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by full-matrix least-squares techniques.64 The final R value was 0.051. 
The same details for the NRC data are 20max = 45° with 1851 unique 
data which, when treated with profile analysis,65 yielded 1116 reflections 
with /net > 2.5a(I„81). The data were processed with the NRC VAX 
system,66 and the final R value was 0.036. The final Fourier map showed 
densities ranging from +0.35 to -0.35 with no indication of missing or 
incorrectly placed atoms. Computer-generated figures were drawn on 
an Apple computer by typing the X-ray coordinates into the program 
"Molecular Animator".67 

(63) Main, P. "MULTAN78 A System of Computer Programs for the 
Automatic Solution of Crystal Structures from X-Ray Diffraction Data", 
University of York, England, 1978. 

(64) Zalkin, A., 1974, private communication. 
(65) Grant, D. F.; Gabe, E. J. J. Appl. Crystallogr. 1978, 11, 114. 
(66) Larson, D. F.; Gabe, E. J. In "Computing in Crystallography"; 

Schenk, H., Olthof-Hazekamp, R., van Konigsveld, H., Bassi, G. C., Eds.; 
Delft University Press, 1978; p 11. 
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Abstract: The first successful syntheses of /3-lactams via a Pummerer rearrangement of the corresponding sulfoxides are described. 
Thus, variously substituted 3-(phenylsulfinyl)propionamides were converted to 4-(phenylthio)-2-azetidinones in 14-50% yields 
with trimethylsilyl trifluoromethanesulfonate and triethylamine. The sulfonium ion intermediate in the Pummerer rearrangement 
may be considered as a chemical equivalent of the proposed intermediate involved in the biosynthesis of /3-lactam antibiotics. 

Ever since the structures of penicillins and cephalosporins were 
elucidated, the biosynthesis of these compounds has been the center 
of intense research.1 Although the exact mechanism of conversion 
of the Arnstein tripeptide, 5-(L-a-aminoadipyl)-i_-cysteinyl-D-valine 
(ACV), to penams and cephems is unknown, Baldwin and co­
workers2 have shown recently that the /3-lactam ring is formed 
first during the enzymatic conversion of ACV into isopenicillin 
N. Many elegant works have been carried out to probe the 
biosynthesis of /3-lactam antibiotics. Presently, there are three 
general mechanisms which are consistent with the results of these 
studies.3 One of them might be represented by eq 1 in Scheme 
I. 

A Pummerer reaction4 of the appropriate sulfoxide may be 
considered to generate a chemical equivalent of the enzymatic 
system such as 1. In this paper the first /3-lactam synthesis via 
a sulfonium ion similar to 1 is reported. Historically, there are 
some previous attempts to effect such a transformation. For 
example, Wolfe and co-workers have reported that cyclization of 
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(1) For reviews, see: (a) Queener, S. W.; Neuss, N. In "Chemistry and 
Biology of /3-Lactam Antibiotics"; Morin, R. B., Gorman, M., Eds.; Academic 
Press: New York, 1982; Vol. Ill, pp 2-81. (b) Demain, A. L. In "Antibiotics 
Containing /3-Lactam Structure I"; Demain, A. L., Ed.; Springer-Verlag: 
Berlin, 1983; pp 189-228. For other "biomimetic" syntheses of /3-lactams see: 
(c) Nakatsuka, S.; Tanino, H.; Kishi, Y. J. Am. Chem. Soc. 1975, 97, 5008. 
(d) Nakatsuka, S.; Tanino, H.; Kishi, Y. Ibid. 1975, 97, 5010. (e) Baldwin, 
J. E.; Au, A.; Christie, M.; Haber, S. B.; Hesson, D. /. Am. Chem. Soc. 1975, 
97, 5957. (0 Baldwin, J. E.; Christie, M. A.; Haber, S. B.; Kruse, L. I. Ibid. 
1976, 98, 3045. (g) Scott, A. I.; Yoo, S. E.; Chung, S.-K.; Lacadie, J. A. 
Tetrahedron Lett. 1976, 1137. (h) Miller, J. M.; Mattingly, P. G.; Morrison, 
M. A.; Kerwin, J. F., Jr. J. Am. Chem. Soc. 1980,102, 7026. (i) Biloskt, A. 
J.; Wood, R. D.; Ganem, B. Ibid. 1982,104, 3233. G) Gordon, E. M.; Ondetti, 
M. A.; Pulscec, J.; Cimarusti, C. M.; Bonner, D. P.; Sykes, R. B. Ibid. 1982, 
104, 6053. (k) Floyd, D. M.; Fritz, A. W.; Cimarusti, C. M. J. Org. Chem. 
1982, 47, 176. (1) Floyd, D. M.; Fritz, A. W.; Pulscec, J.; Weaver, E. R.; 
Cimarusti, C. M. J. Org. Chem. 1982, 47, 5160. (m) Ihara, M.; Haga, Y.; 
Yonekura, M.; Ohsawa, T.; Fukumoto, K.; Kametani, T. J. Am. Chem. Soc. 
1983, 105, 7345. 

