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0.66 cm3 of hexane, 20 h, room temperature. 
1,3,5-Trichlorobenzene: 129 mg (0.71 mmol) of substrate, 

49.5 mg (0.146 mmol) of (Bu)~N+HSO~-, 392 mg of 60% 
NaOD/D,O, 0.4 cm3 of hexane, 20 h, room temperature. 

4-Bromochlorobenzene: 53 mg (0.28 mmol) of substrate, 23.5 
mg (0.069 mmol) of (Bu)~N+HSO~-, 177 mg of 60% NaOD/D,O, 
0.25 cm3 of hexane, 20 h, room temperature. 

Autoxidation Experiments. Reaction conditions: 1.5 mmol 
of substrate, 0.3 mmol of (Bu)~N+HSO~-, 450 mg of 50% NaOH, 
1.5 cm3 of benzene, air, room temperature. 

The reaction was carried out in an open vial with magnetic 
stirring as described previously. A sample was taken, evaporated, 
and dissolved in an acetone-d6/CC14 mixture. The 'H NMR 
spectrum of this solution was recorded. PLC was run on Kieselgel 
60 F 254 (Merck), the product was extracted with methylene 
chloride, and the solvents were evaporated. 

Autoxidation of Diphenylmethane (DPM) (3). Kinetic 
Studies. The kinetic studies were performed in an open 
round-bottomed flask (25 mL) with vigorous magnetic stirring. 
The organic layer (20 pL) was sampled with a syringe. The solvent 
was evaporated, and the sample was dissolved in acetone-d6/CC14 
(0.3 mL, 1:3) for 'H NMR estimations. In order to obtain the 
rate constants, a t  least two runs were taken. 

Reaction conditions: 1.61 g (9.6 mmol) of DPM, 1 mmol of 
PTC catalyst, 3.2 g of 50% aqueous NaOH w/w, 10 mL of toluene, 
25 "C. The effect of the catalyst was studied a t  the following 
concentrations: 0.5, 0.75, and 1.0 mmol. The effect of substrate 
concentration was studied a t  9.6, 4.8, and 2.4 mmol. The tem- 
perature effect was studied in a thermostated bath (k0.5 'C). 
Bubbling of oxygen was performed in a 25-cm3 flask with side 
arms, one of which was stoppered with a septum stopper and the 
other connected to an oil trap. The air was first removed by 
evacuation, the oxygen was then introduced, and the reaction was 
started. The effect of an additional amount of catalyst was studied 

as follows: the first amount of catalyst added was 0.5 mmol and 
reacted for 150 min. After this period of time, a second portion 
of catalyst (0.5 mmol) was added and the reaction parameters 
were studied. 

NMR Spectra. NMR spectra were recorded at 200.133 MHz 
and 300.133 MHz (for protons) with the aid of WP-200 and 
WH-300 NMR spectrometers, respectively (Bruker Physik). The 
field/frequency regulations were maintained by 'H locking to 
internal standard acetone-d,. The free induction decay (FID) 
signals were digitized and accumulated on an Aspect-2000 com- 
puter. The extent of exchange was determined from the relevant 
peak areas relative to an internal standard before and after re- 
actions. In order to avoid saturation, a relaxation delay (RD) of 
5 s was programmed. The acetone peak is taken as standard a t  
2.04 ppm. For benzylic hydrogens, benzo[b]thiophene (9), and 
benzo[b]furan (a), the aromatic nonexchangeable protons were 
taken as internal standards, while mesitylene was taken as 
standard for thiophene (10) and hexamethylbenzene for halo- 
benzenes. 

Carbon-13 NMR spectra were recorded a t  50.46 MHz. The 
position of the exchanged protons was deduced from proton- 
decoupled spectra. The '&,, (as well as 'JH_D) coupling constants 
allowed the assignment of the particular carbon whose protons 
were exchanged as well as the estimation of the degree of exchange. 

Mass Spectroscopy. Electron-impact mass spectra were re- 
corded on a Varian MAT 311 mass spectrometer. In those cases 
where the mass spectra were performed at low energies (13-20 
eV), the ratio between singly and doubly exchanged molecules 
could be estimated. 

Supplementary Material Available: Table VI1 reporting 
the 'H and 13C NMR and mass spectral data of the exchanged 
and oxidized products (4 pages). Ordering information is given 
on any current masthead page. 
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The synthesis of 4-unsubstituted azetidin-2-ones is described. Treatment of Schiff bases derived from a- 
methylcinnamaldehyde and amines with acetic acids in the presence of phenyl dichlorophosphate and triethylamine 
followed by ozonolysis of the resulting p-lactams afforded cis-4-acetyl @-lactams in good yields. Baeyer-Villiger 
oxidation of the latter gave the corresponding 4-acetoxy p-lactams, which upon treatment with a sixfold excess 
of a hydrosilane in the presence of trimethylsilyl trifluoromethanesulfonate as catalyst afforded 4-unsubstituted 
azetidin-2-ones. Application of this methodology to Schiff bases derived from a-methylcinnamaldehyde and 
phenylglycine as well as protected p-hydroxyphenylglycine for the synthesis of (&)-3-aminonocardicinic acid is 
also described. 

