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reaction at  either the carbonyl carbon or the C-2 ring 
carbon. 

Ichimoto et al.lg did not study 2,6-dimethyl-Cpyrone but 
did report the results for oxygen exchange reactions in 
4pyrone and some Cpyrone derivatives, primarily in alkali 
solutions of 1.6% [le0]water at 40 OC for 20 h; mass 
spectrometry was used to analyze the results. At pH 1.0 
and at "neutral" pH under the same conditions, 4-pyrone 
and kojic acid were reported to have incorporated l80 at 
about one-fifth the value detected in basic solution. They 
concluded from their studies that '...the '80 incorporation 
in the ring oxygen is larger than that in the carbonyl 
oxygen" in acidic, neutral, or basic solution. They also 
concluded that substitution of a methyl group on the 2- 
and 6-positions of the heterocyclic ring reduces the rate 
at which oxygen exchange occurs in the ring. They pro- 
posed that an electron-releasing group such as a methyl 
group suppresses nucleophilic attack at  the C-2 and C-6 
positions and thus reduces the rate of ring opening for an 
exchange reaction to occur. From their data it is not 
possible to assign a number to the magnitude of the rate 
reduction effected by methyl group substitution. Our 
results for 2,6-dimethyl-4-pyrone show that at pH 1.09 the 
only oxygen exchange reaction detected is for the carbonyl 
oxygen. 

The order of magnitude of the rate for the oxygen ex- 
change reaction of the carbonyl oxygen in 2,g-dimethyl- 
4-pyrone is consistent with data for these reactions in 
carbonyl groups: cyclopro en one^,^^ a ~ e t o n e , ~ ' ? ~  cyclo- 
hexanone,% acetophenones,l$B and benzophenones.n The 
energy of activation for the carbonyl oxygen exchange 
reaction of benzophenones in acidic aqueous dioxane is 
-19 k ~ a l / m o l , ~ ~  which is very similar to the value we 
obtained for 2,6-dimethyl-4-pyrone. Mechanisms for ox- 
ygen exchange reactions in 4-pyrones were proposed by 
Beak and Carls17 and by Ichimoto et al.lg According to 
these mechanisms, le0 exchange at  the carbonyl group 
occurs upon attack by ['%]water in acidic solution at the 
C-4 carbon. Our results are in agreement with these 
proposals. 
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Heathcock and co-workersl have elegantly demonstrated 
the utility of the optically active 8-keto phosphonate 1 in 
their synthesis of compactin and its analogues. This 
synthon allows for the direct introduction, via a Horner- 
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Emmons condensation, of a highly functionalized side 
chain suitable for conversion into the 3-hydroxypyranone 
moiety (e.g., 3) found in the mevinic acid family of 
HMG-CoA reductase inhibitors and their synthetic ana- 
loguesa2 

Heathcock has reported'J two routes to /3-keto phos- 
phonate 1 that rely on the highly diastereoselective reac- 
tion of prochiral anhydride 44 with either (R)-1-phenyl- 
ethanol or (S)-l-(l'-naphthyl)ethanol for the introduction 
of asymmetry (88-95% diastereomeric excess). For the 
conversion of 5 to 1, it was necessary to desilylate 5 prior 
to reaction with dimethyl (1ithiomethyl)phosphonate to 
prevent @-elimination of the (tert-butyldimethylsily1)oxy 
group. Similarly, the condensation of 7 with dimethyl 
(1ithiomethyl)phosphonate is extremely sensitive to reac- 
tion conditions due to a competitive retro-aldol reaction 
and @-elimination of the silyloxy group. Diesters 5 and 6 
were converted to @-keto phosphonate 1 in overall yields 
of 34 and 59%, respectively. 

t-BuMezSIO 

1 (1) 

/ 0 L o l o  4 \ OSIMezBut 

X t- 
6 XI  S-(l-napMhyl)CH(Me)O- 
7 X=MeO(Me)N- 

Although this chemistry has been used to prepare 1 in 
multigram quantities, the cost and availability of the re- 
quired 1-arylethanols in enantiomerically pure form limit 
its preparative utility. In this paper, we report an alter- 
native synthesis of 1 that utilizes commerically available 
(SI-1-phenethylamine as the source of chirality and can 
be used for the large-scale preparation of 1 (Scheme I). 

