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The high yield of the lactonization step coupled with the 
ease of preparation of the ethynesg makes this procedure 
a potentially useful approach to isocoumarins (1H-benzo- 
2-pyran-1-ones). The presence of bromine at the 4 position 
permits ready elaboration to more complex derivatives. 

Experimental Section 
4-Bromo-3-phenyl-lH-benzo-2-pyran-l-one (1). A solution 

of bromine (0.2 mL) in 10 mL of acetic acid was added dropwise 
to a mixture of 0.48 g of methyl Z-(Z-phenylethynyl)benzoate? 
(5a, 2.0 mmol) and 0.25 g of lithium bromide (2.9 mmol) in 10 
mL of acetic acid, and the reaction was stirred overnight. The 
reaction mixture was added to 50 mL of water and the product 
filtered. The filter cake was washed with water, a sodium thio- 
sulfate solution, and again with water and dried to give 0.47 g 
of 1: mp (uncorr) 130-131.5 "C (recrystallized from cyclohexane) 
(lit? 133 "C); mass spectrum, mle (relative intensity) 302 (84), 
300 (98), 274 (52), 272 (53), 221 (9), 193 (88), 165 (83), 164 (27), 
105 (loo), 88 (39), 77 (97); IR (KBr) 1742,1623,1603,1478,1403, 
1236,1090,1080,1058,1035,1025,964,761,754,692,647 cm-'; 
'H NMR (CDC13, 200 MHz) 6 8.33-8.26 (m, 1 H), 7.94-7.87 (m, 
1 H) 7.85-7.72 (m, 3 H) 7.60-7.50 (m, 1 H) 7.50-7.41 (m, 3 H); 
13C NMR (CDC13, 50 MHZ) 6 160.88 (s), 151.64 (s), 136.44 (s), 
135.29 (d), 132.64 (s), 130.08 (d), 129.59 (d), 129.53 (d), 129.01 
(d), 127.98 @), 126.48 (d), 120.45 (s), 101.19 (8). 

3-Phenyl-1H-benzo-2-pyran-1-one (4). Tributyltin hydride 
(45 mg) and 1 (32 mg) were stirred together (no solvent) a t  145 
"C for 14 h. The crude product was purified by TLC (silica gel, 
CHC13) to give 12 mg of 4 (51%) and 13 mg of 1 (41%): mp 
(uncorr) 91.5-92.5 "C (recrystallized from cyclohexane) (lit.lo 91-92 
"C; IR (KBr) 1719 cm-'; 'H NMR (CDC13, 200 MHz) 6 8.36-8.27 
(m, 1 H), 7.94-7.86 (m, 2 H), 7.78-7.67 (m, 1 H), 7.56-7.43 (m, 
5 H), 6.96 (s 1 H). 
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that include ingestion of functional coelenterate cnidob- 
lasts from their prey and secretion of various repellents, 
including strong acids.' An observation2 that the nudi- 
branch Phyllidia varicosa secretes a defensive fluid led one 
of us (P.J.S.) to the first chemical elucidation of such an 
allomone, an isocyan~sesquiterpene.~ Members of the 
family Onchidacea are known to possess peripherally sit- 
uated epidermal glands, described as "repugnatorial". The 
milky exudate from these glands reportedly deters pre- 
dation and "when received upon one's tongue is found to 
sting like wild m ~ s t a r d " . ~  Likewise this observation led 
one of use (C.M.I.) to the isolation of onchidal (l), the 
defensive allomone of Onchidella b i n n e ~ i . ~  We now re- 
port the isolation of a mixture of esters, all based on the 
bispyrone alcohol ilikonapyrone (2) ,6 as probable defense 
allomones of the Hawaiian onchid Onchidium uerrucula- 
tum (Cuvier, 1830). 
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0. uerruculatum from Portlock, Oahu, HI were stored 
whole in acetone for 24 h. The acetone filtrate was 
evaporated and the residue partitioned between ether and 
H20 to give 0.53 g of organic oil. Chromatography of the 
oil on Sephadex LH-20 (CH2C12/hexane, 41) and Bio-Si1 
A (EtOAc) gave a mixture of UV absorbing esters (IR 1735 
cm-l) that could only be partially resolved chromato- 
graphically to give small amounts of pure 3. However, 
saponification greatly simplified the mixture, yielding a 
single alcohol 2. 