(2) Baldwin, J. E.; Adlington, R. M.; Moroney, S. E.; Field, L. D.; Ting, 
H.-H. /. Chem. Soc, Chem. Commun. 1984, 984. 

(3) Reference la, pp 19. 
(4) For a review, see: Oae, S.; Numata, T. Isot. Org. Chem. 1980, 5, 45. 
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S-phenylcysteinamide sulfoxides to /3-lactams could not be 
achieved under Pummerer rearrangement conditions.5 Beckwith 
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and Easton obtained /3-lactam 3a in 4% yield from 2a under free 
radical cyclization conditions.6 When the /3-positions to the sulfur 
atom were not blocked, however, a facile elimination took place 
to give vinylsulfide 4, and no /3-lactam 3b was obtained. 

Treatment of 2,2,7V-trimethyl-3-(phenylsulfmyl)propionamide 
(5) under typical Pummerer rearrangement conditions7 produced 
compound 8 in 55% yield. This suggested the use of a base to 
abstract a hydrogen a to the sulfur atom for converting the initial 
adduct (6) to a Pummerer intermediate (i.e., 10). However, the 
conditions had to be mild enough for 10 not to undergo a further 
/3-elimination in case the /3-positions were not blocked. 

For this purpose, use of trimethylsilyl trifluoromethanesulfonate 
(TMSOTf) appeared ideal although its use in Pummerer rear­
rangements had not been reported.8 In the presence of a hindered 
base, TMSOTf should convert sulfoxide 9 to a Pummerer reaction 
intermediate 10 and, at the same time, derivatize the carboxamide 
moiety to a silyl imidate9 which should decrease the acidity of 
the /3-protons and increase the nucleophilicity of this moiety. 

Thus when 7V-(phenylmethoxy)-2,2-dimethyl-3-(phenyl-
sulfinyl)propionamide (9a) was treated with 2.2 equiv of TMSOTf 
and triethylamine in CH2Cl2 at - 2 0 0 C for 30 min, /3-lactam 11a 
was obtained after an aqueous workup in a 51% unoptimized yield. 
Similarly, sulfoxides 9b,c were transformed to /3-lactams l l b , c i c 

in modest yields. The byproducts, for example, in the case of 9b, 
are the reduced product11 12 (13%), the /3-elimination product 
13 (7%), and recovered starting material (30%). The ease of 
cyclization depends on the amide substituent. Thus the sulfoxide 
derived from 2b gave only 4 (16%) and its trans isomer (4%) along 
with the recovered starting material (33%). Sulfoxide 5 yielded 
only recovered starting material under the conditions described 
above for 9a.12 

Except for some thienamycin-related compounds,13 most of the 
naturally occurring /3-lactams have cis substituents at C5 and C6 
(in the penicillin numbering system). It was, therefore, of interest 
to investigate the stereochemical outcome of the present method. 
When 2-methyl-3-(phenylthio)propionamide was oxidized with 
m-chloroperoxybenzoic acid, an approximate 1:1 mixture of di-
astereomers (14) was obtained.14 When this mixture was treated 
with 5 equiv of TMSOTf and triethylamine at 20 0 C , a mixture 
of cis (15) and trans (16) /3-lactams was obtained in 4 1 % yield 
and the starting material was recovered in 23% yield. The ratio 
of 15 and 16 was 2.7:1. Thus, the fact the major product of this 
reaction being the cis isomer also appears analogous to the bio-
syntheses of /3-lactams.15 