Since the discovery of the monobactam family 1 (Chart 
I) of monocyclic @-lactam antibiotics,2 intense effort has 
been made to achieve their total synthe~is .~ Nocardicins 

(1) Reagents and Synthetic Methods. 67. Part 66: Aizpurua, J. M.; 
Oiarbide, M.; Palomo, C. Tetrahedron Lett. 1987,28,5365. The present 
work has been supported by the Comision Asesora de Investigacibn 
Cientifica y TBcnica (Project 994/84) and in part by the Departamento 
de Investigacibn del Gobierno Vasco (Project X:86.034). A grant from 
the Ministerio de Educacibn y Ciencia to F.P.C. is gratefully acknowl- 
edged. We are grateful to Wacker-Chemie GmbH (Munchen, Germany) 
for a supply of 1,1,3,3-tetramethyldisiloxane. 

(2) Durckheimer, W.; Blumbach, J.; Latrell, R.; Sheunemann, K. H. 
Angew. Chem. Int. Ed. Engl. 1985, 24, 180. 
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2, discovered in 1976 by a group at Fujisawa laboratorie~,~ 
are the first example of monocyclic @-lactams to exhibit 
high antibacterial a~t ivi ty .~ The structural features of this 

(3) (a) Koster, W. H.; Cimarusti, C. M.; Sykes, R. B. Chemistry and 
Biology of P-Lactam Antibiotics; Morin, R. B., Gorman, M., Eds.; Aca- 
demic: New York, 1982; Vol. 3, pp 339-375. (b) Slusarchyk, W. A.; 
Dejneka, T.; Gordon, E. M.; Weaver, E. R.; Koster, W. H. Heterocycles 
1984, 21, 191. 

(4) (a) Aoki, H.; Sakai, H.; Kohsaka, M.; Konomi, T.; Hosoda, J.; 
Kubochi, Y.; Iguchi, E.; Imanaka, H. J. Antibiot. 1976, 29, 492. (b) 
Hashimoto, M.; Komori, T.; Kamiya, T. J.  Antibiot. 1976,29,890; J.  Am. 
Chem. SOC. 1976, 98, 3023. 
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new type of p-lactams are (a) the absence of substituents 
a t  the C4 position of the fl-lactam ring, (b) the presence 
of diverse acylamino units a t  C3, (c) the presence of the 
D-(-)p-hydroxyphenylacetic acid moiety at N1, and (d) the 
relative stereochemistry at  the C3 and C'-N1 positions. 

Among numerous methods for the synthesis of substi- 
tuted monocyclic P-lactams,6 the annelation of acid chlo- 
rides or equivalents with imines (a variant of the Stau- 
dinger reaction') has proved to be a convenient procedure 
for the construction of the 2-azetidinone ring (eq 1). This 

strategy is potentially quite versatile since the needed 
substrates, acetic acids and Schiff bases, are easily ac- 
cessible, and therefore a number of P-lactams with latent 
functional groups at the three positions can be prepared. 
Although from this method the steric course of the 6- 
lactam formation does not appear to be predictable, it can 
be controlled by the experimental conditions useda and by 
the choice of Schiff bases with bulky sub~tituents.~ The 
Fujisawa grouplo was the first to accomplish the total 
synthesis of nocardicins by this approach, but due to the 
inaccessibility of monomeric formaldehyde imines,l' it has 
been necessary to develop new strategies for the prepa- 

(5) For other monocvclic B-lactams showine antibacterial activitv. see: 
Bosei A. K.; Manhas, M. S.f Kapur, J. C.; Shirma, S. D.; Amin, Sr G. J. 
Med. Chem. 1974, 17, 541. 

(6) For reviews, see: (a) Mukerjee, A. K.; Srivastava, R. C. Synthesis 
1973,373. (b) Bose, A. K.; Manhas, M. S. Lect. Heterocycl. Chem. 1976, 
3,43. (c) Isaacs, N. S. Chem. SOC. Reu. 1976, 76,181. (d) Mukerjee, A. 
K.; Singh, A. K. Tetrahedron 1978,34,1731. (e )  Koppel, G. A. In Small 
Ring Heterocycles-Azetidines, 0-Lactams, Diazetidines and Diaziri- 
dines; Hassner, A,, Ed.; Wiley: New York, 1983; Chapter 2. (f) Davies, 
D. E.; Storr, R. C. In Comprehensive Heterocyclic Chemistry; Lwowski, 
W., Ed.; Pergamon: New York, 1984; Vol. 7, p 237. 

(7) Staudinger, H. Liebigs Ann. Chem. 1907, 356, 51. 
(8) (a) Bose, A. K.; Anjaneyulu, B.; Bhattacharya, S. K.; Manhas, M. 

S. Tetrahedron 1967,23,4769. (b) Bose, A. K.; Chiang, Y. H.; Manhas, 
M. S. Tetrahedron Let t .  1972, 4091. 

(9) (a) Moore, H. W.; Hughes, G.; Srinivasachar, K.; Fernandez, M.; 
Nguyen, N. V.; Schau, D.; Traune, A. J. Org. Chem. 1985,50,4231. (b) 
Arrieta, A.; Lecea, B.; Palomp, C. J. Chem. SOC., Perkin Trans. 1 1987, 
845. (c) Aizpurua, J. M.; Cossio, F. P.; Lecea, B.; Palomo, C. Tetrahedron 
Lett .  1986, 27, 4359. 