The triol 2 (C32H480,; HRMS obsd m/z 544.335, calcd 
544.340) exhibited data for two fully substituted y-pyrone 
rings bearing methyl groups at  the P carbons [IR 1660, 
1610 cm-'; UV 260 nm ( E  12700); 13C NMR (CDCl,) 8 180.1 
(s), 180.0 (s), 165.5 (s), 165.3 (s), 164.7 (s), 164.6 (s), 119.3 
(s), 119.2 (s), 118.0 (s), 117.3 (s), 9.7 (q), 9.6 (9, 3 C); 'H 

1.89 (s,3 H)] and the isolated spin systems a 4  as defined 
by proton decoupling. The electron-impact mass spec- 

NMR (CDCl3) 6 1.93 (8, 3 H), 1.92 (8, 3 H), 1.91 (8, 3 H), 

trum of 2 (Scheme I) exhibited prominent ions at m/z 486 
and 180, resulting from consecutive McLafferty rear- 
rangements, indicating that b and c are attached to the 
same pyrone ring. Treatment of 2 with MnOz in CH2C12 
furnished +unsaturated ketone 4 [IR 1675,1660,1600 
cm-'; UV 242 nm ( E  13800), 257 (13300); 'H NMR (CDC13) 
8 1.76 (d, 3 H, J = 1 Hz), 6.43 (dd, 1 H, J = 9, 1 Hz)], 
indicating that a and b are also joined. Finally, treatment 
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Scheme I. E1 Mass Spectral Fragmentation of 2 
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h 

Figure 1. Numbering system and thermal ellipsoid plot, including 
50% probability for ilikonapyrone acetonide. 

of 2 with Os04-NaI04, followed by NaE3H4, gave the 
monopyrones 5 and 6. Both 5 and 6 exhibited spectral 

5 5? 
..I 

data (see Experimental Section) for a single pyrone ring 
and the side chains were identified by proton decoupling. 

The relative stereochemistry of the seven asymmetric 
centers and of the trisubstituted olefin of 2 was determined 
by X-ray analysis (see Experimental Section) of the ace- 
tonide derivative 7. Figure 1 shows the thermal ellipsoid 
plot for 7. The X-ray solution did not distinguish between 
enantiomeric structures. The 3R ,4R, lOS, 1 1 S, 12S, 13S, 16s 
enantiomer shown is an arbitary choice. 

The predominant natural ester, CBHSO9 (HRMS obsd 
m/z 656.391, calcd 656.392), was assigned structure 3 on 
the basis of mass spectral evidence. A strong (M - 
CH3CH2CHO)+ peak at  m/z 598 followed by peaks at  524 
and 450 for consecutive losses of propionic acid indicate 
an alcohol at  C-21 and propionate esters at  C-11 and C-13. 

Experimental Section 
Infrared spectra were recorded on a Beckman 620 MX spec- 

trophotometer. Electron-impact mass spectra were recorded on 
a Varian MAT 311 or AE1 MS-902 spectrometer. 'H and 13C 
NMR spectra were recorded on a Varian XL 100 or Bruker WM 
500 spectrometer. Chemical shifts are reported relative to Me4Si 
(6 = 0). Optical rotations were recorded on a Perkin-Elmer 241 
polarimeter. UV spectra were recorded on a Cary 15 spectro- 
photometer. Melting points were recorded on a Hoover apparatus 
and are uncorrected. HPLC separations were performed on a 
Waters Model 201 system with 441 differential refractometer. 

