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Marine organisms are a rich source of secondary 
metabolites, often displaying both unusual structures and 
interesting biological activities.l In particular, certain 
brown algae (Phaeophyta), brown seaweeds (Dictyota- 
ceae), and marine sponges (Dictyoceratidae) have been 
found to contain polycyclic meroterpenoids biogenetically 
derived from prenylated hydroquinones,2-1° sometimes 
displaying pronounced cytotoxic3J0 and/or ichthyotoxic 
biological activities. 

About twenty years ago, reports appeared describing 
the isolation of taondiol(1) from the Atlantic alga Taonia 
atomaria,2 and the biomimetic synthesis'l of 1 and its 
stereoisomer isotaondiol(2), formed from 1 under base- 
catalyzed rearrangement.12 In more recent years, new 
ichthyotoxic taondiol stereoisomers were found in the 
Caribbean alga Stypopodium zonule, which contains 
epita~ndiol,'~ and in the Pacific alga Stypopodium fla- 
belliforme, which contains isoepitaondi01.l~ In light of the 
indirect evidence available at the time, epitaondiol was 
assigned structure 3,13 while isoepitaondiol was assigned 
structure 4.14 

We now report that the results of a complete NMR 
examination of epitaondiol, its methyl ether, and its 
monoacetate, using standard 1D and 2D techniques such 
as those recently described for marine sponge sester- 
terpenes,15 could only be accommodated by structures 
5-7, in which the trans-syn-trans-syn-trans A/B/C/D ring 
fusion forces both the B and C rings into the twist-boat 
conformation. Repeated attempts to confirm this un- 
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1 (2a,3P,6a,7p); R = X = H 
2 (2a,3a,6a,7b); R = X = H 
3 (2p,Sb,Ba,7p); R = X - H 
4 (2P,3a$a,7p); R = X = H 
5 (2a,3p,6@,7a): R a X = H 
6 (2a,3p,6b,7a); R = Me; X = H 
7 (2a,3b,6P,7a); R = Ac; X = H 
8 (2a,3P,6b,7a); R = Me; 

9 (2a,3@,68,7a); R = Me; 
X = 4-Br-CsH4-NH-CO- 

X = 4-Br-CsH4-N(CO-CsH4-4-6r)c0 

Figure 1. Structure and numbering of epitaondiol stereo- 
isomers and derivatives. 

precedented steric arrangement by means of X-ray dif- 
fraction of crystalline 5, recrystallized 6, its derived N44- 
bromopheny1)carbamate 8 or the corresponding allo- 
phanate 9 have so far been unsuccessful (more than half 
a dozen samples tried over the span of more than one 
year). 

Epitaondiol (5) was isolated from S. flabelliforme as 
previously desc14bed.l~ Epitaondiol methyl ether (6) was 
prepared using standard methods (see Experimental 
Section) and the known derivative epitaondiol mono- 
acetate (7) was prepared as previously described.14 Car- 
bamate 8 and allophanate 9 were prepared from 6 by 
reaction with 4-bromophenyl isocyanate (see Experimen- 
tal Section). 

The 400 MHz lH NMR spectrum of epitaondiol(5) in 
CDCl3 showed well resolved singlets for all six C-methyl 
groups (see Figure 1 for numbering), at  SH 0.80 (H-191, 
0.92 (H-18), 1.00 (H-20),1.19 (H-16), 1.22 (H-17) and 2.08 
(H-7') ppm. Other well resolved signals were found for 
the aromatic protons at 6.45 (d, 2 Hz, H-4') and 6.38 (d, 
2 Hz, H-6')) for the secondary carbinol proton at 3.29 (dd, 
10 Hz and 4 Hz, H-14)) and for the benzylic protons at  
2.68 (dd, 15 Hz and 14 Hz, H-lP) and 2.47 (dd, 15 Hz 
and 5 Hz, H-la).16 Selected NOE difference data were 
clearly incompatible with the published structure 3. 
Thus, for structure 3 the H-17 angular methyl should be 
in the p face of the molecule, in a syn-l,&diaxial relation- 
ship with methyls H-16 and H-18. However, irradiation 
of H-17 gave a 4.9% NOE on the well identified benzylic 
proton H-la, and on two methine protons (later identified 
as H-2 and H-10) most probably also located in the a face 
of the m01ecule.l~ On the other hand, irradiation of H-16 
gave a 3.5% NOE enhancement on the well identified 
benzylic proton H-lP. We therefore suspected that the 
H-17 methyl was indeed a rather than P. In addition, 
both inspection of models and preliminary MM2 calcula- 
tions revealed that in structure 3 methyls H-16 and H-17 