(10) (a) Kamiya, T. In Recent Advances in the Chemistry of @-Lactam 
Antibiotics; Elks, J., Ed.; Cambridge University Press: London, 1976; p 
281. (b) Kamiya, T.; Hashimoto, M.; Nakaguchi, 0.; Oku, T. Tetrahedron 
1979, 35, 323. (c) Kamiya, T.; Oku, T.; Nakaguchi, 0.; Takeno, H.; 
Hashimoto, M. Tetrahedron Lett .  1978, 5119. 

(11) For recent methods for generating these intermediates in situ, see: 
Overman, L. E.; Burk, R. M. Tetrahedron Let t .  1984, 25, 1635. Bar- 
luenga, J.; Bayon, A. M.; Asensio, G. J. J. Chem. SOC., Chem. Commun. 
1983, 1109; 1984, 427. 

R1+ - iii 

11 - 10 - 
c R1: Pht, R2: 4-MeOCsHq 
d R1: Pht, R2: CHZCOOMe 
e R1: Ph0,RZ: 4-MeOCgHq 
f R1: PhO,Rz: CHZCOOMe 
g R1: Me0,RZ: 4-MeOCgHq 

a Reagents and  conditions: (i) PhOP(O)CI2, NEt3, CH2C12, room 
temperature, 20-24 h; (ii) Os, -78 OC, CH2C12, then Me$; (iii) m- 
chloroperbenzoic acid, CsHB, reflux. 

ration of monocyclic 4-unsubstituted-~-lactams.1zJ3 
4-Acetoxyazetidin-2-ones (3) are recognized as the most 

useful starting materials for synthetic work in p-lactam 
chemistry, because the acetoxy group can be replaced by 
a variety of  nucleophile^.'^ Recently, we reported15 a new 
methodology to convert 4-acetoxy P-lactams into 4-un- 
substituted /3-lactams by means of 1,1,3,3-tetramethyl- 
disiloxane as hydride transfer agent and trimethylsilyl 
trifluoromethanesulfonate as catalyst. Herein we report 
experimental details that demonstrate the realization of 
this methodolgy as well as its application to the synthesis 
of (~)-3-aminonocardicinic acid (3-ANA (4)), which ap- 
pears to be the general key intermediate in the synthesis 
of nocardicins. 

Results and Discussion 
Our intended strategy (Scheme I) involved first the 

synthesis of a precursor of type 9 with a 4-alkenyl sub- 
stitutent as the latent carbonyl functionality and second, 
an ozonolysis-Baeyer-Villiger sequence to generate the 
required 4-acetoxy group. As a model for our work the 
synthesis of 10c and 10d was studied first. The starting 
materials, Schiff bases 8a,b, were prepared by reaction of 
the corresponding amine and 2-methylcinnamaldehyde in 
refluxing methylene chloride. Compound Sa was then 
treated with phthalimidoacetic acid and triethylamine 
followed by phenyl dichlorophosphate'6 to yield 9c in 80% 

(12) For reviews, see: (a) Kamiya, T.; Aoki, H.; Mine, Y. In Chemistry 
and Biology of @-Lactam Antibiotics; Morin, R. B., Gorman, M., Eds.; 
Academic: New York, 1982; Vol. 2, pp 165-226. (b) Cooper, R. D. G. In 
Topics in Antibiotic Chemistry; Sammes, P. G., Ed.; Wiley: New York, 
1980; Vol. 3, p 139. (c) Miller, M. J. Acc. Chem. Res. 1986, 19, 49. (d) 
Labia, R.; Morin, C. J. Antibiot. 1984, 37, 1103. 

(13) For recent examples on nocardicin, see: (a) Chiba, K.; Mori, M.; 
Ban, Y. Tetrahedron 1985,41,387. (b) Hodgson, T. S.; Hollonshead, D. 
M.; Ley, S. V.; Low, C. M. R.; Williams, D. J. J. Chem. SOC., Perkin 
Trans. 1 1985, 2375. (c) Overman, L. E.; Osawa, T. J. Am. Chem. SOC. 
1985,107,1698. (d) Hanessian, S.; Couture, C.; Wyss, H. Can. J. Chem. 
1985, 63, 3613 and references cited therein. 

(14) For comprehensive reviews, see: (a) Reference 6f, p 252. (b) 
Kametani, T. Heterocycles 1982,17, 463. (c) Nagahara, T.; Kametani, 
T. Heterocycles 1987, 25, 729. 

(15) Preliminary communication: Cossio, F. P.; Lecea, B.; Palomo, C. 
J. Chem. SOC., Chem. Commun. 1987,1743. For another reduction me- 
thod, see: Pfaendler, H. R.; Hoppe, H. Heterocycles 1985, 23, 265. 
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yield. Ozonolysis of 9c with dimethyl sulfide workup" gave 
the expected methyl ketone 10c in 80% yield. Compound 
1Oc could also be obtained in high yield from 9c via per- 
manganate oxidation of the double bond a t  room tem- 
perature in aqueous acetone-dioxane.18 Although both 
methods were successful, the first one proved to be mokb 
convenient and gave better yields. 