Reaction of anhydride 4 with (S)-1-phenethylamine in 
the presence of triethylamine with toluene as solvent (-78 
"C, 4.5 h) gave a 79:21 mixture of diastereomeric acids 8a 

(2) (a) Stokker, G. E.; Hoffman, W. F.; Alberta, A. W.; Cragoe, E. J.; 
Deana, A. A.; Gilfillan, J. L.; Huff, J. W.; Novello, F. C.; Prugh, J. D.; 
Smith, R. L.; Willard, A. K. J. Med. Chem. 1985,28,347. (b) Hoffman, 
W. F.; Alberta, A. W.; Cragoe, E. J.; Deana, A. A.; Evans, B. E.; Gilfllan, 
J. L.; Gould, N. P.; Huff, J. W.; Novello, F. C.; Prugh, J. D.; Rittle, K. 
E.; Smith, R. L.; Stokker, G. E.; Willard, A. K. Ibid. 1986,29, 159. (c) 
Stokker, G. E.; Alberta, A. W.; Anderson, P. S.; Cragoe, E. J.; Deana, A. 
A,; Gilfillan, J. L.; Hirshfield, J.; Holtz, W. J.; Hoffman, W. F.; Huff, J. 
W.; Lee, T. J.; Novello, F. C.; Prugh, J. D.; Rooney, C. S.; Smith, R. L.; 
Willard, A. K. Ibid. 1986, 29, 170. (d) Stokker, G. E.; Alberta, A. W.; 
Gilfillan, J. L.; Huff, J. W.; Smith, R. L. Ibid. 1986,2!4,852. (e) Balasu- 
bramanian, N.; Brown, P. L.; Catt, J. D.; Han, W. T.; Parker, R. A.; Sit, 
S. Y.; Wright, J. J. Ibid. 1989,32,2038. (0 Roth, B. D.; Ortwine, D. F.; 
Hoefle, M. L.; Stratton, C. D.; Sliskovic, D. R.; Wilson, M. W.; Newton, 
R. S. Ibid. 1990,33,21. (9) Sliskovic, D. R.; Roth, B. D.; Hoefle, M. L.; 
Wilson, M. W.; Newton, R. S. Ibid. 1990,33,31. (h) Beck, G.; Keseeler, 
K.; Baader, E.; Bartmann, W.; Bergmann, A.; Granzer, E.; Jendralla, H.; 
Kerekjarto, B. v.; Krause, R.; Paulus, E.; Schubert, W.; Wess, G. Ibid. 
1990, 33, 52. (i) Jendralla, H.; Baader, E.; Bartmann, W.; Beck, G.; 
Bergmann, A.; Granzer, E.; Kerekjarto, B. v.; Kesseler, K.; Krause, R.; 
Schubert, W.; Wess, G. hid .  1990,33, 61. 

(3) Theisen, P. D.; Heathcock, C. H. J. Org. Chem. 1988,53, 2374. 
(4) Rosen, T.; Watanabe, M.; Heathcock, C .  H. J. Org. Chem. 1984, 

49, 3657. Anhydride 4 is now commerically available from the Aldrich 
Chemical Co. 

0 1991 Amer ican  Chemical Society 



Notes J.  Org. Chem., Vol. 56, No. 11, 1991 3745 

Scheme I 

4 8 a. R'=OSiMe2Bu1, R2=H 
b. R'=H, R2=OSiMe2Bu' 
c. R'-OH. R ~ = H  (DCHA sah) 