(16) A broad multiplet, partly overlapped with OH signals, centered 
at 2.14 ppm, was later rationalized as H-4a. 
(17) In an effort to check experimentally the behavior of compounds 

displaying structures similar to  3, with trans-anti-trans A/B/C ring 
fusion, we carefully measured methyl-methyl NOES on a sample of 
oleanolic acid in the same solvent, using the same spectrometer and 
settings. On that sample, irradiation of the /3 angular methyl linked 
to C-8 (steroid numbering) resulted in a clear enhancement (2.5%) of 
the syn-1,3-diaxial angular methyl linked to C-10 (steroid numbering). 
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are too far away from the benzylic protons (over 4.0 A) 
to produce these significant NOE enhancements. Methyl 
ether 6 and acetate 7 showed a similar behavior for the 
angular methyl H-17. 

The far more soluble methyl ether 6 was used for the 
remaining NMR determinations, including the measure- 
ment of the 13C NMR spectrum and, in particular, the 
use of the HETNOE technique.lsJ9 This consists in a 
selective heteronuclear 13C(lH) NOE measurement, in 
which low power, selective CW irradiation of a given 
proton signal results in quite large NOE enhancements 
of the spatially closest quaternary carbon signals in the 
I3C NMR spectrum.18J9 This was necessary at  this stage 
to assign unambiguously the pair of methyls numbered 
16 and 17. One more reason to prefer using methyl ether 
6 rather than free phenol 5 was to avoid the possible 
epimerization of the latter, in a process similar to the 
known conversion of 1 to 2 under basic conditions.12 

Both the lH and the 13C NMR spectra of epitaondiol 
methyl ether 6 could be completely analyzed and as- 
signed unambiguously using an array of 1D (NOEDIFF, 
HETNOE) and 2D (COSY-45, DQF-COSY, CHCORR, 
HMQC, HMBC) methods. The assignments, together 
with the relevant spectral evidence, are given in Tables 
1 and 2. 

Again, the results of the 1D interproton NOE meas- 
urements (Figure 2) ruled out the trans-unti-trans-syn- 
cis A/B/C/D ring fusion previously proposed for epitaon- 
diol13 and fully supported the unprecedented trans-syn- 
trans-syn-trans arrangement, which forces rings B and 
C into the twist boat conformation. A phase-sensitive 
2D ROESY spectrum of 6 fully confirmed the 1D NO- 
EDIFF results, in particular the presence of ROE peaks 
correlating the methine proton H-6 with both methyls 
H-16 and H-18. 

Notes 

HO 

OMe 

6.2% 

Figure 2. Selected NOE data for epitaondiol methyl ether 
(6). 

The unambiguous assignment of the pair of methyls 
appearing at & 1.20 and 1.24 ppm (dc 24.9 and 28.0 ppm, 
respectively) as H-16 and H-17 was absolutely necessary 
as crucial evidence in favor of structure 6. Two inde- 
pendent methods, namely HETNOElsJ9 and HMBC, 
confirmed this assignment. Thus, low power selective 
irradiation of the proton singlet at 1.20 ppm resulted in 
a 31.3% heteronuclear NOE enhancement of the quater- 
nary carbon C-3, appearing at  76.5 ppm, while irradiation 
a t  d~ 1.24 resulted in a 33.9% increase of the quaternary 
carbon C-7 at dc 34.9 ppm. In addition, the HMBC 
spectrum of 6 showed very intense two-bond correlations 
for the pairs H-16/C-3 and H-17/C-7. 