Onchidium venuculatum (N = 400) were collected at Portlock, 
Oahu, HI and stored in acetone at  5 "C for 24 h. The acetone 

Notes 

J 
180 

extract was filtered through Whatman no. 1 paper and concen- 
trated to a watery residue. The residue was suspended in H20 
(100 mL) and extracted with ether (3 X 100 mL). The combined 
ether layers were dried over MgSO, and evaporated to give 0.53 
g of organic oil. The oil was chromatographed on Sephadex LH-20 
(150 X 2 cm; CH2C12/hexane, 4:l) and Bio-Si1 A (75 X 2 cm; 
EtOAc) to yield a mixture of esters (60 mg) and 2 mg of 3. 3 IR 
3550,1735,1660,1370 cm-l; mass spectrum, m/z 656 (M)+, 598 
(M - CH3CH2CHO)+, 524,450; HRMS obsd m/z 656.391 calcd 
656.392 for C38H5809. 

Saponification of the Ester Mixture. The mixture of esters 
(60 mg) was stirred in 1% KOH/MeOH (25 mL) at  room tem- 
perature for 2 h. Water (25 mL) was added to the reaction and 
the mixture extracted with CHC13 (3 X 50 mL). Evaporation of 
the CHC13 gave 2 (45 mg): C32H&OT (mass measurement; obsd 
544.335, calcd 544.340); mp 96-98 'c; [a]D -16' (c 1.5, CH2C12); 
IR (CH2C12) 3550,1660,1610 cm-l; UV (MeOH) 260 nm ( E  12 700); 

= 8, 1 Hz), 4.04 (1 H, d, J = 7 Hz), 3.90 (1 H, dq, J = 9, 7 Hz), 
3.60 (1 H, m), 3.13 (1 H, dq, J = 8, 7 Hz), 2.96 (1 H, dq, J = 7, 
7 Hz), 2.62 (2 H, q, J = 7 Hz), 1.93 (3 H, s), 1.92 (3 H, s), 1.91 
(3 H, s), 1.89 (3 H, s), 1.70 (3 H, d, J = 1 Hz), 1.48 (1 H, ddq, J 
= 14, 3, 7 Hz), 1.30 (1 H, ddq, J = 14, 7, 7 Hz), 1.25 (3 H, d, J 
= 7 Hz), 1.20 (3 H, t, J = 7 Hz), 1.18 (3 H, d, J = 7 Hz), 1.10 (3 
H, d, J = 7 Hz), 0.89 (3 H, t, J = 7 Hz), 0.87 (3 H, d, J = 7 Hz); 

(s), 164.6 (s), 137.5 (s), 127.1 (d), 119.3 (s), 119.2 (s), 118.0 (s), 117.3 
(s), 79.6 (d), 75.9 (d), 71.9 (d), 41.2 (d), 39.5 (d), 37.2 (d), 34.8 (d), 
28.0 (t), 25.1 (t), 18.6 (q), 15.9 (q), 15.8 (a), 12.2 (q), 11.5 (q), 9.9 

MnOa Oxidation of 2 to 4. Mn02 (30 mg) and 2 (10 mg) were 
stirred in CH2C12 (20 mL) at  room temperature for 24 h. The 
reaction was filtered through Whatman no. 1 paper and the 
chloroform evaporated to give crude product. Silica HPLC 
(EtOAc) gave 4 (5 mg) as the only product: IR 3550,1675,1660, 
1600,1380 cm-l; UV (MeOH) 242 nm ( E  13 800), 275 (13 300); lH 
NMR 6 6.34 (dd, 1 H, J = 9, 1 Hz), 4.0 (dd, 1 H, J = 8, 1 Hz), 
3.90 (m, 1 H), 3.60 (m, 1 H), 3.05 (m, 2 H), 2.54 (9, 2 H, J = 7 
Hz), 1.92 (s,9 H), 1.88 (s,3 H), 1.76 (d, 3 H, J = 1 Hz), 1.34 (d, 
3 H, J = 7 Hz), 1.26 (d, 6 H, J = 7 Hz), 1.18 (d, 3 H, J = 7 Hz), 
1.05 (m, 6 H). 

