
J. Org. Chem. 1990,55, 2797-2800 2797 

EtOAc/hexanes) gave the alcohol 32 (5.5 mg, 77%) as a clear oil: 
'H NMR (selected data for major isomer) 6 5.72 (1 H, m, CH= 
CHz), 5.42 (1 H, d, J = 8 Hz, CH=C(Me)CH(OH)), 5.20 (1 H, 
d, J = 6 Hz, CHCOtBu), 5.02-4.92 (3 H, m, CH=CHz and 
CH=C(Me)CHz), 4.38 (1 H, bd, J = 8 Hz, TIPSOCHCH(Me)), 
4.26 (1 H, s, CH(OH)), 3.88 (2 H, m, TBSOCHCH(0Me) and OH), 
3.68 (1 H, bd, J = 10 Hz, NCHH), 3.55 (2 H, m, TIPSOCHCH- 
(0Me)and TBSOCHCHz),3.45 (3 H,s,MeO),3.42 (3 H,s,MeO), 
3.37 (1 H, m, NCHH), 3.33 (3 H, s, MeO), 3.29 (1 H, d, J = 9 Hz, 
MeOCHCH,CH(Me)C(S),), 3.21 (1 H, m, MeOCHCHzCH(Me)- 
CHz), 2.99 (3 H, m), 2.67 (3 H, m), 2.45 (1 H, m, CHCH=C- 
(Me)CHz), 1.59 (6 H, s, CH=C(Me) and CH=C(Me)), 1.49 (9 H, 
s, COtBu),  1.21 (3 H, d, J = 8 Hz), 1.11 (s, (MezCH)3Si), 1.10 (s, 
(Me2CH)$3i), 0.94 (s, tBuSi), 0.91 (s, tBuSi), 0.82 (d, J = 7 Hz), 
0.78 (d, J = 7 Hz), 0.13-0.06 (12 H, m, MezSi and MezSi). 

15S*,16S*,17S*,18E],3a,4@]]-1-[[2-[5,13-Bis[[( 1,l-dimethyl- 
ethyl) dimet hy lsilyl]oxy 1- 17- hydroxy-4,6-dimet hoxy- 19- [ 3- 
methoxy-4-[ [ tris( 1-methylethyl)silyl]oxy]cyclohexyl]- 
2,8,10,16,18-pentamethyl-12-(2-propenyl)-l5-[[tris( 1- 
methylethyl)silyl]oxy]-lO,l8-nonadecadienyl]-l,3-dithian- 
2-yl]oxoacetyl]-2-piperidinecarboxylic acid (33). tert-Butyl 
ester 32 (5.5 mg, 3.6 pmol) was dissolved in THF (300 pL) a t  room 
temperature. 2,6-Lutidine (18 FL, 150 Fmol) and trimethylsilyl 
triflate (21 WL, 109 "01) were added successively. After 0.5 h 
a t  room temperature the mixture was heated to reflux. After 1 
h further amounts of 2,6-lutidine (10 pL, 83 Fmol) and TMSOTf 
(10 FL, 52 "01) were added. After a further 1 h at reflux the 
reaction mixture was allowed to cool to room temperaure and 1 
N aqueous hydrochloric acid was added followed by EtOAc. The 
organic layer was separated, and the aqueous layer was reextracted 
with EtOAc (2X). The combined organic extracts were washed 
with 1 N aqueous hydrochloric acid, then brine, dried over MgSO,, 
filtered, and concentrated. Purification of the residue by chro- 

[ 1R-[ la[ 1(S *),2R *,4S *,5R *,6S *,8S*,lOE,l2R*,13R*, 

matography (EtOAc - 5% MeOH/EtOAc) on 4% KHzP04 im- 
pregnated silica gel gave the carboxylic acid 33 (4.8 mg, 87%) as 
a clear oil: 'H NMR (selected data for major rotamer) 6 5.71 (1 
H, m, CH=CHz), 5.41 (1 H, d, J = 8 Hz, CH=C(Me)CH(OH)), 

4.95 (1 H, d, J = 9 Hz, trans-CH=CH,), 4.90 (1 H, d, J = 12 Hz, 
CH=C(Me)CH,), 4.38 (1 H, bd, J = 10 Hz, TIPSOCHCH(Me)), 