CCb, 04: C0,Me N=O 3.1 -AdNH2, hexane 

10 11 a. (free acid) 1 
b. (1 -AdNHZ sal) 

and 8b in essentially quantitative yield. Although the 
degree of prochiral recognition is rather modest, the 
crystalline 3S,l'S diastereomer 8a is easily separated from 
the oily 3R,l'S diastereomer by simple trituration or re- 
crystallization. Thus, acid 8a was isolated in 72% yield 
from anhydride 4 as a single enantiomerically pure dia- 
stereomer without chromatography. The ratio of the two 
diastereomers is sensitive to the choice of solvent in this 
reaction. For example, when this reaction was carried out 
in either methylene chloride or tetrahydrofuran under the 
same conditions, the ratios of 8a to 8b were 4654 and 
67:33, respectively. The relative and absolute stereo- 
chemistry of 8a was established by a single X-ray crys- 
tallographic study of the corresponding methyl ester 9 
(vida infra). Relative to the known S configuration of the 
phenethylamine used in the synthesis, the configuration 
at C-3 is S. Since single crystals of 9 exhibited considerable 
crystallographic disorder (primarily involving the silyl alkyl 
substituents), a confirmation of the stereochemical as- 
signment was obtained through an independent single 
crystallographic analysis of the dicyclohexylamine salt of 
the corresponding acid-alcohol 8c (see Experimental 
Section for details). The solid-state conformations of 9 and 
8c are very similar. 

It was hypothesized that the 8-elimination encountered 
by Heathco~k '~~ in the reaction of dimethyl (lithio- 
methy1)phosphonate with diester 5 and ester-amide 7 
could be circumvented by carrying out this condensation 
reaction using half ester 1 la as substrate. In this case, l la  
could be protected from 8-elimination by prior or in situ 
conversion to its carboxylate anion. To this end, ester 9 
was prepared by treatment of acid 8a with methyl iodide 
and potassium bicarbonate in dimethylformamide (room 
temperature, 18 h, 97% yield). The conversion of 9 to 
half-ester l la  requires the cleavage of an amide in the 
presence of an ester. This was accomplished quite effi- 
ciently via a sequence of reactions involving White rear- 
rangements of the N-nitrosoamide 10 obtained by the 
nitrosation of 9 with dinitrogen tetroxide. Heating 10 in 
dioxane afforded a mixture of acid l la  and its corre- 
sponding l-phenethyl ester. The l-phenethyl ester was 
converted, without isolation, to acid 1 la by hydrogenolysis 
of the crude mixture over Pearlman's catalyst. The crude 
half-ester l la  was purified by way of its l-adamantan- 
amine (1-AdNH2) salt, thus providing l lb  in 96% overall 
yield from ester-amide 9. Direct treatment of l lb  with 
dimethyl (lithiomethy1)phosphonate (3.5 equiv, THF, -78 

"C) followed by esterification of the crude product with 
diazomethane afforded the &keto phosphonate 1 in 
78432% overall yield from llb. As expected, no products 
resulting from 8-elimination of the silyloxy group were 
observed in this reaction. 

This entire sequence can be carried out without chro- 
matographic purification of the intermediates and requires 
only purification of the final product. The foregoing 
process, which utilizes commerically available (SI-1- 
phenethylamine as a source of chirality, is extremely ef- 
ficient and has been used to prepare 8-keto phosphonate 
1 on up to a 100-g scale. Phosphonate 1 reacts with a wide 
variety of aldehydes in the presence of lithium chloride 
and 1,8diazabicyclo[5.4.0]undeo7-ene (DBW to give high 
yields of the corresponding enones (e.g., 2). These enones 
are excellent precursors of the 3-hydroxypyranone moiety 
(e.g., 3) found in many HMG-CoA reductase inhibitors. 
In addition, we have developed an efficient route to op- 
tically pure half-ester 1 la in multigram quantities. Prior 
to our work, this valuable chiral synthon was difficult to 
prepare in >80% eelbl4 from the product of a-chymo- 
trysin-mediated hydrolysis of dimethyl 3-hydroxy- 
pentanedioate.' 

Experimental Section 
'H and '3c NMR spectra were detennined at 270 and 67.8 MHz, 

respectively. lSC NMR chemical shifts (6) are reported relative 
to CDCla (6 77.0) or CDsOD (6 49.0). Desorption chemical ion- 
ization (DCI) m a s  spectra were obtained at a source temperature 
of 170 OC. Ammonia was used as the CI reagent gas (0.7 Torr). 
Melting points are uncorrected. Tetrahydrofuran (THF) and 
diethyl ether were distilled from K/benzophenone. Toluene was 
stored over 4-A molecular sieves. Dichloromethane (CH&l1) was 
distilled from P20b Flash chromatography was performed on 
Whatman LPS-1 silica gel (13-24 rm). 