Os04/NaI04 Oxidation of 3 to 5 and 6. The triol 2 (45 mg) 
was dissolved in dioxane (25 mL). OSO, (1 crystal) was added 
and the reaction stirred at room temperature. After 30 min NaIO, 
(100 mg) was added and stirring continued for 24 h. Water (25 
mL) was added to the reaction and the mixture extracted with 
ether (25 mL). The combined organic layers were dried over 
MgS0, and evaporated to give 30 mg of oil. The oil was dissolved 
in MeOH (20 mL) and NaBH, (50 mg) added. The mixture was 
stirred at room temperature for 1 h. The reaction was terminated 
by addition of H20 (10 mL) and extracted with ether (3 X 25 mL). 
The combined ether layers were dried over MgSO, and concen- 
trated to 25 mg of oil. Silica HPLC (EtOAc) gave 5 (8 mg) and 
6 (12 mg). 

cm-l; UV (MeOH) 258 nm (E 6000); lH NMR (CDC13) 6 3.78 (2 
H, m), 3.23 (1 H, m), 2.61 (2 H, q, J = 7 Hz), 1.96 (3 H, s), 1.92 
(3 H, s), 1.20 (6 H, m); MS, m/z 210 (M'), 193, 179, 122. 
6 [a]D -6.7' (c 0.3, CH2C12); IR (CH2C12) 3610,1660,1610 cm-l; 

UV (MeOH) 260 nm ( E  7200) 'H NMR (CDC13) 6 4.12 (1 H, dd, 

'H NMR (CDC13) 6 5.60 (1 H, dd, J = 9 ,1  Hz), 4.20 (1 H, dd, J 

13C NMR (CDC13) 6 180.1 (s), 180.0 (s), 165.5 (s), 165.3 (s), 164.7 

(a), 9.8 (q),9.7 (q), 9.6 (9, 3 C). 

5: [ a ] ~  -16.7' (C 0.3, CH2C12); IR (CH2Cl2) 3610, 1660, 1610 
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J = 9, 3 Hz), 3.68 (3 H, m) 3.14 (1 H, dq, J = 9, 7 Hz), 3.03 (1 
H, dq, J = 7, 7 Hz), 1.96 (3 H, s), 1.95 (3 H, s), 1.94 (1 H, m), 
1.60-1.44 (2 H, m), 1.26 (3 H, d, J = 7 Hz), 1.15 (3 H, d, J = 7 
Hz), 0.99 (3 H, t, J = 7 Hz), 0.95 (3 H, d, J = 7 Hz); MS, m / z  
326 (M'), 268, 180. 

Conversion of 2 to 7. The triol 2 (14 mg) was dissolved in 
2,2-dimethoxypropane (4 mL). A crystal of TsOH was added and 
the reaction refluxed for 3 h. The reaction was diluted with dry 
benzene (10 mL). The organic layer was evaporated to give 7 (10 
mg): crystals from hexane; mp 134-135 "C; high-resolution mass 
measurement, obsd 584.372, calcd 584.3715 for Ca5H5@,. 

X-ray Analysis of 7. Preceasion photographs of a single crystal 
(0.10 X 0.10 X 0.25 mm) of ilikonapyrone acetonide (C35H?207) 
revealed orthorhombic symmetry (P212121). Latice translations, 
a = 19.380 (3), b = 23.031 (4), c = 7.831 (1) A, were determined 
by least-squares fitting of 24 automatically centered (Picker 
FACS-I diffractmeter) reflections (39O < 28 < 48O) measured with 
Ni-filtered Cu Ka radiation (A = 1.5405 A) at  291 K. Crystal 
density (1.108 g/cm3, flotation, KI-H,O), lattice parameters, and 
space group symmetry reveal that there are four molecules per 
unit cell and one per asymmetric crystallographic unit. Intensity 
data (20 5 looo) were measured in the 8/28 scan mode. Of 2089 
unique reflections, 1697 were considered observed by using the 
criterion Io 1 3u(IO) after correction for Lorentz, polarization, 
background, decay (6%), and absorption (+-scan, p = 6.16 cm-l, 
8.2% maximum at  15,2,2) effects. The structure was solved by 
direct methods. bpeated cycles of structure factor and difference 
Fourier synthesis provided acceptable positional parameters for 
all 42 non-hydrogen atoms. Anisotropic refinement converged 
at R = 0.12, minimizing Cw[pol  - pcIl2 where w = l/$. Repeated 
cycles of refinement and difference Fourier synthesis revealed 
positions for 25 hydrogen atoms. Positional parameters for 20 
additional hydrogen atoms could be calculated on the basis of 
geometrical constraints. In the final cycles of refmement, hydrogen 
atom positional parameters were fixed. Throughout, thermal 
parameters for hydrogen atoms were also fiied and were assigned 
values of 8$(c3i=luij/3) of the atoms to which they were bonded. 
Hydrogen atoms of the hydroxyl group and the methyl groups 
C(1) and C(24) could not be satisfactorily located. Refinement 
converged (shift/error I 0.5) a t  R = 0.072 (R = C(IIFoI - 