(OMe)), 3.75 (1 H, bd, J = 15 Hz, NCHH), 3.61 (1 H, m, TIP- 
SOCHCH(OMe)), 3.50-3.33 (m, including 3.43, S, MeO), 3.29 (3 
H, s, MeO), 3.25-3.13 (m), 3.07 (1 H, m, MeOCHCH(OTIPS)), 
3.02-2.81 (m), 2.70-2.61 (m), 1.61 (5, CH=C(Me) and CH=C- 
(Me)), 1.21 (d, J = 7 Hz, CH(Me)), 0.83 (d, J = 8 Hz, CH(M)), 
0.75 (d, J = 8 Hz, CH(Me)); IR (CHzClz solution) 3500 (br), 2928, 
2862, 1739, 1694, 1642,1461, 1385, 1251, 1190,1105,1001,881, 
834, 775 cm-'. 
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5.37 (1 H, bs, CHCOZH), 5.00 (1 H, d, J = 15 Hz, cis-CH=CHZ), 

4.28 (1 H, S, CH(OH)), 3.79 (1 H, d, J = 7 Hz, TBSOCHCH- 
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The South African tree Combretum caffrum (Combretaceae) has been found to contain two new and cytostatic 
(P388 lymphocytic leukemia) macrocyclic lactones designated combretastatin D-1 (1, EDm 3.3 pg/mL) and D-2 
(2, EDm 5.2 pg/mL). With the X-ray crystal structure of combretastatin D-1 (1) serving as an unequivocal reference 
point I3C NMR and high field (400 MHz) 'H NMR spectral techniques were employed to assign structure 2 to 
combretastatin D-2. 

The South African tree Combretum caffrum (Combre- 
taceae) has been found to produce two cis-stilbenes, com- 
bretastatins A-1 and A-4, that strongly inhibit growth of 
the P-388 lymphocytic leukemia cell line (PS system) and 
tubulin polymerization.2 Recently, we reported3 the iso- 

(1) For the preceding paper, see: Pettit, G. R.; Singh, S. B.; Hogan, 
F.; Burkett, D. J. Med. Chem. In press. 

(2) (a) Pettit, G. R.; Singh, S. B.; Niven, M. L.; Hamel, E.; Schmidt, 
J. M. J. Nat.  Prod. 1987,50, 119. (b) Pettit, G. R.; Singh, S. B. Can. J. 
Chem. 1987, 65, 2390. (c) Pettit, G. R.; Singh, S. B.; Niven, M. L.; 
Schmidt, J. M. Can. J. Chem. 1988,66,406. (d) Pettit, G. R.; Singh, S. 
B.; Schmidt, J. M.; Niven, M. L.; Hamel, E.; Lin, C. M. J. Nat. R o d .  1988, 
51,517. (e). Lin, C. M.; Singh, S. B.; Chu, P. S.; Dempcy, R. 0.; Schmidt, 
J. M.; Pettit, G. R.; Hamel, E. Mol. Pharmcol. 1988,34, 200. (0 Pettit, 
G .  R.; Singh, S. B.; Lin, C. M.; Hamel, E.; Alberts, D.; Garcia-Kendall, 
D. Experientia 1989, 45, 209. 

(3) Pettit, G. R.; Singh, S. B.; Niven, M. L. J. Am. Chem. SOC. 1988, 
110. 8539. 

lation and structure determination of an unexpected 17- 
membered macrocyclic lactone designated combretastatin 
D-1 (1) from the same plant. We now summarize the 

1 2 

isolation and structural elucidation of another PS cell line 
inhibitory member of this unusual series of macrocyclic 
lactones named combretastatin D-2 (2) along with chemical 
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Table I. 'H NMR Assignments for Combretastatin D-2 (2) and Derivatives 5a-c in Deuteriochloroform Solution in 6 Value 
(ppm) with Chloroform as Internal Standard 

position 2 5a" 5b 5c 
2a 4.64, d, 6.8 4.64, d, 6.9 3.91, d, 11.4 4.05, d, 11.9 
20 4.64, d, 6.8 4.26, m 4.31, dd, 11.4, 7.0 4.56, dd, 12, 7.6 
3 6.06, dt, 10.6, 6.8 2.09, 2.38, m 4.24, m 4.27, m 
4 7.11, d, 10.6 3.72, m 2.81, dd, 12.9, 8.4 2.93, dd, 13.2, 11.4 