Compound l i e has been utilized for the synthesis of carba-
penems,16,17 penems,18 oxapenams,19 monobactams,2 0 and the 

(5) Wolfe, S.; Kazmaier, P. M.; Auksi, H. Can. J. Chem. 1979, 57, 2412. 
(6) Beckwith, A. L. J.; Easton, C. J. Tetrahedron 1983, 39, 3995. See also: 

Baldwin, J. E.; Davis, A. P. J. Chem. Soc, Chem. Commun. 1981, 1219. 
(7) See: Gallagher, T.; Magnus, P.; Huffman, J. C. J. Am. Chem. Soc. 

1983, 105, 4750. 
(8) Use of TMSI and TMSCl in Pummerer-type reactions had been 

known: Miller, R. D.; McKean, D. R. Tetrahedron Lett. 1983, 24, 2619. 
Lane, S.; Quick, S. J.; Taylor, R. J. K. J. Chem. Soc., Perkin Trans. 1 1984, 
2549. After the bulk of our work was completed, a paper appeared describing 
use of TMSOTf in the Pummerer rearrangements: Shimizu, M.; Akiyama, 
T.; Mukaiyama, T. Chem. Lett. 1984, 1531. 

(9) Yodar, C. H.; Copenhafer, W. C; DuBester, B. J. Am. Chem. Soc. 
1974, 96, 4283. 

(10) In case of unsubstituted amide (9c) 3.6 equiv of TMSOTf and tri­
ethylamine were used. 

(11) The reduction of sulfoxides to sulfides with alkylhalosilane reagents 
is known: Olah, G. A.; Gupta, B. G. B.; Narang, C. Synthesis 1977, 583. 

(12) A reaction of 5 at room temperature produced only a small amount 
of the reduced product 2a. The lack of cyclization of these sulfoxides is most 
likely due to the steric factors associated with a /3-lactam ring since N-
methyl-5-(phenylsulfinyl)valeramide was found to cyclize to l-methyl-6-
(phenylthio)-2-piperidone. 

(13) "Chemistry and Biology of /8-Lactam Antibiotics"; Morin, R. B., 
Gorman, M., Eds.; Academic Press: New York, 1982; Vol. III. 

(14) The diastereomers were not easily separable by TLC nor HPLC, and 
the mixture was used as such. 

(15) The recovered starting material was an approximately 2:3 mixture of 
diastereomers. The only identified byproduct (9%) was a sulfimide, 4,5-di-
hydro-4-methyl-1 -phenyl-1 /f,3#-isothiazol-3-one. The origin of the stereo­
selectivity is still under study. 

corresponding S-methyl compound in the clavulanic acid syn­
thesis.21 A model reaction for the cyclization of the thiazolidine 
ring of penicillins has been carried out by Baldwin.22 The present 
work, therefore, not only provides a new method for a /3-lactam 
synthesis but also offers a possible lead in the completely biom­
imetic syntheses of penicillins and cephalosporins. 

Experimental Section 

General. NMR spectra were recorded on a JEOL FX90Q or Bruker 
360 spectrometer. Chemical shifts are reported in <5 values relative to 
tetramethylsilane as internal standard. Infrared spectra were determined 
on a Nicolet 5DX FT-IR spectrophotometer. Mass spectra were re­
corded on a DuPont DP-102, Kratos MS-30, or Kratos MS-50 mass 
spectrometer. Melting points were taken on a Kofler hot stage melting 
point apparatus and are uncorrected. Preparative TLC was normally 
carried out with use of 0.5 mm thick E. Merck F-254 silica gel plates. 