Similar spectroscopic evidence obtained for the other 
epitaondiol derivatives examined, Le., acetate 7, carbam- 
ate 8, and allophanate 9, always supported the trans- 

(18) Sanchez-Ferrando, F. Mugn. Reson. Chem. 1985,23,185-191. 
(19) Cativiela, C.; Sanchez-Ferrando, F. Mugn. Reson. Chen. 1985, 

23, 1072-1075. 

Table 1. 400 MHz lH NMR Spectrum of Epitaondiol 
Methyl Ether 6 (CDCls) 
couplings COSY NOEs from 

H 6(m) (Hz) (6, HP (6, H, % I b  
Hi, 2.54 dd J1q1p = 16.7 2.73 (HIP) 1.24 (HIT), 6.2% 

Jia,2 = 4.9 1.70 (H2) 6.44 (He), 3.7% 
Hip 2.73 dd Jip,z = 13.5 2.54 (Hi,) 1.20 (Hid, 2.7% 

Jia,ip = 16.7 1.70 (H2) 

J l p , ~  = 13.5 2.73 (Hip) 
HZ 1.70 dd J1a,2 = 4.9 2.54 (Hid 1.24 (H17), 17.0% 

H4, 2.14 m 1.88 (H4p) 

Hio 

Hi2d 

H13a 

H13P 

J48,,58 = 9.9 
1.49 m 

1.30 dd Jza,6 = 7.8 
J,5p,6 = 6.1 

1.32 m 

1.81 m 

1.67 m 

1.35 m 

1.75 d Jgp , io  = 12.4 

1.43 m 

1.75 m 

1.62 m 

2.14 (H4a) 1.24 (HIT), 2.0% 
1.88 (H4p) 0.94 (His), 5.0% 
1.30 (He) 
1.49 (H5a+,5,3) 1.20 (H16), 12.6% 

0.94 (His), 13.3% 
1.81 (Hsp) 1.24 (Hi?), <1.0% 
1.67 (H9a) 
1.32 (Hsa) 1.20 (Hie), <1.0% 
1.35 (Hgp) 
1.32 (Hsa) 1.00 (Hzo), 12.5% 
1.35 (Hgp) 
1.81 (Hap) 0.80 (Hig), <1.0% 

1.75 (Hi01 
1.67 (Hga) 

1.35 ( H ~ B )  1.24 (Hi7), 10.5% 
1.00 (Hzo), 2.7% 

1.62 (Hi3p) 1.24 (Hi7), 2.0% 
1.75 (H13a) 
0.94 (Hid 
3.25 (Hid) 
1.43 (H&) 
3.25 (Hid) 0.94 (His), 10.1% 

Hi7 1.24s 
His 0.94 s 
Hi9 0.80 s 

Hzo 1.00 s 0.80 (His) 
Hq 6.54d J 4 8 , g  = 3.0 nmc 

He 6.44 d J4',6'= 3.0 nmc 

OMe 3.72 s 
Hy 2.12 s 

0.80 (Hig), 3.5% 
0.94 (His), 2.8% 
1.00 (Hzo), 1.5% 
0.80 (Hid, 1.1% 

2.12 (H7'), 16.2% 

6.54 (H4'), 2.8% 
6.54 (H4'), 1.8% 
6.44 (Hs.), 2.5% 

3.72 (OMe), 10.0% 

3.72 (OMe), 8.8% 

a Cross peaks seen in the COSY-45 and/or DQF-COSY spectra. 
Percent NOEs seen on the proton of each entry upon irradiation 

at the frequencies shown. Not measured. The spectral window 
of the COSY spectrum did not cover this chemical shift. 

syn-trans-syn-trans A/B/C/D ring fusion, with rings B and 
C conformationally blocked into the boat (or twist-boat) 
conformation. 