(3S,l'S)-3-[ (tert -Butyldimethylsilyl)oxy]-5-[ (l-phenyl- 
ethyl)amino]-5-oxopentanoic Acid (sa). To a solution of an- 
hydride 4' (7.32 g, 30.0 mmol) in dry toluene (120 mL) at -78 "C 
(dry ice-EtOH bath) under argon was added dropwise triethyl- 
amine (4.20 mL, 30.0 "01) followed by (s)-(-)-l-phenethylamine 
(4.20 mL, 32.6 mmol). After the solution was stirred at  -78 OC 
for 4.5 h, the cooling bath was removed and the mixture was 
allowed to warm to rt. After being stirred at rt for 1 h, the mixture 
was partitioned between EtOAc (100 mL)/THF (50 mL)/5% 
KHSO, (175 mL). The organic phase was washed with 5% 
KHS04 and saturated NaCl solutions, dried (Na804), and 
evaporated to give crude acids 8ab as a white semisolid. Eater- 
ification of a 25-mg sample of the crude product with CH2N2 gave 
a 7921 mixture of (3S,l'S)/(3R,l'S) methyl esters as determined 
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by lH NMR (CD3CN) analysis: TLC (EhO/hexane (2:l)) Rf = 
0.37 (major, 3SJ'S) and 0.29 (minor, 3R,l'S); 'H NMR (3S,1 S) 
6 0.08 (3 H, s), 0.10 (3 H, a), 0.86 (9 H, 8); 'H NMR (3RJ'S) 6 0.03 
(3 H, s), 0.06 (3 h, s), 0.79 (9 H, s). 

The crude mixture of acids 8ab was triturated with cold EhO 
to give 8a (8.16 g, 74.5%) as white crystals that showed only a 
trace of the (3R,l'S) isomer after esterification with CHIN2. 
Evaporation of the mother liquor gave 8b (2.76 g) as a thick od. 

The product of the previous experiment was combined with 
that of an identical run (second run gave 8.28 g of 8a; total, 16.44 
g) and recrystallized from EtOAc/hexane to give pure 8a (15.79 
g, 72%) as white plates mp 175.5-176.5 'C; TLC (MeOH/CH2Clz 

6 0.09 (8,  3 H), 0.11 (8, 3 H), 0.85 (8, 9 H), 1.49 (d, 3 H, J = 7.0 
Ha), 2.51 (d, 2 H, J = 6.5 Hz), 2.57 (d, 2 H, J = 4.7 Hz), 4.47 (m, 
1 HI, 5.15 (quintet, 1 H, J = 7.0 Hz), 6.59 (b d, 1 H, J = 7.6 Hz), 
7.25-7.36 (m, 5 H); 'gc NMR (CD30D) 6 -4.68, -4.53,18.85,22.54, 
26.37, 43.64, 45.26, 50.12, 68.41, 127.10 128.02, 129.49, 145.32, 
172.05,174.70; IR (KBr) 3323,2930,2856,1695,1620,1560,1303, 
1259,1213,1155,1099,844,833,779,700 cm-'; CIMS m/z 366 
(+ ion), 364 (- ion). Anal. Calcd for C18H31N04Si: C, 62.43; H, 
8.56; N, 3.83. Found C, 62.58; H, 8.67; N, 3.72. 

(3S,1'8)-3-[( tert-Butyldimethylsilyl)oxy]-5-[ ( 1-phenyl- 
ethyl)amino]-5-oxopentanoic Acid, Methyl Ester (9). To a 
solution of acid 8a (28.560 g, 78.25 mmol) in dry DMF (100 mL) 
at rt under Ar was added powdered, anhydrous KHC03 (14.40 
g, 144 mmol) and Me1 (8.90 mL, 143 mmol). After being stirred 
at rt for 42 h, the mixture was partitioned between EtOAc (300 
mL) and water (300 mL). The organic phase was separated and 
washed successively with water (3 X 100 mL) and saturated NaCl 
solution (100 mL), dried (Na#O$, and evaporated to dryness. 
The crude product was purified by filtration through a short pad 
of silica gel (-160 g), eluting with EhO/hexane (2:3) to give 
methyl ester 9 (28.524 g, 96%) as a white solid. Trituration of 
the solid with cold hexane gave pure 9 (28.283 g, 95%) as a white 
crystalline solid, mp 77-78.5 "C. An analytical sample was pre- 
pared by recrystallization from EtOAc/hexane: mp 77-78.5 'C; 
TLC (EhO/hexane (21)) R, = 0.37; [a]D -22.6' (c 0.90, CHC1,); 