Similarly, treatment of Schiff base 8b with phthal- 
imidoacetic acid under the same conditions as those used 
for the preparation of 9d followed by ozonolysis a t  low 
temperature yielded the expected cis-0-lactam 10d. The 
magnetic nonequivalence of the two protons of the side 
chain adjacent to the nitrogen was as expected from the 
observations of Barrow and Spotswood on N-benzyl P- 
lac tam^,'^ and we will discuss this later. Plumet and co- 
workersz0 have reported the preparation of 4-benzoyl- 
suhstituted azetidin-Zones from Schiff bases derived from 
phenylglyoxal; also a group of FarmitaliaZ1 have used this 
approach to synthesize a penem key intermediate. At- 
tempts to apply this approach to the direct synthesis of 
4-acetyl P-lactams were unsuccessful, probably due to the 
instability of Schiff bases derived from pyruvaldehyde.22 
As an extension of our procedure, 6-lactams 10e-g were 
prepared in yields in the range 8046%. In all of these 
@-lactams the 5-Hz coupling constant between the C3-H 
and the C4-H protons was indicative of the cis stereo- 
chemistry. 

Next we examined the Baeyer-Villiger oxidationz3 on 
4-acetyl P-lactams 10. First the reaction was tested from 
1Oc and 10d and m-chloroperbenzoic acid (MCPBA) in 
methylene chloride at  room temperature, but in both cases 
the reaction failed to produce any 4-acetoxy P-lactams. 
When 1Oc was treated with an excess of MCPBA in re- 
fluxing methylene chloride for 5 h, llc was obtained in 
very low yield and the starting material was recovered 
unchanged. Of the solvents examined, 1,Zdichloroethane 
and benzene were the most satisfactory ones for carrying 
out the Baeyer-Villiger oxidation. Thus, treatment of 1Oc 
with MCPBA in a molar ratio 1:4 in refluxing benzene for 
2.5 h yielded a mixture of 1Oc and llc in 50% of con- 
version. When this mixture was then treated with the 
same excess of MCPBA, complete conversion was achieved 
after 3 h of reflux, and the expected 4-acetoxy /3-lactam 
llc was obtained in 56% yield as the only isolated product. 
Under similar conditions P-lactams 10e and log yielded 
the corresponding 4-acetoxy @-lactams 1 le and 1 lg in 34% 
yield and 43% yield, respectively. When the Baeyer- 
Villiger oxidation was performed on 104, the reaction was 
faster than for lOc, affording lld in 86% yield after 3 h 
in refluxing benzene. Similarly, 10f upon treatment with 
MCPBA, molar ratio 1:4, respectively, afforded llf in 88% 
yield after 0.5 h of reaction. The relatively low yields of 
4-acetoxy-N-p-methoxyphenyl @-lactams 11 could be at- 
tributed to the forceful reaction conditions needed to 
achieve a complete Baeyer-Villiger oxidation of the cor- 

Arrieta et al. 

(16) Arrieta, A.; Cossio, F. P.; Palomo, C. Tetrahedron 1986,41,1703. 
(17) Pappas, J. J.; Keaveney, W. P.; Gaucher, E.; Berger, M. Tetra- 

hedron Let t .  1966,4273. 
(18) Bose, A. K.; Manhas, M. S.; Vincent, J. E.; Gala, K.; Fernandez, 

I. F. J. Org. Chem. 1982,47, 4075. 
(19) Barrow, K. D.; Spotawood, T. M. Tetrahedron Lett. 1966,3325. 
(20) (a) Alcaide, B.; Dominguez, G.; Escobar, G.; Parreiio, U.; Plumet, 

J. Heterocycles 1986,24, 1579. (b) Alcaide, B.; Qominguez, G.; Martin- 
Domenech, A.; Plumet, J.; Monge, A.; Perez-Garcia, V. Heterocycles 1987, 
26, 1461. 

(21) Lombardi, P.; Colombo, M.; Crugnola, A.; Franceschi, G. Ger. 
Offen. D.E. 1985,3 428 049 Al; Chem. Abstr. 1986,103,53864. 

(22) Alcaide, B.; Escobar, G.; Perez-Ossorio, R.; Plumet, J.; Rodriguez, 
I. M. An. Quim. 1985, C ,  81. 

(23) Shiozaki, M.; Ishida, N.; Hiraoka, T.; Yanagisawa, H. Tetrahe- 
dron Lett. 1981,22, 5205. 
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a Reagents and conditions: (i) NEtB, CH2C12, reflux, (i i)  
PhtCH2COOH, NEt3, PhOP(0)C12, CH2C12, room temperature, 
20-24 h; (iii) 03, -70 OC, then Me2& (iv) MCPBA, Bz, reflux; (v) 
HMe2SiOSiMe2H, F3CS03SiMe3, ClCH2CHzCl, reflux. 

responding 4-acetyl-N-p-methoxyphenyl p-lactams 10. 
Furthermore, the reaction took place with retention of 
configuration at  C3-C4 as determined by the 5-Hz coupling 
constant between the C3-H and C4-H protons in all these 
4-acetoxy 6-lactams. 

The established methodology was next extended to the 
preparation of 3-ANA. The initial target was the prepa- 
ration of a monocyclic P-lactam of type 15, followed by an 
ozonolysis-Baeyer-Villiger sequence as depicted in Scheme 
11. Thus, treatment of Schiff base 14a derived from CY- 

methylcinnamaldehyde (12) and D-phenylglycine methyl 
ester hydrochloride (13a) with 1 equiv of phthalimidoacetic 
acid in the presence of triethylamine and phenyl di- 
chlorophosphate gave N-((methoxycarbony1)phenyl- 
methyl)-3-phthalimido-4-(a-methylstyryl)-2-azetidinone 
(15a) as an oil. Low-temperature (-70 "C) ozonolysis of 
15a gave methyl ketone 16a in 60% yield as a 2:l mixture 
of diastereomers, epimeric about the carboxyl group. The 
NMR spectrum of the mixture of the two isomers indicated 
that the phthalimido and styryl groups were cis to one 
another as shown by the coupling constants for the azet- 
idinone ring (J = 5 Hz). No trace of the trans isomer could 
be detected by NMR spectroscopy. 