6 7.33, d, 8.4 7.33, br d, 9.7 7.35, dd, 8.3, 2.3 7.35, dd, 8.3, 2.1 
7 7.09, d, 8.4 7.09, dd, 8.0, 1.7 7.05, dd, 8.4, 2.5 7.10, dd, 8.3, 2.5 
1 2  6.85, d, 8.0 6.83, d, 8.2 6.84, d, 8.2 6.84, d, 8.2 
13 6.63, ddd, 8, 1.8, 1.7 6.61, dd, 8.4, 1.7 6.61, dd, 8.3, 1.6 6.61, dd, 8.3, 1.8 
15n 2.87, t, 5.0 2.82, m 2.72, br dd, 17.1, 8 2.61, br dd, 17.1, 7.2 
158 2.87, t, 5.0 2.85, m 2.96, br dd, 16.4, 9.9 3.05, br dd, 16.6, 10.6 
16n 2.29, dt, 5.0, 1.7 2.25, m 2.23, ddd, 17, 10.5, 1.7 2.15, ddd, 15.2, 12, 1.4 
168 2.29, dt, 5.0, 1.7 2.30, m 2.35, ddd, 17, 8.2, 1.8 2.40, ddd, 16.8, 7.4, 1.4 
18 7.33, d, 8.4 7.31, dd, 8.0, 1.9 7.31, dd, 8.0, 2.5 7.31, dd, 8.1, 2.2 
19 7.09, d, 8.4 7.02, dd, 8.3, 2.0 7.02, dd, 8.2, 2.5 7.00, dd, 8.1, 2.5 
20 5.07, d, 1.8 5.30, d, 2.0 5.23, d, 1.8 5.21, d, 1.8 
11-OH 5.47, s 5.51, br s 5.50, br s 5.48, s 
3-OH 2.07, d, 6.1 

4.06, m 3.26, dd, 12.9, 5.1 3.60, dd, 13.2, 5.3 

" Two major conformers; the chemical shift of the major conformer is reported. 

transformations of combretastatin D- 1 undertaken as part 
of the original structural e l~c ida t ion .~  

A methylene chloride-methanol (1:l) extract of Com- 
bretum caffrum stem wood was initially fractionated and 
separated as described.2a*b The fraction that previously 
yielded2b combretastatin A-2 was subjected to a similar PS 
bioassay guided chromatographic separation sequence (a 
series of Sephadex LH-20 partition chromatograms using 
hexane-toluene-methanol, 3:1:1, and silica gel column 
chromatographic procedures employing various combina- 
tions of hexane-ethyl acetate as eluant) afforded com- 
bretastatin D-2 (2, 5.8 mg from 77 kg of wood), which 
exhibited PS ED5,, 5.2 pg/mL. 

As with combretastatin D-1 (1) mass spectral analysis 
of combretastatin D-2 indicated a molecular formula 
(C18H1604) with 11 double-bond equivalents. The infrared 
spectrum of lactone 2 showed absorption due to a lactone 
or an ester carbonyl (at 1728 cm-'), hydroxyl group (3436, 
3429 cm-'1, and aromatic rings. The 'H NMR spectrum 
contained signals corresponding to methylene adjacent to 
carbonyl, a benzylic methylene, an oxymethylene, eight 
olefinic and/or aromatic protons, and a shielded aromatic 
proton (Table I). The proton NMR spectrum was as- 
signed on the basis of 2D 'H NMR and 'H-COSY tech- 
n i q u e ~ . ~  The spin systems were (a) ArCH2CH2CO-; (b) 
-OCH2CH=CH-; (c) a para-substituted aromatic ring; and 
(d) an ortho,ortho,meta-substituted aromatic ring. On the 
assumption that combretastatin D-2 had a lactone ring, 
all the double-bond equivalents were thereby accounted 
for. The 13C NMR spectrum of olefin 2 was consistent with 
this deduction. The 'H NMR spin systems were assem- 
bled3 on the basis of NOEDS experiments. 