There is ample precedent of terpenoid metabolites 
featuring a twist-boat B ring as a consequence of the 
trans-syn-trans A/B/C ring fusion. One case of special 
biosynthetic significance is the protosterol family, for 
which both the biosynthesis and the chemical synthesis 
have recently received much a t t en t i~n .~O-~~  Another 
example, now from marine origin, is the triterpenoid 

(20) Corey, E. J.; Virgil, S. C. J. Am. Chem. SOC. 1990,112,6429- 
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6431. 
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113, 8171-8172. 
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Table 2. 100 MHz 13C NMR Spectrum of Epitaondiol 
Methyl Ether 6 (CDCl3) 
CHCORR HETNOE 

C d (m) cross peaks (&) enhancements from ( d ~ ,  %)” 

Ci  23.3 t 2.54 (His); 2.73 (Hip) 
Cz 48.5 d 1.70(Hz) 
C3 76.5 s 1.24 (HIT, 12%); 1.20 (Hie, 31%) 
Cq 40.1 t 1.88 (H4p); 2.14 (H4J 
Cg 16.9 t 1.49 (Hsa + Hsp) 
cs  47.9 d 1.30 (H6) 
c7 34.9 s 1.24 (Hi7, 34%); 1.20 (Hie, 15%) 
Cs 31.4 t 1.81 (He@); 1.32 (Ha,) 
Cg 17.0 t 1.67 (Hsa); 1.35 (Hgp) 
Clo 45.2 d 1.75 (Hie) 
C11 36.9s 0.80 (Hig, 9%); 0.94 (His, 35%); 

Clz 31.8 t 1.43 (Hlza + Hi~g) 
cis 29.0 t 1.75 (Hi3a); 1.62 (Hisp)* 
Ci4 79.3 d 3.25 (Hi4) 
Cis 39.0 s 0.80 (Hig, 28%); 0.94 (His, 

c16 24.9 q 1.20(H16) 
c17 28.0 g 1.24 (Hi71 
Cis 21.6 q 0.94 (Hi81 
Cig 15.9 q 0.80 (Hi91 
Czo 29.1 g 1.00 (Hzo) 
Cis 121.9 s 
Cz. 145.2 s 2.12 (H7,, 9%); 1.20 (Hie, 11%) 
C? 126.8 s 2.12 (HT, 23%) 
Cq‘ 114.5 d 6.54 (Hq‘) 
Cs. 152.1 s 
Cs. 111.0 d 6.44 (Hg) 
CT 16.2 q 2.12(H7’) 

1.00 (H20, 5%) 

10%); 1.00 (Hzo, 35%) 

OMe 55.5 q nm 

a HETNOE enhancements measured after 15 s irradiation at 
the proton frequencies shown at  very low power. See refs 18 and 
19 for details of the HETNOE method. No cross peak was found 
in the CHCORR spectrum for this carbon. These two correlations 
were found on the HMQC spectrum. 

Me Me Me Me OH 
Me 

.c Me 

OH Me 

11 

I 
5 

Figure 3. Required folding of epitaondiol precursor 11. 

boehmer01.~~ However, to the best of our knowledge, a 
pair of twist-boat B/C rings, as found in 5, is unprec- 
edented. Thus, the formation of epitaondiol from the 
presumedzs precursor 6-methyl-2-(geranylgeranyl)-p-hy- 
droquinone (10) (which has been to cooccur with 
5 in Stypopodium zonule) requires a rather unusual 
folding of the terminal epoxide 11 as shown in Figure 3. 