Similarly, the Schiff base derived from D-p-hydroxy- 
phenylglycine and a-methylcinnamaldehyde (12) was 
treated first with acetyl chloride and triethylamine to give 
Schiff base 14b. Treatment of 14b with triethylamine, 
phthalimidoacetic acid, and phenyl dichlorophosphate gave 
cis-N-((methoxycarbonyl) (4-methoxyphenyl)methyl)-3- 
phthalimido-4- (a-methylstyryl)-2-azetidinone (15b). 
Ozonolysis of the double bond in 15b afforded 16b in 45% 
overall yield from 14b. Compound 16b also was obtained 
as a 2:l mixture of diastereomers about the a-carbo- 
methoxy group. However, all compounds were optically 
inactive. Hakimelahi and Just" have found similar results 
in the preparation of P-lactams involving Schiff bases 
derived from D-phenylglycine methyl ester and cinnam- 
aldehyde. They suggested that racemization takes place 

(24) Hakimelahi, G. H.; Just, G. &n. J. Chem. 1979, 57,1932 
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N (SSR/RRS) - U (SSS/RRR) - 

Figure. 1. Significant 'H NMR chemical shifts of U and N isomers 
of 16a. The U and N notation refers to the relative stereochem- 
istry of the unnatural and natural n~cardicin,'~ respectively. 

during the cycloaddition process, but we have found that 
Schiff bases of type 14 racemize during their formation as 
evidenced by the complete lack of optical rotation. Ac- 
cording to G r i g g ' ~ ~ ~  observations (eq 2), racemization of 

19 - 

these Schiff bases could be attributed to an intermediate 
of type 19. Since the chirality of the phenylglycine moiety 
is destroyed in the course of imine formation, it is not 
necessary to employ optically active phenylglycine as the 
starting material. Formation of @-lactam 16a from 
phthalimidoacetic acid and the corresponding Schiff base, 
derived from DL-phenylglycine methyl ester hydrochloride 
and a-methylcinnamaldehyde, proceeds readily in good 
yield under the influence of phenyl dichlorophosphate and 
triethylamine. 

At this stage we attempted to establish the relative 
stereochemistry of the carbomethoxy group in 16a with 
respect to the 0-lactam hydrogens. The NMR spectrum 
of compound 16a showed signals at 1.49 and 2.06 ppm for 
the methyl protons of the ketone group and at  5.32 and 
5.79 ppm for the benzylic protons adjacent to the nitrogen 
atom. Since our /3-lactams are racemic mixtures, we have 
assigned the SSRIRRS configuration for the C,-H, C,-H, 
and N1-C(C02Me)H protons, respectively, corresponding 
to the compound 16a-N and the SSSIRRR configuration 
to compound 16a-U. The structural assignment to N and 
U isomers rests on their Ha chemical shift parameters, 
according to Barrow and Spotswood's  observation^.'^ 
Thus, assuming that compound 16a (Figure 1) is in its 
preferred conformation, the H, proton cis to the acetyl 
substituent is shifted to higher field and the Ha protons 
trans to the substituent are shifted to lower field. The 
proton directly attached to the ring carbon carrying the 
substituent also shows a shift to lower field. Similarly, 
compound 16b showed signals at 5.73 and 5.57 ppm for 
the H, protons in 16b-N and 16b-U, respectively. These 
assumptions are also in agreement with the observations 
of Hakimelahi and Just on related compounds.24 

The diastereomers whose relative stereochemistry was 
now established could be separated by column chroma- 
tography. Recrystallization from ethanol gave pure 16a-N. 
Treatment of 16s-N with m-chloroperbenzoic acid in a 1:6 
molar ratio, respectively, in relfuxing benzene for 17 h gave 
the corresponding cis-bacetoxy P-lactam 17a-N in 80% 

(25) Grigg, R. Bull. SOC. Chim. Belg. 1984, 93, 593. 
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Figure 2. Baeyer-Villiger oxidation of an equimolar mixture of 
16a-N and 16a-U under different substrateMCPBA molar ratios: 
(a) 1:2, (A) N, (A) U; (b) 1:4, (0) N, (B) U; (c)  1:6, (V) N, (V) U; 
(d) l : l O ,  (0) N, (0)  U. 

yield. No trace of the trans isomer could be detected from 
the crude reaction mixture. 