Comparison of the 13C NMR spectrum (Table 11) of 
combretastatin D-2 with the spectrum of combretastatin 
D- 1 (1, confirmed by X-ray crystal structure determina- 
tion) provided unequivocal support for the proposed 
structure. The carbon-13 spectrum of lactone 2 was found 
to be essentially identical with that of combretastatin D-1, 
except for the olefinic carbon signals. Since the original 
13C assignments for combretastatin D-1 were based on 
direct one-bond 'H, 13C correlation using the 'H, 13C- 
COSY5 experiment (ambiguous for the quaternary car- 
bons), it became necessary to assign the carbon resonances 
of the more abundant combretastatin D-1. Therefore, all 

(4) Bax, A.; Freeman, R. J. Magn.  Reson. 1981, 44,  542. 
(5) (a) Bodenhausen, G.; Freeman, R. J. Magn.  Reson. 1971,28, 471. 

(b) Bax, A.; Morris, G. A. J .  Magn.  Reson. 1981, 42, 501. 

Table 11. I3C NMR Assignments for Combretastatin D-1 ( 1  
with HMBC Correlations) and Combretastatin D-2 (2) in 

Deuterioc hloroform 
position 1 2 1 (HMBC) 

2 62.56 59.06 C-2 --c H-3 
3 52.99 137.74 C-3 - H - ~ C X ,  H-20, H-4 
4 55.84 135.45 C-4 -+ H-2a, H-20, H-6 
5 132.44 132.01 C-5 - H-4, H-7, H-19 
6 128.83 129.09 C-6 - H-4, H-18 
7 123.95 123.89 C-7 - H-19 
8 156.01 155.6 C-8 - H-7, H-19 

10 149.09" 149.32" C-10 - H-12, 11-OH, H-20 
11 142.62" 142.48" C-11 -+ H-12, 11-OH, H-20 
12 115.38 115.39 C-12 - H-13, 11-OH 
13 122.03 121.89 C-13 -t H-lBa, H-12, H-20 
14 131.90 131.14 C-14 - H-12, H-15a,P, H-l6a,P 
15 26.97 26.89 C-15 - H-l6a,B, H-20 
16 31.24 32.42 C-16 - H-150,0 
17 172.53 173.30 C-17 - H-Ba,P, H-150, H-16~~,/3 
18 126.34 125.68 C-18 -+ H-4, H-6 
19 123.14 123.89 C-19-H-7 
20 112.24 112.58 (2-20 -+ H-12, H-13, H-15a 

Assignments with identical superscripts in vertical columns 
may be interchanged. 

the carbon resonances of epoxide 1 were assigned by 
heteronuclear multiple bond connectivity (HMBC) ex- 
perimenh6 The observed connectivities are recorded in 
Table 11. The previous assignments3 remain unchanged 
except for reversal of the quaternary carbon signals a t  C-5 
and (2-14. Both protons a t  C-2 gave a strong cross corre- 
lation with the carbonyl group, clearly confirming presence 
of the lactone. Similarly, assignment of the chemical shift 
of C-8 was confirmed by correlation with H-7 and H-19. 
Definite assignment of C-10 and C-11 remains uncertain 
because of common correlation cross peaks but this is of 
little consequence. Combretastatin D-2 must have struc- 
ture 2 and this was further corroborated by the mass 
spectral fragmentation pattern (structure 4). 

Attempts to convert combretastatin D-1 (1) into D-2 (2) 
and thereby provide further support for the D-2 structure 
were unsuccessful. For example, reaction of combretas- 
tatin D-1 with Zn/Cu couple' gave hydrocarbon derivative 
5a and alcohol 5b. Several other reagents such as P2148 

(6) (a) Summers, M. F.; Marzilli, L. G.; Bax, A. J. Am. Chem. SOC. 
1986,108,4285. (b) Bax, A.; Summers, M. F. J. Am. Chem. SOC. 1986, 
108, 2093. (c) Bax, A.; Aszalos, A.; Dinva, Z.; Sudo, K. J. Am. Chem. SOC. 
1986, 108, 8056. 

(7) Kupchan, S. M.; Maruyama, M. J. Org. Chem. 1971, 36, 1187. 
(8) Suzuki, H.; Fuchita, T.; Iwasa, A,; Mishina, T. Synthesis 1978,905. 
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unit. Nuclear magnetic resonance spectra were obtained with a 
Bruker AM-400 instrument using deuteriochloroform as solvent 
and the residual chloroform signal as an internal standard (6 
7.256). The lgC NMR multiplicities were determined by using 
the APT sequence. Mass spectral measurements were performed 
with a MS-50 instrument at the NSF Regional Facility, University 
of Nebraska, Lincoln, NE. 