In contrast, the now well known enzymic cyclization/ 
rearrangement of squalene 2,3-oxide (12) to lanosterol 
via protosterol intermediates requires the regular folding 
depicted in Figure 4b.z13zz The presence of the high- 
lighted methyls in 12 has been describedz3 as crucial for 

(24) Oyarzun, M. L.; Garbarino, J. A.; Gambaro, V.; Guilhem, J.; 

(25) Gonzalez, A. G.; Alvarez, M. A.; Martin, J. D.; Norte, M.; P&ez, 
Pascard, C. Phytochemistry 1987,26, 221-223. 

C.; Rovirosa, J. Tetrahedron 1982,38, 719-728. 

11 

MYMe 

R 

Md 
13 

Figure 4. Steric course of several terpenoid polyene epoxide 
cyclizations: (a) proposed folding of precursor 11 to give 
epitaondiol5; (b) establishedzl~zz folding of squalene 2,3-oxide 
(12) to give lanosterol via protosterols; (c) establishedz3 folding 
of a squalene 2,3-oxide analog 13. 

the correct folding of squalene 2,3-oxide (12). Thus, when 
the hog liver enzyme which converts 12 into lanosterol 
is used on an analog substrate 13 lacking these two 
methyls, the cyclization follows a different stereochemical 
course (Figure 4c), through a folding, in which ring B is 
now in a pro-chair conformation, while ring C changes 
to a pro-boat conformati~n.~~ 

It remains to be seen whether or not the enzyme 
responsible for the formation of epitaondiol 5 from 11 
behaves like this hog liver enzyme. Thus, the presence 
of the highlighted methyl (see structure 11) could prevent 
pro-chair folding of the B ring, while the absence of a 
second methyl group at  the position of the highlighted 
hydrogen (see structure 11) could result in pro-boat 
folding of the C ring. Alternatively, the cyclization of 11 
to 5 could perhaps proceed stepwise via a series of cyclic 
carbenium ions, although in this case the preference for 
two consecutive twist boat rings, in spite of their large 
steric strain,26 would remain unexplained. 

Experimental Section 
S. flabelliforme was collected intertidally in December 1990, 

by hand, using SCUBA at -5 to -10 m depth, near Vaihu, 
Easter Island, Chile, and frozen immediately for transportation. 
The previously reportedi4 extraction procedure was used with 
no modifications. Mps (uncorr) were determined on a Kofler hot 
stage apparatus. Optical rotations were measured with a 
Perkin-Elmer Model 241 polarimeter using a 10 cm cell. HRE- 
IMS were taken on a VG Micromass ZAB -2F spectrometer. 
Elemental analyses were performed by “Centro de Instrumen- 
t a c h ,  Facultad de Quimica, Pontificia Universidad Cat6lica de 
Chile”. NMR spectra were measured using 250 and 400 MHz 
spectrometers. 

Epitaondiol (5). Starting from 1.2 kg of dry algae, 110 mg 
of crystalline 5 was isolated as colorless needles (from EtzO), 
unsuitable for X-ray determination. Mp 149-150 “C (lit.,13 149- 
152 “C); [ a ] ~  +40.1 (lit.,I3 +43.1); HREIMS ( n / z  412.2972; A -0.5 
mmu); IR (KBr) vmax 3430,2940,1610,1460,1370,1220,1140, 
1020 cm-1; IH NMR (CDC13) 6 6.45 ( lH,  d, J = 2 Hz), 6.38 ( lH,  
d, J = 2 Hz), 3.29 ( lH,  dd, J = 10, 4 Hz), 2.68 (lH, dd, J = 15, 
14 Hz), 2.47 ( lH,  dd, J = 15, 5 Hz), 2.08 (3H, s), 1.22 (3H, s), 

(26) Preliminary results from MM2 calculations show that structure 
5 is 18.5 kcal/mol-l less stable than structure 1. 
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1.19 (3H, s), 1.00 (3H, s), 0.92 (3H, s), 0.80 (3H, s); 13C NMR 
(CDC13) 6 148.5,144.4, 126.5, 122.1, 115.3, 112.4, 79.2,76.4,49.8, 
48.4,45.1,40.0,38.9,36.7,34.7, 31.6,31.3,28.9,28.5,27.8,24.6, 
23.0, 21.4, 16.9, 16.8, 15.8, 15.7. Anal. Calcd for C27H4003: C, 
78.59%; H, 9.77%. Found: C, 78.65%; H, 9.68%. 

