm, using *H—H—-COSY, HOHAHA, and HMBC cor-
relations, a C24 oxygenated carbon (0y 3.22, d¢ 85.7) was
determined. This latter was proved to be linked to an
oxygenated quaternary carbon (C25, d¢ 87.9) bearing a
methyl (C27, don 1.19, dc 27.1 ppm) and an unfunction-
alized methylene (C26, oy 2.07, 2.25, dc 36.4) on the basis
of the following diagnostic HMBC correlations: H24—
C25, H24—-C26, H27—C24, and H26—C25, H26—C27
(Table 2 and Figure 1). Although in the remaining side
chain (unit D) no H20'/H22' (6 3.72,dd J = 11.4, 4.2
Hz) COSY cross-peak was observed, a C22' oxygenated
functionality (6c 71.4 ppm) could be deduced by the
diagnostic shielding of Me21' (6¢ 13.2 vs 18.7 in choles-
terol)!® and by the HMBC cross-peaks C21'/H22' and
H21'/C22'. Connectivities from C22' to C27' were in-
ferred from HOHAHA and HMBC analysis (Figure 1).
In particular, tracing the HOHAHA slice starting from
the isolated H22' resonance, signals originating from the
coherence transfer through the H22'—H24' spin system
could be observed, including the H,26 from the other side
chain unit. The linkage of the C24' methine to an
oxygenated carbon (C25', dc 85.4 ppm) bearing two
geminal methyl (C26' and C27') was inferred by the
HMBC cross-peaks C24'/H26', C24'/|H27', C25'/H26',
C24'/H27'. Sequential three-bond HMBC correlations
from H22' to C21', H21' to C17', H18' to C17', H18' to
C14', H7' to C14' connected the C22' oxygenated side
chain (unit D) to the 6-sulfated tetracyclic unit B, thus
defining the eastern hemisphere as despited in Figure
2.

(12) Barua, A. K.; Chakrabarti, P.; Chowdury, M. K.; Basak, K.;
Basu, K.; Ray, S.; Shaha, S. K. Ind. Chem. Soc. 1985, 62, 298—303.

(13) Begum, S.; Raza, S. M.; Siddiqui, B. S.; Siddiqui, S. J. Nat. Prod.
1995, 58, 1570—1574.

(14) Arencibia, M. T.; Freire, R.; Perazes, A.; Rodriquez, M. S.;
Suarez, E. J. Chem. Soc., Perkin Trans. 1 1991, 3349—3360.

(15) Blunt, J. M.; Stothers, J. B. Org. Magn. Reson. 1977, 9, 439—
464.
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Figure 2. Sequential three-bond HMBC correlations defining
the eastern hemisphere of crellastatin A (1).

Figure 3. Connection of two side chains via HMBC correla-
tions.

Assembly of Two Halves. The unprecedented link-
age between C24' and C26 was first deduced, as stated
before, during the C21'-C24' HOHAHA analysis and
then confirmed on the basis of key HMBC correlations
involving the protons and carbons of the two side
chains: C24'/H26, C23'/H26, C25/H24', C25'/H26 (see
Table 2 and Figure 3). An ether bridge between C24 and
C22' was derived on the basis of a consideration of the
13C chemical shifts and HMBC correlations C22'/H24 and
C24/H22'. The last structural feature that defines the
complete planar structure of crellastatin A (1), the ether
function connecting the two oxygenated quaternary
carbons C25—C25', was inferred on the basis of the
chemical shifts of C25 and C25' (6c 87.9 and dc 85.4,
respectively vs 71.0 reported for 25-OH steroids'®) and
from the further formal unsaturation required by the
established molecular formula CsgHggO15S.

Stereochemistry. The relative stereochemistry of
each steroidal unit in 1 was determined by ROESY data
together with the values of the coupling constants. A
ROESY correlation between Hla and H2 and between
2-OH and 19 methylene (DMSO-ds, in Table 3) indicated
a 3 disposition for the OH on C2 in the western side of 1.

Considering the eastern side of crellastatin A (1), a
diagnostic ROESY cross-peak between H5' and H2'
established a f orientation for the OH at C2'. The H6’
in this portion was assigned as axial on the basis of a
typical coupling pattern (dt, J = 10.5, 5.9 Hz) with the
two adjacent protons (H5' and H7') and the ROESY cross-
peaks with the pro-R H19' proton and with the C28'
methyl protons.