(d, 3 H, J = 7.0 Hz), 2.47 (m, 4 H), 3.65 (e, 3 H), 4.50 (quintet, 
1 H, J = 5.9 Hz), 5.13 (dq, 1 H, J = 7.6,7.0 Hz), 6.49 (b d, 1 H, 
J = 7.6 Hz), 7.22-7.36 (m, 5 H); '%! NMR (CDC13) 6 -5.16, -4.90, 
17.77,22.00,25.60,41.18,43.85,48.61,51.54,66.69,126.07, 127.19, 
128.57, 143.38, 169.15, 171.40; IR (KBr) 3300,2955, 2856,1739, 
1639,1558,1209,1149,1099,1074,831,781,702 cm-'; CIMS m / z  
246,214 (+ ion), 380 (- ion). Anal. Calcd for C&,N04Si: C, 
63.29; H, 8.76; N, 3.69. Found C, 63.40; H, 9.03; N, 3.62. 

(S )-3-[ (tert-Butyldimethylsilyl)oxy]pentanedioic Acid, 
Monomethyl Ester, 1-Adamantanamine Salt (llb). To a 
solution of 9 (12.00 g, 31.7 mmol) in dry carbon tetrachloride (120 
mL) at 0 'C under Ar was added anhydrous NaOAc (7.80 g, 95 
"01). N204 (caution! highly toxic!) was slowly bubbled through 
the mixture at a rate such that all of the gas was taken up by the 
solution. The reaction was monitored by Tu: (EtzO/hexane (21)) 
until all of the starting material was consumed. Ar was passed 
through the solution to chase the excess N204 and the mixture 
poured onto a ice-water mixture (200 mL). The mixture was 
extracted with CH2C12 (200 mL) and the extract dried (Na@O$ 
and evaporated at r t  (rotovap) to a viscous, yellow oil: TLC 
(EhO/hexane (2:l)) R, 0.76. 

The crude nitrosoamide was immediately taken up in dry 
dioxane (120 mL) and heated at 75-80 OC (bath temperature) 
under argon for 1 h. Vigorous gas evolution was observed and 
the yellow color of the nitrosoamide gradually faded to give a 
colorleas solution. Evaporation of the solution gave a approximate 
1:l mixture of acid 1 la and ita corresponding 1-phenylethyl ester: 
TLC (CH2C12/hexane (3:l)) R, (l la) 0.05, R, (ester) 0.37, R, 
(nitrosoamide) 0.56. 

This mixture was immediately taken up in EtOAc (75 mL), 
treated with 20% Pd(OH)I/C (1.50 g), and hydrogenated on a 
Parr apparatus at 35 psi for 20 h. The mixture was filtered 
through Celite and the filtrate evaporated to dryness. The crude 
acid l la  was taken up in hexane (150 mL) and treated with a 
solution of 1-adamantanamine (4.80 g, 31.8 mmol) in hexane (150 
mL). After standing at rt for 3 h, the precipitated product was 
collected, washed with hexane, and dried in vacuo to give salt 1 lb 

(1:s)) R, 0.32; [ a ] ~  -69.2' (C 1.12, MeOH); 'H NMR (CDC13) 

'H NMR (CDCl3) 6 0.08 (8,3 H), 0.10 ( ~ $ 3  H), 0.86 (8 ,s  H), 1.47 

Notes 

(12.99 g, 96% overall yield) as a fluffy white, crystalline solid mp 
141-142 'C (softens at 128 'C); TLC (MeOH/CHgC12 (1:s)) R, 
0.51 (free acid Ila); [a]D +14.6' (c 0.85, MeOH), ["ID +12.4' (e 