The next question that we examined was the relative 
oxidation rates of the diastereomers. Thus, an equimolar 
mixture of the two isomers 16a-N and 16a-U was treated 
with different amounts of MCPBA in refluxing benzene, 
and the reaction was monitored by NMR spectroscopy, 
mainly by observing the change of the relative intensities 
of the acetyl and acetoxy groups in both isomers. The 
acetoxy group in 17a-N appeared at higher field (6 1.35) 
than that of the 17a-U isomer (6 1.81). Results of this 
study are presented in Figure 2. As shown, the conversion 
rate increased when the molar ratio of m-chloroperbenzoic 
acid was increased. Also the conversion became stabilized 
after 6 h of reaction, and no further changes were observed. 
From these results the optimum yields in the Baeyer- 
Villiger oxidation were obtained with a 1:lO molar ratio 
of substrate/oxidant in refluxing benzene for 6 h. On the 
other hand, the reaction proceeds much faster with the U 
isomer than with the N isomer. An examination of 
Dreiding models indicates that such diastereoselectivity 
could be expalined by means of steric factors. As shown 
in Figure 1 it seems to be clear that the less hindered keto 
group in the U isomer undergoes Baeyer-Villiger oxidation 
much faster than the corresponding keto group in the N 
isomer. This fact was next illustrated in the oxidation of 
16b to 17b. Thus, treatment of 16b-U with a tenfold excess 
of MCPBA in refluxing benzene for 5 h yielded the ex- 
pected 0-lactam 17b-U in 88% yield, whereas the corre- 
sponding N isomer, under the same conditions, afforded 
the @-lactam 17b-N together with the starting material 
16b-N in a ratio 1:1, respectively, as determined by NMR 
spectroscopy. When this mixture was then treated with 
more MCPBA under the same conditions as above, a 
complete conversion was achieved, affording 17b-N in 62% 
yield. Generalization of these results suggests that steric 
factors govern the conversion rate of Baeyer-Villiger ox- 
idation on 4-acetyl @-lactams. Therefore, the stereochem- 
istry of the 0-lactam ring must play an important role in 
the rate of Baeyer-Villiger oxidation. In fact (see Table 
I), when the trans-/3-lactam lOc, obtained by isomerization 
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trimethylsilyl triflate as catalyst followed by oxidative 
removal of the N-aryl substituent in 20 with ammonium 
cerium nitrate (CAN)29 afforded the  expected N-H azet- 
idin-2-one 22 in 95% overall yield. Finally, an at tempt  to 
prepare 22 from 4-acetoxy 0-lactam 21 was made. Re- 
duction of 21 by means of the TMDS-triflate system un- 
fortunately gave a complex mixture of products, none of 
which were identifiable. Since compounds of type 22 have 
been converted into 3-aminonocardicinic acid and hence 
the  nocardicins, this new route should be a valuable syn- 
thesis of these systems. 

Conclus ion  
In summary an efficient formal synthesis of monobac- 

tams and nocardicins has been developed from the acid 
chloride-imine method or equivalent. The  methodology 
is experimentally simple and allows a highly stereoselective 
synthesis of 0-lactams tha t  may be readily extended to  
further applications. Such extensions are being studied.30 

Exper imen ta l  Sec t ion  
Melting points were determined on either Buchi SMP-20 or 

Mettler FP61 instruments and are uncorrected. Proton magnetic 
resonance ('H NMR) spectra were recorded on a Varian EM-360 
spectrometer and are reported in parts per million downfield from 
internal tetramethylsilane. Infrared (IR) spectra were obtained 
on a Shimadzu IR-435 spectrometer. Ozonation reactions were 
carried out by using a Fisher 502 Ozone generator. Microanalytical 
data were obtained in these laboratories. All P-lactams prepared 
are racemic mixtures. All the starting materials used in this work 
were commercially available in 98% or higher purity and were 
used without further purification. Hexane and EtOAc were pu- 
rified by distillation. CHzClz and benzene were respectively 
distilled from P4010 and Na. 
N-(a-Methylcinnamy1idene)-p-anisidine (8a)?' A mixture 

of a-methylcinnamaldehyde (27.9 mL, 200 mmol), p-anisidine 
(24.6 g, 200 mmol), and magnesium sulfate in CHZCl2 (200 mL) 
was refluxed for 2 h. The resulting mixture was filtered and the 
solvent was evaporated under reduced pressure to give the crude 
imine 8a, which was crystallized from ethanol (36.14 g, 72%): mp 
72-74 "C; IR (KBr) u 1610 cm-'; 'H NMR (CDCl,) 6 7.94 (s, 1 
H, N=CH), 7.35-6.55 (m, 10 H, arom, C=CH), 3.68 (s, 3 H, 
OCH,), 2.19 (s, 3 H, CH,). Anal. Calcd for C17H17NO: C, 81.23; 
H, 6.83; N, 5.57. Found: C, 81.27; H, 6.85; N, 5.60. 
N-(a-Methylcinnamy1idene)glycine Methyl Ester (8b). A 

mixture of a-methylcinnamaldehyde (1.8 mL, 13 mmol), methyl 
aminoacetate hydrochloride (1.25 g, 10 mmol), Et3N (1.4 mL, 10 
mmol), and MgSO, in dry CHzC12 (20 mL) was stirred at room 
temperature for 24 h. The resulting mixture was filtered and 
washed with H20 (2 X 20 mL). The organic layer was separated 
and dried (MgS04). Evaporation of the solvent under reduced 
pressure gave an oil, which was employed without purification: 
'H NMR (CDC13) 6 8.00 (s, 1 H, HC=N), 7.77-7.10 (s, 5 H, arom), 
6.85 (s, 1 H,HC==C), 4.32 (s, 2 H, CHz),3.75 (s, 3 H, OCH,), 2.17 

Preparation of cis -4-(a-Methylstyryl)-2-azetidinones (9). 
General Procedure. To a cooled (0-5 "C) solution of the imine 
8 (10 mmol), the substituted acetic acid (10 mmol), and Et,N (4.2 
mL, 30 mmol) in dry CHZClz (25 mL) was added phenyl di- 
chlorophosphate (1.5 mL, 10 mmol), and the resulting suspension 
was stirred at room temperature for 20-24 h. Then the reaction 
mixture was washed with HzO (15 mL) and 0.1 N HCl (15 mL). 
The organic layer was separated and dried (MgSO,). Evaporation 
of the solvent under reduced pressure gave a residue, which was 
crystallized from ethanol. 