General Procedure for the Preparation of Sulfoxides. Phenylsulfinyl 
amides 5, 9a-c, and 14 and the sulfoxide of 2b were prepared by a 
m-chloroperoxybenzoic acid oxidation of the corresponding phenylthio 
amides which were in turn prepared by a Schotten-Baumann reaction 
of the acid chloride with an appropriate amine.6 As an example, the 
preparation of 3-(phenylsulfinyl)propionamide (9c) is cited. 

m-Chloroperoxybenzoic acid (1.72 g, 10 mmol) was added at 3 0C to 
a solution of 3-(phenylthio)propionamide (1.81 g, 10 mmol) in 150 mL 
of CH2Cl2. After the mixture was stirred for 3 0C for 1 h, 15 mL of 
2-propanol was added and the mixture was washed successively with 10% 
sodium bisulfite solution, saturated NaHCO3 solution, and brine. Drying 
over Na2SO4 and removal of the solvent gave a white crystalline solid 
which was collected by filteration with ether to give 1.69 g (86%) of 9c: 
mp 129-130.5 0C; NMR (CDCl3 + Me2SO-^6) 6 2.29-3.49 (m, 4 H), 
5.26 (br s, 1 H), 6.80 (br s, 1 H), 7.63 (m, 5 H); IR (film) 1686, 1040 
cm"1; MS m/e 197 (M+). 

iV-Methyl-2,2-dimethyl-3-(phenylsulfinyl)propionamide (5): yield 
85%; mp 71-73 °C; NMR (CDCl3) 6 1.44 (s, 3 H), 1.54 (s, 3 H), 2.91 
(d, 1 H, J = 14 Hz), 2.94 (d, 3 H, J = 5 Hz), 3.14 (d, 1 H, J = 14 Hz), 
6.51 (br s, 1 H), 7.51-7.86 (m, 5 H); IR (film) 1656, 1038 cm'1; MS 
m/e 239 (M+). 

AMVIethyl-3-(phenylsulfinyl)propionamide (Sulfoxide of 2b): yield 
73%; mp 54-55 0C; NMR (CDCl3) 5 2.29-3.36 (m, 4 H), 2.84 (d, 3 H, 
J= 5 Hz), 6.20 (br s, 1 H), 7.67 (m, 5 H); IR (film) 1653, 1040 crrf'; 
MS m/e 211 (M+). 

Ar-(Phenylmethoxy)-2,2-dimethyl-3-(phenylsulfinyl)propionamide (9a): 
yield 98%; mp 78-80 0C; NMR (CDCl3) 5 1.46 (s, 3 H), 1.50 (s, 3 H), 
2.91 (d, 1 H, J = 5 Hz), 2.97 (d, 1 H, J = 5 Hz), 5.03 (s, 2 H), 7.51 
(m, 5 H), 7.66 (m, 5 H), 9.94 (s, 1 H); IR (film) 1663, 1038 cm'1; MS 
m/e 331 (M+). 

/V-(PhenyImethoxy)-3-(phenylsulfinyI)propanamide (9b): yield 98%; 
a colorless viscous oil; NMR (CDCl3) 5 2.34-3.47 (m, 4 H), 4.93 (s, 2 
H), 747 (s, 5 H), 7.67 (s, 5 H), 9.40 (br s, 1 H); IR (film) 1669, 1031 
cm"1; MS m/e 303 (M+). 

2-Methvl-3-(phenylsulfinyl)propionamide (14): obtained as a 9:8 
mixture of diastereomers in 85% yield; mp 108-110 °C; NMR (CDCl3) 
6 [1.25 (d,J= 6.8 Hz) + 1.46 (d, J = 6.8 Hz), 3 H], [2.75 (dd, J= 13.2, 
2.9 Hz) + 2.80 (dd, J = 13.2, 8.8 Hz), 1 H], 3.06 (m, 1 H), [3.19 (dd, 
J = 13.2, 4.9 Hz) + 3.26 (dd, J = 13.2, 10.3 Hz), 1 H], [5.76 (br s) + 
5.90 (br s), 1 H], [6.50 (br s) + 6.79 (br s), 1 H], [7.52 (m) + 7.63 (m), 
5 H]; IR (film) 1684, 1674, 1034, 1019 cm"1; MS m/e 211 (M+). 