(8,  9 H), 1.67 (b s,6 H), 1.84 (b s ,6  H), 2.12 (b s ,3  H), 2.26-2.55 
(m, 3 H), 2.79 (dd, 1 H, J = 3.5, 14.7 Hz), 3.64 (s,3 H), 4.52 (m, 

28.97,35.59, 40.74,40.97,42.88,46.88,50.79, 51.26,67.64,172.17, 
176.90; IR (KBr) 3500 (b), 2926,2.852,1739,1622,1550,1520,1404, 
1087,835,773 cm-'; CIMS m/z 428,294,277,152 (+ ion), 551, 
275, 226, 152 (- ion). Anal. Calcd for CZHllN06Si: C, 61.79; 
H, 9.66; N, 3.28. Found: C, 61.54; H, 9.78; N, 3.16. 
(R )-34 (tert -Butyldimethylsilyl)oxy]-6-(dimethoxy- 

phosphinyl)-5-oxohexanoic Acid, Methyl Ester (1). To a 
solution of dimethyl methylphosphonate (10.70 g, 86.2 "01) in 
dry THF (100 mL) at -78 OC under Ar was added dropwise a 
solution of 1.6 M n -BSi  in hexane (50.0 mL, 80 mmol). After 
the mixture was stirred at -78 "C for an additional 1 h (white 
precipitate forms), a solution of l l b  (10.0 g, 23.4 "01) in THF 
(100 mL) was added dropwise. After being stirred at -78 "C for 
an additional 1.5 h, the reaction mixture was quenched by the 
dropwise addition of saturated NH&l solution (50 mL) and the 
mixture allowed to warm to room temperature. The mixture was 
acidified with 1 N HC1 and extracted with EtOAc (300 mL). The 
organic phase was washed with 1 N HCl/saturated NaCl(l:3; 2X 
100 mL) and saturated NaCl solution, dried over Na#04 and 
evaporated to give the crude keto phosphonate acid as a colorleas 
oil: TLC (MeOH/CH2C12 (1:s)) R 0.44. 

A solution of the crude acid in kh0 (50 mL), was cooled in 
an ice bath and treated with ethereal CHzN2 in portions until the 
yellow color of excess CHzN2 persisted. Acetic acid was added 
to discharge the excess CHIN2 and the mixture evaporated to 
dryness. The crude methyl ester was purified by flash chroma- 
tography on silica gel, eluting with acetone/hexane (1:4) to give 
pure 1 (6.955 g, 78%) as a pale yellow, viscous oil: TLC (ace- 
tone/hexane (23)) Rf0.31; ["ID -1.6', [a]= -3.5' (c 2.58, CHClJ; 
'H NMR (CDClJ 6 0.06 (s,3 H), 0.07 (s,3 HI, 0.84 (8,s H), 2.46 
(dd, 1 H, J = 6.5,15 Hz), 2.56 (dd, 1 H, J = 5.3,15 Hz), 2.89 (d, 
2 H, J = 5.9 Hz), 3.11 (d, 2 H, J = 22.3 Hz), 3.67 (s,3 H), 3.788 
(d, 3 H, J = 11.1 Hz), 3.792 (d, 3 H, J = 11.1 Hz), 4.56 (quintet, 

42.07,43.35 (d, J = 127 Hz), 51.00,51.49,52.96 (d, J = 4.0 Hz), 
65.37,171.0,200.0; IR (film) 2956,2930,2857,1739,1718,1258, 
1052,1033,838,779 cm-'; CIMS m/z 400,383 (+ ion) 381 (- ion). 
Anal. Calcd for C1,H3,O7PSI: C, 47.11; H, 8.17. Found C, 46.88; 
H, 8.27. 