(s, 3 H, CH3). 

Table I. Baeyer-Villiger Oxidation of 4-Acetyl @-Lactams 

COCH3 

0 A 
\ R 
R 

compdn time, h conv,b 70 yield,' % 

cis-lOc 2.5 h 50 
trans-l0c 2.5 h 100 70 
cis-l0d 0.25 25 

l h  60 
trans- 10d 0.25 100 80 

"Molar ratio 10c/MCPBA, 1:4; molar ratio 10d/MCPBA, 1:2. 
*Determined by NMR spectroscopy. Isolated yields. 

Scheme I11 

ref. 28 1 8  
I 
I 0 

CAN_ phlpNH - -  

2 2  - 

TMDS-TfOSiMe3 

! C A N  

21 - 

of cis-lOc with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),26 
was treated with MCPBA under the  same conditions as 
those used in the Baeyer-Villiger oxidation of cis-lOc, the 
expected trans-Cacetoxy P-lactam 1 IC was obtained in 
70% yield much faster than the corresponding cis isomer. 
Similarly, trans-l0d upon t reatment  with MCPBA in re- 
fluxing benzene for 15 min yielded t rans- l ld  in 80% yield, 
while the corresponding cis isomer afforded cis-l ld in only 
25% of conversion. 

As previously reported,14 one aspect of the  versatility 
of 4-acetoxyazetidin-2-ones is their facile reaction with a 
variety of nucleophiles. Subsequent multistep elaboration 
has provided entries to a number of bicyclic p-lactams of 
biological i n t e r e ~ t . ~ ~ ~ ? ~  Our recent finding15 tha t  various 
4-acetoxyazetidin-2-ones can be transformed into their 
corresponding 4-unsubstituted 0-lactams under the influ- 
ence of 1,1,3,3-tetramethyldisiloxane (TMDS) and  tri- 
methylsilyl trifluoromethanesulfonate (trimethylsilyl 
triflate) as catalyst encouraged us to explore similar re- 
action on compound 17. Thus,  treatment of a mixture of 
both diastereomers of 17a with a sixfold excess of TMDS 
and trimethylsilyl triflate in a catalytic amount in refluxing 
benzene for 5 days afforded after workup the  corre- 
sponding 4-unsubstituted P-lactam 18a in 40% yield as a 
mixture of diastereomers, which were separated by column 
chromatography. Similarly, the  0-lactam 17b-N upon 
treatment with TMDS under the same reaction conditions 
afforded 18b-N in 20% yield. T h e  conversion of 18b-N 
into 3-aminonocardicinic acid by sequential deprotection 
of t he  ester and  amido groups has been previously re- 
ported.27 

T h e  relatively low yield of 18b prompted us to devise 
an alternate approach to this key intermediate, Scheme 
111, based upon the  work of Miller and  Mattingly28 on 
N-alkylations in 0-lactams. Therefore, as depicted in 
Scheme 111, the P-lactam l lc  was selected as starting 
material. Thus, treatment of 1 IC with TMDS reagent and 

(26) Bose, A. K.; Narayanan, C. S.; Manhas, M. S. J.  Chem. SOC., 

(27) Iseuring, H. P.; Hofheinz, W. Tetrahedron 1983, 39, 2591. 
(28) Mattingly, P. G.; Miller, M. J. J.  Org. Chem. 1981, 46, 1557. 

Chem. Commun. 1970, 975. 

(29) Kronenthal, D. R.; Han, C. Y.; Taylor, M. K. J. Org. Chem. 1982, 
47, 2765. 

(30) While this work was in progress a paper appeared concerning the 
preparation of 4-styrylmonobactams from the acid chloride-imine ap- 
proach. See: Dugat, D.; Just, G.; Sahoo, S. Can. J. Chem. 1987,65,88. 

(31) Manhas, M. S.; Megde, V. R.; Wagle, D. R.; Bose, A. K. J.  Chem. 
SOC., Perkin Trans. 1 1985, 2045. 



Preparation of 4-Unsubstituted @-Lactams 

cis -1-(4-Methoxyphenyl)-4-(cu-methylstyryl)-3-phthal- 
imido-2-azetidinone (9c) was prepared from phthalimidoacetic 
acid (2.05 g, 10 "01) and N-(a-methylcinnamy1idene)-p-anisidine 
(8a) (2.51 g, 10 mmol): yield 3.50 g (80%); mp 105-107 "C; IR 
(KBr) v 1760,1720 cm-'; 'H NMR (CDC13) 6 7.67-6.58 (m, 14 H, 
arom) 6.37 (br s, 1 H, C=CH), 5.40 (d, 1 H, J = 5 Hz, CH), 4.67 
(d, 1 H , J  = 5 Hz, CH), 3.67 (s, 3 H, OCH,), 1.67 (s, 3 H, CH,). 
Anal. Calcd for CZ7HzzNz0,: C, 73.95; H, 5.07; N; 6.39. Found: 
C, 74.10; H, 5.16; N, 6.40. 