5’-O-Methylepitaondiol (6). Epitaondiol (5) (100 mg) in 
THF (30 mL) was treated with NaH (10 mg) and Me1 (22 mg) 
at  room temp. After 1 h, the mixture was poured into water 
and extracted with EtzO. The extract was dried (anhyd MgS04) 
and filtered, and after solvent removal the residue was crystal- 
lized from hot acetone with a few drops of water, yielding 100 
mg of 6 as fine colorless needles, unsuitable for X ray determi- 
nation, mp 178-180 “C; [ a ] ~  +49.9 (c 2.0, CHC13); IR (KBr) vmax 
3557,3480,2993,2941, 1483, 1439,1227, 1150,1060 cm-l; IH 
NMR see Table 1; 13C NMR see Table 2. Anal. Calcd for 
C28H4203: C, 78.83%; H, 9.92%. Found: C, 78.46%; H, 9.89%. 
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Page 435, Summary and column 2, the last paragraph.  
The water solubility of the tetrol  6a should be 5.44 
mmoVL and that of the diol 5a should be 0.67 mmoVL, 
although the solubility was reported to  be 5.44 mom and 
0.67 mom, respectively. We thank Professor M. F. 
Hawthorne for this clarification. 
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Cyclic Diene Using AD-Mix Reagents: A New Enantiocontrolled 
Route to Conduritol E. 

Page 54. Since we overlooked the correction of the 
absolute configuration of (+)-conduritol E (7)  made by 
the original authors (ref 5, see: Hudlicky, T.; Luna, H.; 
Olivo, H. F.; Andersen, Nugent, T.; Price, J. D. J. Chen.  
SOC., Perkins Trans. 1 1991, 2907)) all the absolute 
configurations shown in our paper  (compounds 4-12 and 
6-ent-12) were depicted in inverted forms. They, there- 
fore, should be read in opposite configurations. We 
greatly appreciate Professor K. B. Sharpless, The Scripps 
Research Institute, for pointing out  our  oversight. 
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halous Acids from HJOs and NaBrO3 in the Presence of Na- 
HS03. 

Page 5550. Reference 2 should have two additional 
references: Rodriguez, J . ;  Dulcere, J.-P. Synthesis 1993, 
1177. Bonini, C.; Righi, G. Synthesis 1994, 225. 
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Phillip Crews,* Emil Lobkovsky, and Jon Clardy*. Chlo- 
riolins A-C, Chlorinated Sesquiterpenes Produced by Fungal 
Cultures Separated from a Juspis Marine Sponge. 

Page 6345, Figure 1. The arrow legends were assigned 
incorrectly. Figure 1 should be as shown below. 

Figure 1. 
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Francis Beaulieu and Victor Snieckus*. Directed Metalation 
of Diary1 Sulfone 2-Amides and 2-0-Carbamates. Regiospecific 
General Route to Thioxanthen-9-one 10,lO-Dioxides via Anionic 
Friedel-Crafts and Remote Fries Rearrangement Equivalents. 

Page 6509, column 1, line 4 should read “Quenching 
after 5 min and 1 h resul ted in recovery of intractable  
mixtures and starting mater ia l  in both cases.n 

Page 6509, column 2, line 1, should read  “starting 
material (47%)) thioxanthenone dioxide (43%)) and 44tri- 
methylsily1)thioxanthenone dioxide ....n 
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