Additional crystallographic details (structure factor table, atomic 
positional and thermal parameters, bond distances, bond angles, 
and torsion angles) can be found in the supplementary material. 

Calculations were performed on IBM 370/168 and DEC 
PDP-10 computers. Atomic scattering factors were taken from 
Cromer and Weber (Cromer, D. T.; Weber, J. T. Acta Crystallogr. 
1965,18,104-109) and Stewart et al. (Stewart, R. F.; Davidson, 
E. R.; Simpson, W. T. J.  Chem. Phys. 1965,42,3175-3187). The 
principle programs used were the following: X R A Y ~ ,  the X-ray 
system of crystallographic programs (Stewart, J. M.; Kruger, G. 
J.; Ammon, H. L.; Dickinson, C.; Hall, S. R. Technical Report 
TR-192, Computer Science Center, University of Maryland, 
College Park, MD, 1972); ORTEP-I& crystallographic illustration 
program (Johnson, K. C. Report ORNL-5138, Oak Ridge National 
Laboratory, Oak Ridge, TN, 1976); UTAN, programs for solution 

IFcII)/CIFol) and W R  = 0.079 (wR = [CW(lFol - IFc12/~~lFo12]' /2 .  

88130-81-8; 6, 88130-82-9; 7,88130-83-0; 2,2-dimethoxypropane, 

Supplementary Material Available: Tables I and I1 listing 
structure factors, atomic positional and thermal parameters, bond 
distances, bond angles, and torsion angles (11 pages). Ordering 
information is given on any current masthead page. 
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The reaction of 2 equiv of dimethyl 3-ketoglutarate (I) 
with 1 equiv of a 1,2-dicarbonyl compound 2l provides a 
convenient approach to tetramethoxycarbonyl com- 
p o u n d ~ , ~ ~ ~  which in turn yield cis-bicyclo[3.3.0]octane- 
3,7-diones on acid-catalyzed hydrolysis-decarboxylation. 
Examination of this process in our laboratories has resulted 
in a facile, general route for the preparation of more com- 
plex polyquinanes,'+ some of which are illustrated in 
Scheme I, as well as for compounds of pharmaceutical 
intere~t .~ The versatility of this approach has been amply 
illustrated recently by reports of the syntheses of gym- 
nomitro1,8a isocomene,sb and m~dhephene.~ 

The formation of the cis-bicyclo[3.3.0]octane-3,7-diene 
system from 1 and 2 can be easily rationalizedg through 
the sequence of aldolization and Michael reactions shown 
in Scheme 11. In agreement with this, Bertz has suggested 
that in mildly acidic media (pH 5) the aldol product 3 
undergoes cyclization to 4, which eventually leads to the 
cis-bicyclo[3.3.0] system,10 while under less acidic condi- 
tions evidently elimination to a trans-olefin is observed.1° 
We have now found that at  pH >8 the 4-hydroxycyclo- 

of crystal structures from X-ray diffraction data (Declercq, J. P.; 
Germain, G.; Woolfson, M. M. Acta Crystallogr., Sect. A 1975, 
31, 367-372); ORFLS, full-matrix least-squares program for re- 
finement of crystal structures (Busing, W. R.; Martin, K. 0.; Levy, 
H. A. Report ORNL-TM-305, Oak Ridge National Laboratory, 
Oak Ridge, TN, 1962); and ABS, a locally modified absorption 
correction program (North, A. C. T.; Phillips, D. C.; Mathews, 
F. S. Acta Crystallogr., Sect. A 1968, 24, 351-359. 
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