Isolation of Combretastatins D-1 ( 1 )  and D-2 (2). Fraction 
A (28.6 g),2s-c obtained after extraction of Combretum caffrum 
(77 kg) stem wood, was further separated on a column of Sephadex 
LH-20 (2.5 kg) by partition chromatography using hexane-tolu- 
ene-methanol (3:l:l) to afford two active fractions (1.97 g, PS 
ED, 1.8 X pg/mL, and 0.54 g, PS ED50 1.9 pg/mL). The 
latter fraction (0.54 g) was chromatographed on a silica gel 
(0.04-0.063 pm) flash column (3.0 X 20.0 cm). The column was 
packed and eluted with hexane-chloroform-acetone (3:2:0.25) to 
give combretastatin D-1 (1,180 mg, (2.3 X lo-")% yield). For the 
physical data, consult ref 3. 

The fraction weighing 1.97 g was dissolved in hexane-tolu- 
ene-methanol (3:1:1, 20 mL) and the solution was filtered. The 
fitrate was chromatographed on a Sephadex LH-20 (200 g) column 
using the same solvent system. The resulting active fraction (1.35 
g, PS ED,, 2.4 X pg/mL) was dissolved in hexane-ethyl 
acetate (l:l,  5 mL) and chromatographed on a column (60 X 2.5 
cm) of silica gel (60 g). Gradient elution from 4:l - 1:l hex- 
ane-ethyl acetate afforded in a 3:l fraction the PS-active (0.7 g, 
ED, 1.0 X pg/mL) material. Rechromatography in acetone 
(2 mL) over a long silica gel column (100 X 1.2 cm, 45 g) and 
gradient elution with hexane-ethyl acetate (9:l - 4:l) furnished 
in the 4:l fraction pure combretastatin D-2 (2, 5.8 mg, (7.5 X 
IO+)% yield based on dried plant material), needles from ace- 
tone-hexane: mp 148-51 "C; PS ED, 5.2 pg/mL; UV A, (nm) 
235 (c  7300), 274 (2260), 339 (1050); IR (NaCl) u,, 3436, 3429, 
1728,1519,1503,1440,1215,1186,1159,1110 cm-l; HREIMS m / z  
296.1052 (M+, 100, calcd for Cl8Hl6O4 296.1049), 237.0916 (20, 
calcd for Cl6Hl3O2 237.0916), 180.0426 (5, calcd for C9H8O4 
180.0423), 138.0321 (46, calcd for C7H6O3 138.0317), 135.0450 (50 
calcd for C8H7O2 135.0446), 116.0620 (30, calcd for CSH8 116.0626), 
91.0545 (35, calcd for C7H7 91.0548); for 'H and 13C NMR data 
see Tables I and 11, respectively. 

Benzyl Bond Hydrogenolysis of Combretastatin D-1 ( 1  - 5b). Method A. To a solution of combretastatin D-1 (1, 10 
mg) in a mixture of ethyl acetatemethanol (53,lO mL) was added 
5% Pd/C (10 mg). The mixture was hydrogenated under ambient 
temperature and pressure for 72 h. Catalyst was removed (fil- 
tration) and the filtrate was concentrated to give pure alcohol 
5b (10 mg, quantitative yield) as needles from ethyl acetate- 
hexane: mp 191-93 "C; [aI3OD - 12.6" (c  0.95, CHC13/CH30H, 
1:l); IR (KBr) u, 3200,1740,1719,1521,1504,1285,1220,1163, 
1155, 1142, 1103 cm-'; HREIMS m / z  314.1153 (M', 100, calcd 
for C18H1805 314.1154), 271.0966 (69, calcd for C16H1504 271.09701, 
226.0995 (55, calcd for C15H1402 226.0994); for 'H NMR data see 
Table I. 