Ar-Methyl-N-(phenylthio)-2,2-dimethyl-3-(trifluoroacetoxy)propion-
amide (8). Trifluoroacetic anhydride (71 ^L, 0.5 mmol) was added at 
3 0C to a solution of 5 (60 mg, 0.25 mmol) in 5 mL of CH2Cl2. After 
30 min of stirring at 3 0C, chlorobenzene (5 mL) was added and the 
solution was warmed in an oil bath. CH2Cl2 was evaporated under a 
stream of N2 and the resulting solution was heated to 132 0C for 30 min. 
After the solution was cooled, saturated NaHCO3 solution was added and 
the organic layer diluted with CH2Cl2. The CH2Cl2 layer was dried over 
Na2SO4 and evaporated. Flash chromatography (silica gel, CH2Cl2) of 
the residue gave 46 mg (55%) of 8 as a colorless oil: NMR (CDCl3) 5 

(16) Kametani, T.; Kanaya, N.; Mochizuki, T.; Honda, T. Heterocycles 
1982, 19, 1023. 

(17) Shibasaki, M.; Nishida, A.; Ikegami, S. J. Chem. Soc, Chem. Com­
mun. 1982, 1324. 

(18) Yoshida, A.; Hayashi, T.; Takeda, N.; Oida, S.; Ohki, E. Chem. 
Pharm. Bull. 1981, 29, 1854. 

(19) Oida, S.; Yoshida, A.; Oki, E. Heterocycles 1980, 14, 1999. 
(20) Nishida, A.; Shibasaki, M.; Ikegami, S. Tetrahedron Lett. 1984, 25, 

765. 
(21) Bentley, P. H.; Berry, P. D.; Brooks, G.; Gilpin, M. L.; Hunt, E.; 

Zomaya, I. I. / . Chem. Soc, Chem. Commun. 1977, 748. 
(22) Baldwin, J. E.; Wan, T. S. J. Chem. Soc, Chem. Commun. 1979, 249. 
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1.48 (s, 6 H), 3.32 (s, 3 H), 4.58 (s, 2 H), 7.02-7.55 (m, 5 H); IR (film) 
1789, 1663 cm"1; MS exact mass, m/e 335.0812 (calcd for C14H16F3N-
O3S 335.0803). 

General Procedure for the Conversion of Sulfoxides to /9-Lactams. As 
an example, preparation of 4-(phenylthio)-2-azetidinone ( l ie) is cited. 
To a solution of 9c (99 mg, 0.5 mmol) in 20 mL of CH2Cl2 were added 
at -20 0C triethylamine (251 ^L, 1.8 mmol) and TMSOTf (348 /xL, 1.8 
mmol). The solution was stirred at -20 0C for 15 min and then quenched 
by addition of 5% NaHCO3 solution. The organic layer was washed with 
0.5% HCl solution and brine. Drying over Na2SO4 and removal of the 
solvent gave a colorless oil. A preparative silica gel TLC (5% CH3OH-
CH2Cl2) of this material yielded, besides the starting material (18%) and 
(ra/ii-3-(phenylthio)acrylamide (8%), 37 mg (41%) of l i e which was 
recrystallized from diethyl ether: mp 72-73 0C (lit.23 mp 72 0C); NMR 
(CDCl3) 5 2.90 (ddd, 1 H, J = 15.0, 2.26, 1.3 Hz), 3.33 (ddd, 1 H, J = 
15.0, 5.0, 2.1 Hz), 5.06 (dd, 1 H, J = 5.0, 2.6 Hz), 6.49 (br s, 1 H), 7.47 
(m, 5 H); IR (film) 1740 cm"1; MS exact mass, m/e 179.0411 (calcd for 
C9H9NOS 179.0405). 

,\-(Phenylmethoxy)-3,3-dimethyl-4-(phenylthio)-2-azetidinone (Ha): 
yield 51%; a colorless oil; NMR (CDCl3) 6 1.28 (s, 3 H), 1.32 (s, 3 H), 

4.73 (s, 1 H), 5.00 (d, 1 H, J = 10 Hz), 5.14 (d, 1 H, J = 10 Hz), 7.39 
(m, 5 H); IR (film) 1780 cm"1; MS exact mass, m/e 313.1133 (calcd for 
C18H19NO2S 313.1137). 