Stereochemistry of the Side Chains. The relative
stereochemistry of the bicyclic system of crellastatin A
(1), originating from the junction of the two side chains,
was deduced by the analysis of the ROESY spectra (Table

(16) Williams, T. H.; Greeley, D. N.; Baggiolini, E. G.; Partridge, J.
J.; Shiuey, S. J.; Uskokovic, M. R. Helv. Chem. Acta 1980, 63, 1609—
1614.
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Figure 4. Selected ROESY effects of crellastatin A (1)
displayed on computer-assisted energy minimization modeling
for side chain.

2 and Figure 4). In particular, a strong ROESY cross-
peak between H22' and one of the H,23 methylene
protons suggested a trans stereochemistry between H22'
and H24, while a ROESY cross-peak between H22' and
one of H26 proton signals was indicative of a cis relative
disposition of H22' and the C26 methylene bridge. An
intense ROESY cross-peak was also observed between
the apparently remote Hs-21' and Hs-26' protons. Once
the relative stereochemistry around the dioxabicyclic
system of crellastatin A (1) was defined, and assuming
the natural steroidal configurations at C-20 and C-20', a
molecular mechanics and dynamics calculation was
conducted on the two possible stereoisomers with op-
posite configurations at C-22'. Only in the lowest energy
conformation calculated for the C-22' R stereoisomer are
the two methyl groups C-21' and C-26' disposed close
enough (4 A) to explain the observed ROESY cross-peak
Hs 21'/H326'. In the lowest energy conformation of the
alternative C-22' S stereoisomer, the two methyl groups
were found to be too remote (6 A) to display a significative
NOE effect. Thus, the absolute stereochemistry of the
bioxabicyclo system of crellastatin A (1) was defined as
24S,25R,22'R,24'R, and is shown in Figure 4.

Conclusion

Crellastatin A (1) represents a new type of bis-
nonsymmetric steroid with a particularly unusual diox-
abicyclo system joining the side chains, never found
before in natural compounds, and thus posing an intrigu-
ing question as to its biosynthesis.

Crellastatin A (1) was cytotoxic in the in vitro tests on
NSCLC-N6 mother cell lines (ICso 1.5 ug/mL) as well as
on its clones, C65 (ICsg 4.4 ug/mL), C92 (ICso 6.3 ug/mL)
and C98 (ICs 9.2 ug/mL). The weaker activities exhib-
ited by the corresponding 2,2'-diacetylated (1Cso 9.1 ug/
mL) and desulfated (I1Cso 9.3 ug/mL) derivatives indicated
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the importance of the hydroxyl and the sulfate groups
for cytotoxic activity of crellastatin A. Furthermore,
crellastatin A (1) caused, in a flow cytometry assays
performed on the NSCLC-N6-C98 clone, an accumulation
of cells in the G1 phase of the cell cycle with a concomi-
tant decrease in the fraction of cells in the S and G2M
phases (dose of 18 ug/mL: 65.7% in G1, 24.9% in S and
9.3% in G2M phases).

Experimental Section

General Procedures. General procedures can be found
elsewhere.'” Mass spectra were provided by the CRIAS
“Centro Interdipartimentale di Analisi Strumentale”, Faculty
of Pharmacy, University of Naples. HRFABMS was provided
by M-SCAN S.A., Switzerland, and carried out on M-Scan’s
VG Analytical ZAB 2SE high field mass spectrometer. A
cesium ion gun was used to generate ions for the acquired mass
spectra which were recorded with an instrument resolution
of 8000 for the HR measurements.

NMR Spectroscopy. NMR spectra were measured at 500
MHz (*H) and 125 MHz (*3C). 'H NMR and *C NMR are
referenced to CD3;OD solvent signals at 3.34 and 49.0 ppm,
respectively. Multiplicities of 13C spectra were assigned by
DEPT experiments. Standard pulse sequences were employed
for DEPT and magnitude COSY. Phase sensitive ROESY
spectra were measured on a 600 MHz with a mixing time tn,
of 400 ms, while HMQC and HMBC were optimized for 'Jc—n
= 135 Hz and 23Jc-y = 8 and 10 Hz, respectively.