Method B. Combretastatin D-1 (5.0 mg) in ethanol (2 mL) 
was treated with freshly prepared7 zinc/copper couple (100 mg) 
for 10 days. The solution was filtered and the filtrate concentrated 
to give a mixture of unreacted starting material and two products. 
Separation on a preparative silica gel plate using hexane-acetone 
(7:3) as solvent afforded the less polar hydrocarbon product (5a, 
0.8 mg) as a viscous oil (for 'H NMR data see Table I): HREIMS 
m / z  298 (M+, 6), 135 (lo), 115 (60), 107 (65), 91 (100). Unreacted 
combretastatin D-1 (1.0 mg) was recovered, and the most polar 
product (2.0 mg) was identified as alcohol 5b by direct comparison 
(TLC, 'H NMR) with the product of method A. 

Chlorination of Alcohol 5b. To a cooled (0 "C) solution of 
alcohol 5b (1.0 mg) in pyridine (0.2 mL) was added thionyl chloride 
(0.1 mL), and the solution was stirred for 1 h at 0 "C and overnight 
at room temperature. The solvent was evaporated under a stream 
of nitrogen and the residue was chromatographed by using a pipet 
filled with silica gel. Elution of the pipet column with hexane- 
acetone (3:l) gave 3-chloro-3,4-deoxycombretastatin D-1 (5c, 1.0 
mg) as an amorphous powder from acetone-hexane: mp 170-172 
"C; IR (NaC1) u,, 3450, 1740, 1597, 1520, 1506, 1205 cm-'; 
HREIMS m / z  332.0812 (M', 100, calcd for Cl8H170436C1332.0816), 
334.0798 (31, calcd for C18H170~7C1 334.0786), 297.1132 (29, calcd 
for C18H1704 297.1127); for 'H NMR data see Table I. 

OH 

3 NOE 
OH H 

4 MS 

or sodium iodide with acetonitrile and trifluoroacetic an- 
hydrideg were either unreactive under the conditions 
studied or  caused decomposition. When the epoxide group 
of combretastatin D-1 was hydrogenated to give alcohol 
5b, subsequent treatment with thionyl chloride in pyridine 
yielded 3,4-deoxy-3-chlorocombretastatin D-1 (5c). 

5a: Rl  = R2 = H 
Sb: R1 =OH, F+ = H 
5 ~ :  R i  = H, F+ = CI 

Combretastatins D-1 and D-2 both contain a new oxygen 
heterocyclic ring (17-membered exterior and 15-atom in- 
terior). We propose the designation caffrane for this new 
macrocyclic ring system. Combretastatin D-2 is probably 
a penultimate biosynthetic precursor of combretastatin D-1 
and may originate biosynthethically as noted earlier3 from 
two units of tyrosine or equivalent via o-phenol coupling, 
deamination, partial reduction, and lactonization. When 
additional quantities of combretastatins D-1 and D-2 be- 
come available, the biological properties of these biosyn- 
thetic products will be further ascertained. 

Experimental Section 
Synthetic intermediates were used as received from Sigma- 

Aldrich Co. All chromatographic solvents were redistilled. 
Sephadex LH-20 (particle size 25-100 pm) was obtained from 
Pharmacia Fine Chemicals AB (Uppsala, Sweden) and silica gel 
60 (70-230 mesh) was supplied by E. Merck, (Darmstadt, Ger- 
many). Analtech, Inc. (Newark, DE) silica gel GHLF U (0.25-mm 
layer thickness) was employed for thin layer chromatograms. 
Development was performed with ceric sulfahulfur ic  acid spray 
reagent (heated a t  approximately 150 "C for 5-10 min) and/or 
by use of ultraviolet light. Solvent extracts of aqueous solutions 
were dried over anhydrous sodium sulfate. 

All melting points are uncorrected and were observed with a 
Kofler-type hot-stage apparatus. Ultraviolet spectra were obtained 
on a Hewlett-Packard Model 8540A UV/VIS spectrophotometer. 
Infrared spectra were measured with a Nicolet m - I R  Model MX-1 

(9) Sonnet, P. E. J. Org. Chem. 1978, 43, 1841. 
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A synthesis of the marine polypropionates (-)-denticulatin A (2a) and B (2b) is described. The targets, which 
are P-hydroxy ketones wherein the hydroxyl group is also a tertiary hemiketal, are sensitive to acid dehydration. 
An open-chain form (26) of the denticulatins, having the 1,3-diol functionality protected as its p-methoxy- 
acetophenylidene derivative, is prepared and is demonstrated to undergo only one of three possible modes of 
hemiketalization upon acid hydrolysis. The open-chain structure is constructed by an aldol condensation between 
ketone 5 and keto aldehyde 25, which is synthesized by the 3-methyl-y-butyrolactone strategy. 