N-(Phenylmethoxy)-4-(phenylthio)-2-azetidinone (lib): yield 14%; 
mp 50.5-51 0C; NMR (CDCl3) & 2.51 (dd, H, J = 2.6 Hz), 3.01 (dd, 
1 H, J = 14, 5 Hz), 4.81 (dd, 1 H, J = 5, 2.6 Hz), 5.05 (s, 2 H), 7.41 
(m, 5 H); IR (film) 1780 crrT1; MS exact mass, m/e 285.0815 (calcd for 
C16H15NO2S 285.0824). 

3-MethyI-4-(phenylthio)-2-azetidinone (IS and 16). This was obtained 
in 41% yield as a 2.7:1 mixture of cis (15) and trans (16) isomers. The 
NMR spectra was assignable to each isomer, but IR and MS were taken 
as a mixture.24 15: NMR (CDCl3) S 1.36 (d, 3 H, J = 7.6 Hz), 3.59 
(qdd, 1 H, J = 7.6, 4.9, 1.5 Hz), 7.31 (m, 5 H). 16: NMR (CDCl3) b 
1.32 (d, 3 H, J = 7.5 Hz), 3.06 (qdd, 1 H, J = 7.5, 2.5, 1.0 Hz), 4.59 
(d, 1 H, J = 2.5 Hz), 7.31 (m, 5 H); IR (film) 1762 cm"1; MS exact 
mass, m/e 193.0566 (calcd for C10H11NOS 193.0562). 
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(23) Claus, K.; Grimm, D.; Prossel, G. Liebigs Ann. Chem. 1974, 539. (24) For the trans isomer see ref 23. 
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Abstract: The marine prosobranch mollusc, Lamellaria sp. contains four aromatic metabolites, lamellarins A-D (1-4). The 
structure of lamellarin A(I) was determined by an X-ray crystallographic study and the structures of lamellarins B-D (2-4) 
were assigned by interpretation of spectral data. Lamellarian A (1) exists in solution as a 1:1 mixture of two geometrical 
isomers due to restricted rotation about the Cl-CIl bond. Molecular mechanics calculations revealed that the barrier to 
rotation was large (>600 kcal/mol). 

Chemical studies of prosobranch molluscs are rare,1 particularly 
when compared with the frequent investigations of opisthobranch 
molluscs.2 Six specimens of a species of Lamellaria3 were col­
lected by hand during a night dive (-5 m) near Koror, Palau. 
Although they are prosobranchs, the Lamellaria sp. resembles 
an opisthobranch since the shell is completely concealed by dark 
brown, almost black, fleshy tissue. In this paper we report the 
structural elucidation of four aromatic metabolites, lamellarins 
A-D (1-4) (Chart I). 

The specimens of Lamellaria were stored in methanol (1 L) 
at 4 0C for 3 years. Dichloromethane and ethyl acetate soluble 
materials from the methanol extract were combined and subjected 
to preparative thick-layer chromatography to obtain four UV-
active bands. Each band was further purified by reverse-phase 
LC to obtain lamellarin A (1, 13 mg/animal), lamellarin B (2, 
4 mg/animal), lamellarin C (3, 3 mg/animal), and lamellarin D 
(4, 6 mg/animal). 

Lamellarin A (1) was obtained as pale yellow prisms, mp 
168-172 0C dec, from methanol. A parent ion at m/z 561.1669 
in the mass spectrum was appropriate for a molecular formula 
of C30H27NO10. The highly aromatic character of lamellarin A 
(1) was apparent from the UV spectrum [326 (« 25 000), 309 (e 
28000), 275 (e 33 000), 215 nm («41 000)] and from the number 
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'Cornell University. 
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of signals in the aromatic region of the 1H N M R spectrum. A 
simple analysis of the 1H N M R specrum (360 MHz, acetone-J6) 

(1) Recent examples include: Tymiak, A. A.; Rinehart, K. L., Jr. J. Am. 
Chem. Soc. 1983, 105, 7396. Kosuge, T.; Tsuji, K.; Hirai, K.; Yamaguchi, 
K.; Okamoto, T.; Iitaka, Y. Tetrahedron Lett. 1981, 22, 3417. Coll, J. C; 
Tapiolas, D. M.; Bowden, B. F.; Webb, L.; Marsh, H. Mar. Biol. (Berlin) 
1983, 74, 35. 
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