(3S,l'S )-3-Hydroxy-5-[ (l-phenylethyl)amino]-5-0~0- 
pentanoic Acid, Dicyclohewlamine Salt ( 8 4 .  To a suspension 
of acid 8a (0.650 g, 1.78 mmol) in dry acetonitrile (20 mL) at rt 
under Ar was added 48% aqueous HF solution (0.36 mL, ca. 10 
mmol). After being stirred at rt for 3.5 h, the resulting clear 
solution was concentrated, diluted with EtOAc (35 mL), and 
washed with saturated NaCl solution. The organic phase waa dried 
(Na2S04) and evaporated to dryness to give the crude hydroxy 
acid (0.455 g) as a colorless oil, TLC (MeOH/CH2C12 (1:s)) R, 0.13. 
The crude hydroxy acid was taken up in EtOAc (8.0 mL)/hexane 
(5.0 mL) and treated with N,N-&cyclohexylamine (0.37 mL, 1.86 
"01). The resulting white precipitate was collected and air dried 
to give 8c (0.752 g, 96% based on hemihydrate) as a white 

NMR (CDC13) 6 1.10-1.41 (m, 10 H), 1.47 (d, 3 H, J = 7.0 Hz), 
1.66 (b m, 2 H), 1.80 (b m, 4 H), 1.99 (b m, 4 H), 2.20-2.45 (m, 
4 H), 2.94 (distorted t, 2 H) 4.23 (m, 1 H), 5.13 (quintet, 1 H, J 
= 7.6 Hz), 7.22-7.32 (m, 7 H), 7.47 (d, 1 H, J = 8.2 Hz); '8c NMR 
(CDcg) 6 22.74,25.01,25.44,29.50,43.35,43.61,48.80,53.03,66.19, 
126.35,127.30,128.79, 144.06, 171.15,178.07; IR (KBr) 3405 (b), 
2938,2857,1640,1576,1451,1395,1059,700 cm-'; CIMS m/z 252, 
269 (+ ion), 250 (- ion). Anal. Calcd for C&I&J2O4.0.5Hz0 C, 
68.00, H, 9.36; N, 6.34. Found: C, 68.33; H, 9.29; N, 6.37. 
X-ray Crystal Structure Determination of 9 and &. For 

both analyses: Unit cell dimensions were obtained from 
least-squares analysis of the angular diffractometer (Enraf-Nonius 
CAD-4) settings of 25 reflections (28 = 40-50'). Intensities were 
measured at 23O using the 0-20 variable-scan technique (Cu Ka) 
and corrected only for Lorentz-polarization factors; backround 
counts were measured at the extremes of the scans for half the 

0.85, CHCl,); 'H NMR (CDC1,q) 6 0.05 (8,3 H), 0.06 (8,3 H), 0.84 

1 H), 7.40 (b 8,3 H); '9C NMR (CDClJ 6 -5.07, -4.41,17.88,25.68, 

1 H, J = 5.9 Hz); "C NMR (CDCl3) 6 -5.07, -4.90,17.79,25.60, 

crystalline solid: mp 136-138 'C; ["ID -31.1' (C 1.18, CHC13); 'H 
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times of the scans. The structures were solved by direct methods 
and refined by full-matrix leastcaquarea anal& based on F, using 
the SDP software package! No crystal decomposition was ob- 
served during the data collection. 

For 9 Crystals of 9 for X-ray analysis were prepared by 
recryetallization from EtoAc/hexane. The relative atemchemical 
configurations were readily assigned since all non-hydrogen atom 
were evident in Fourier maps. Least-squares refinements of all 
coordinates and isotropic temperature factors indicate relatively 
large rotational motion or packing disorder of the phenyl ring and 
methyl atoms of the silyl and ester groups. By contrast, the 
intermolecularly hydrogen-bonded amide (N- -0 distance = 2.92 
A) and backbone atoms are relatively well defiied. 

For &: This salt crystallizes as a monohydrate (thin plates) 
from moist EtOAc/hexane solvent mixtures. All non-hydrogen 
atoms were located and refined assuming individual isotropid 
motions. Fixed hydrogens were introduced at idealized positions 
consistent with peaks on difference map. A final difference map 
contained only some small peaks attributable to anisotropic 
motion; however, since the number of 'observed" intensities was 
limited, no attempt was made to refine an anisotropic model (only 
9% of the intensities measured beyond 28 = 100° had Z > 3a). 
The observed S configuration at the carbinol center (relative to 
the known S configuration of the phenethylamine moiety) is 
consistent with the observed crystal structure of 9. Intermolecular 
amide hydrogen bonding is similar to that in 9; the water molecule 
is hydrogen bonded to the carbinol and carboxyl oxygen atoms. 