The genus Siphonaria,  air-breathing mollusks of the 
subclass Pulmonata, produces numerable, structurally in- 
triguing polypropionate metabolites.' In particular, 
denticulatin A (2a) and denticulatin B (2b) have been 
isolated from Siphonaria denticulata, which was collected 
in the intertidal zone of the coast of New South Wales, 
Australiaa2 Through a combination of IR, 'H NMR, and 
13C NMR spectroscopy and a single-crystal X-ray analysis 
of denticulatin B, the structures were determined. The 
absolute stereochemistry was established by the isolation 
of (R)-ketone 5 upon exposure of denticulatin A or B to 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). Interconversion 
of the denticulatins was achieved upon brief treatment 
with DBU through retrohemiketalization via the P-di- 
ketone enolate. 

Although the denticulatins have been shown to arise via 
propionate bio~ynthesis,~ the actual timing of the hemi- 
ketalization is an intriguing question. One possibility is 
that an open-chain Cg monoketone undergoes cyclization 
followed by subsequent oxidation a t  C3 and Cll. The 
prospect that the open-chain C3, Cg, Cll trione 1 can be 
formed in Nature prior to any intermediates suffering 
cyclization is unlikely. However, the very challenge of 
generating trione 1 in the laboratory to assess its fate 
offered itself as a formidable challenge. 

Three modes of hemiketalization are available to the two 
diasteromers of trione 1. First, the C,-OH may add to the 
C,-carbonyl to give hemiketal3 that would most likely have 
the hydroxyl group axial in accord with the anomeric ef- 
fect. The C,-methyl and the C,-hydroxyl groups are axial 

(1) (a) Hochlowski, J.  E.; Faulkner, D. J .  Tetrahedron Lett. 1983,24, 
1917. (b) Hochlowski, J. E.; Faulkner, D. J .  J. Org. Chem. 1984,49,3838. 
(c) Hochlowski, J. E.; Coll, J. C.; Faulkner, D. J.; Biskupiak, J. E.; Ireland, 
C. M.; Zheng, Q.; He, C.; Clardy, J .  J .  Am. Chem. SOC. 1984, 206,6748. 
(d) Roll, D. M.; Biskupiak, J. E.; Mayne, C. L.; Ireland, C .  M. J .  Am. 
Chem. SOC. 1986, 108, 6680. 

(2) Hochlowski, J. E.; Faulkner, D. J.; Matsumoto, G. K.; Clardy, J .  
J. Am. Chem. SOC. 1983, 205, 7413. 

(3) Manker, D. C.; Garson, M. J.; Faulkner, D. J .  J .  Chem. Soc., Chem. 
Commun. 1988, 1061. 
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to the tetrahydropyran ring while the remaining alkyl 
substituents are equatorial. A second mode of cyclization 
has the C7-OH adding to the C,,-carbonyl. In this instance, 
open-form la affords 4a that has all the carbon substitu- 
ents about the ring equatorial except for the Clo-methyl 
group that is axial. On the other hand, open-form lb gives 
rise to 4b that has all of the carbon substituents of the ring 
equatorial. Lastly, cyclization of the C5-OH group with 
the Cg-carbonyl provides the denticulatins 2 having all the 
carbon substituents equatorial and the C7-OH axial and 
hydrogen bonded to the anomeric hydroxyl. If the cy- 
clization were to be thermodynamically controlled and 
mediated by steric interactions about the ring, the for- 
mation of pyranone 4b and the denticulatins would be the 
expected products. The denticulatins have the advantage 
of hydrogen bonding between the axial hydroxyl groups. 

Precedent for the proposed modes of cyclization was 
found in earlier work wherein the diol 6, which is chiral 
by virtue of the stereochemistry of a single methyl group, 
underwent ozonolysis and cyclization to give only the 
anomeric acetals 7 and not those of structure 8.* Acetals 

(4) Ziegler, F. E.; Cain, W. T.; Kneisley, A.; Stirchak, E. P.; Wester, 
R. T. J .  Am. Chem. SOC. 1988, 110, 5442. 
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