Molecular Mechanics Calculations. Molecular mechan-
ics and dynamics calculations were carried out on a SGI
Personal IRIS 35G computer using the force field CHARMm
(QUANTA 4.0 software package). The lowest energy confor-
mations for each diastereomer were searched by performing
a high-temperature molecular dynamics simulation (HTMDS)
followed by energy minimization.'® By means of a molecular
dynamics simulation of 50 ps at 1000 K using the Verlet
algorithm, 200 conformations of each diastereomer were
achieved. All the conformations were then subjected to an
energy minimization (500 steps, conjugated gradient algo-
rithm). Inspection of the minimized structures provided the
lowest energy conformations of each diasteromer.

Isolation. The sponge was collected at Santo (Lunganville)
in the Vanuatu Islands in June 1996 and identified as Crella
sp. (family Crellidae, order Poeciloscleridae) by John Hooper
(Museum of Queensland, Brisbane, Australia). The voucher
specimen R1697 was deposited at ORSTOM Centre in Noumea.
Lyophilized animals (80 g) were extracted with MeOH (3 x 2
L) and filtered. The extracts were combined, concentrated to
give 20 g of a brown amorphous solid, and successively
extracted using a modified Kupchan partition as follows. The
methanol extract (20 g) was dissolved in a mixture of MeOH:
H>0 containing 10% H,O and partitioned against n-hexane.
The water content (% v/v) of the MeOH extract was adjusted
to 20% and 40% and partitioned against CCl, and CHCls,
respectively. The aqueous phase was concentrated to remove
MeOH and then extracted with n-BuOH. The CHCI; (1.6 g)
extract was fractionated by DCCC (CHCI;:MeOH:H,0 7:13:8,
ascending mode) and then by reverse phase HPLC u-Bondapak
C-18 chromatography eluting with MeOH:H,0 68:32 to afford
1 (231 mg, 0.29% dry weight of animal), as a colorless glassy
solid.

Data of Crellastatin A (1): CssHgsO12S amorphous pow-
der: [o]p +55° (¢ 1, MeOH); UV (MeOH) Amax 208 nm (¢ 7000);
IR (KBr): 3420, 2924, 1651, 1540, 1458, 1200, 1060 cm™.
HRFABMS (positive mode): m/z 1053.6 (MSO3; Na* + Na)*,
933.6154 (MSO3 Na* + Na — NaHSO,, base peak, CsgHgsOs-
Na, A +6.6 mmu); FABMS (M — H)™:1007.

(17) Zampella, A.; D’'Auria, M. V.; Gomez Paloma, L.; Casapullo, A.;
Minale, L.; Debitus, C.; Henin, Y. J. Am. Chem. Soc. 1996, 118, 6202—
6209.

(18) Auffinger, P.; Uipff, G. J. Comput. Chem. 1990, 11, 19—-31.
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Acetylation of Crellastatin A (1): A solution of 1 (5 mg)
in Ac;O and pyridine was stirred at room temperature for 12
h. The solvent was evaporated under reduced pressure
afforded a 2,2'-diacetylated derivative (3 mg). The crude
product was directly subjected to FABMS and NMR analysis.
[FABMS 1091 (M — H)~; selected *H NMR dy 5.22 (H2', dd J
=8.8,3.3Hz),5.18 (H2,dd J =9.7, 4.8 Hz)]. Due to the steric
hindrance, the tertiary hemiketalic OH groups were resistant
under the acetylation condition.

Solvolysis of Crellastatin A (1) To Give 1a. A solution
of 1 (15 mg) in dioxane (5 mL) and pyridine (5 mL) was heated
at 130 °C for 2 h in a stoppered reaction vial. The reaction
mixture was cooled and then evaporated under reduced
pressure. Purification by reverse phase HPLC on a C-18
u-Bondapak column eluting with MeOH:H,O 90:10 afforded
pure la (3 mg). [FABMS 1011 (M — H)~; selected *H NMR
on 1.39 (H5', d, overlapped) 3.90 (H6', dd, overlapped), 1.88
(H7'a, dd, overlapped), 2.42 (H7'3, dd, overlapped), 3.91
(H19'a, d, J = 8.8 Hz), 3.79 (H19'3, dd, J = 8.8, 1.8 Hz)].

Determination of Biological Activity. Cytotoxic and
flow cytometry assays: see Zampella et al.*®
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