Supplementary Material Available: Tables of unit cell data, 
atomic coordinates, and thermal parameters (13 pages). Ordering 
information is given on any current masthead page. 

(8) Structure Determination Package, A. Frenz and aeaociatea, College 
Station, TX 77804. 
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Dorid nudibranchs are shell-less marine molluscs that 
often contain high concentrations of defensive allomones, 
which they normally acquire from their sponge diet.'t2 
Nudibranchs of the genus Phyllidia are particularly re- 
nowned for their toxicity.g Hawaiian specimans of 
Phyllidia varicosa contained 9-isocyanopupukeanane (1) 
and 2-isocyanopupukeanane (2) (Chart I), both of which 
were determined to be metabolites of the sponge Cioca- 
lypta sp. [ex. Hymeniacidon sp.]." A different isonitrile, 
3-isocyanotheonellin (3), was isolated from specimens of 
the same nudibranch from Sri Lanka! Both O-isocyano- 
pupukeanane (1) and its C-9 epimer were obtained from 

(1) Thompmn, J. E.; Walker, R. P.; Wratten, S. J.; Faulkner, D. J. 

(2) Faulkner, D. J.; Ghmlin, M. T. Mar. Ecol. Prog. Ser. UES, 13,296. 
Tetrahedron 1982,38,1866. 

(3) Johannm, R. E. Veliger 1383,5,104. 
(4) Burmaon, B. J.; Scheuer, P. J.; Finer, J. S.; Clardy, J. J. Am. Chem. 

SOC. 1976,97,4763. 
(5) Hagadone, M. R.; Burreson, B. J.; Scheuer, P. J.; Finer, J. S.; 

Clardy, J. Helu. Chim. Acta 1979,62, 2484. 
(6) Culavita, N. K.; de Silva, E. D.; Hagadone, M. R.; Karuso, P.; 

Scheuer, P. J.; Van Duyne, C. D.; Clardy, J. J. Org. Chem. 1986,51,6136. 
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Chart I 

1 R ' = N C  R*=H 
2 R'=H R ~ = N C  

3 R=NC 
12 R=NHCHO 

4 

8 R=NC 
13 R = NHCHO 

NCS 

5 R=NC 
6 R a NHCHO 
7 R=NCS 

9 R=NC 
10 R = NCS 

the Japanese nudibranch P. bourguini.7 The Mediterra- 
nean nudibranch P. pulitzeri contained axisonitrile-1 (4): 
which had previously been reported as a metabolite of the 
sponge Aninella cannabinu? This paper reports a study 
of the chemical constituents of Philippine specimens of 
the nudibranch P. varicosa and P. pustulosa and ascribes 
the origin of some of these metabolites to sponges of the 
order Halichondrida. 

Specimens of both P. varicosa and P. pustulosa were 
collected by hand in the channel between Negros Island 
and Cebu Island and from shallow waters off San Sebas- 
tian, Cebu. Despite their abundance in these habitats, they 
were never encountered on sponges but were always found 
'swimming" in the water column or crawling over the Band 
bottom. Each species of nudibranch was stored separately 
in acetone. The acetone extracts were subjected to a 
standard separation procedure that involved flash chro- 
matography on silica gel followed by HPLC to obtain pure 
compounds. Four specimens of P. varicosa yielded the 
novel compounds, 4a-isocyanogorgon-ll-ene (5, 0.85 
mg/animal) and 4a-formamidogorgon-11-eno (6, 0.28 
mg/animal). Extraction of 19 specimens of P. pustulosa 
gave the novel metabolites, 4a-isocyanogorgon-ll-ene (5, 
2.33 mg/animal), 4a-formamidogorgon-11-ene (6, 0.57 

(7) Fusatani, N.; Wolstsnholme, H. J.; Mataunaga, 5. Tetrahedron 
Lett. 1990,31,5623. 

chem. Physiol. 1982, 73B, 471. 

Tetrahedron 1979,29,4259. 
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