cis -1-( (Methoxycarbonyl)methyl)-4-(c~-methylstyryl)- 
phthalimido-2-azetidinone (9d) was prepared from phthal- 
imidoacetic acid (2.05 g, 10 mmol) and N-(a-methyl- 
cinnamy1idene)glycine methyl ester (8b) (2.17 g, 10 mmol): yield 
2.66 g (66%); mp 191-194 "C; IR (KBr) v 1776,1748,1721 cm-'; 
'H NMR (CDC1,) 6 7.83 (m, 4 H, arom), 7.23 (m, 5 H, arom), 6.65 
(m, 1 H, CH=), 5.67 (d, 1 H, J = 5 Hz, CH), 4.78 (d, 1 H, J = 
5 Hz, CH), 4.72 (d, 1 H, J = 18 Hz, CH), 4.77 (d, 1 H, J = 18 Hz, 
CH), 3.83 (s, 3 H, OCH,), 1.68 (s, 3 H, CH3). Anal. Calcd for 
CZ3HmN20$ C, 68.32; H, 4.98; N, 6.93. Found: C, 68.20; H, 5.10; 
N, 6.74. 

cis -1-(4-Methoxyphenyl)-4-(cr-methylstyryl)-3-phenoxy- 
2-azetidinone (9e) was prepared from phenoxyacetic acid (1.52 
g, 10 "01) and N-(a-methy1cinnamylidene)-p-anisidine (8a) (2.51 
g, 10 mmol): yield 3.08 g (80%); mp 157-158 "C; IR (KBr) v 1740 
cm-'; 'H NMR (CDCl,) 6 7.37-6.54 (m, 14 H, arom), 6.44 (br s, 
1 H, C=CH), 5.32 (d, 1 H, J = 5 Hz, CH), 4.70 (d, 1 H, J = 5 
Hz, CH), 3.64 (s, 3 H, OCH,), 1.82 (s, 3 H, CHJ. Anal. Calcd 
for CZ5Hz3NO3: C, 77.89; H, 6.03; N, 3.63. Found: C, 77.90; H, 
6.05; N, 3.63. 

cis -3-Methoxy-l-(4-methoxyphenyl)-4-(c~-methylstyryl)- 
2-azetidinone (9g) was prepared from methoxyacetic acid (0.77 
mL, 10 mmol) and N-(a-methylcinnamy1idene)-p-anisidine (8a) 
(2.51 g, 10 mmol): yield 1.61 g (50%); mp 117-118 "C; IR (KBr) 
v 1730 cm-'; 'H NMR (CDC13) 6 7.42-6.37 (10 H, arom, C=CH), 
4.59 (br s, 2 H,CH), 3.67 (s, 3 H, OCH,), 3.43 (s, 3 H, OCH,), 1.87 
(s, 3 H, CH,). Anal. Calcd for CzoHz1N03: C, 74.27; H, 6.56; N, 
4.33. Found: C, 74.29; H, 6.65; N, 4.34. 

Preparation of cis-4-Acetyl-2-azetidinones (10). General 
Procedure. The corresponding cis-4-(a-methylstyryl)-2-azeti- 
dinone (20 mmol) was dissolved in dry CHZClz (100 mL), and the 
solution was cooled to -70 "C. A stream of ozone was passed 
through the reaction mixture until a pale blue coloration was 
observed and then the suspension was purged with nitrogen. A 
solution of Me$ (5 mL, large excess) in CHZClz (20 mL) was added 
dropwise at  -70 "C. When the addition was completed, the bath 
was removed and the solution was stirred to room temperature. 
The reaction mixture was washed with HzO (200 mL) and with 
saturated brine (2 X 200 mL). The organic layer was separated 
and dried (MgSO,). Evaporation of the solvent gave a syrup, 
which was triturated with boiling hexane and purified by column 
chromatography (silica gel, 70-230 mesh, CHzClz-hexane (1:l) 
as eluant), giving the corresponding p-lactam 10, which was 
crystallized from ethanol. 

cis -4-Acetyl- 1-( 4-methoxyphenyl)-3-phthalimido-2-azeti- 
dinone (1Oc) was prepared from cis-l-(4-methoxyphenyl)-4-(a- 
methylstyryl)-3-phthalimido-2-azetidinone (9c) (8.8 g, 20 mmol): 
yield 4.90 g (80%); mp 175-176 "C; IR (KBr) v 1750,1710 cm-'; 
'H NMR (CDC13) 6 7.62 (br s, 4 H, arom), 7.26 (d, 2 H, J = 9 Hz, 
arom), 6.77 (d, 2 H, J = 9 Hz, arom), 5.60 (d, 1 H, J = 6 Hz, CH), 
4.68 (d, 1 H , J  = 6 Hz,CH),3.72 (s, 3 H,0CH3),2.15 (s,3 H,CH3). 
Anal. Calcd for C20H16N205: C, 65.92; H, 4.43; N, 7.69. Found: 
C, 66.0; H, 4.37; N, 7.71. 

trans -4-Acetyl- 1 - (4-met hoxyp henyl) -3-phthalimido-2-a~- 
etidinone (1Oc). To a solution of cis-4-acetyl-l-(4-methoxy- 
phenyl)-3-phthalimido-2-azetidinone (1Oc) (3.4 g, 10 mmol) in 
CHzClz (100 mL) was added DBU (0.15 mL, 1 mmol). The 
mixture was stirred at  room temperature for 24 h. Then the 
solution was washed with HzO (30 mL) and 1 N HCl(2 X 30 mL). 
The organic layer was separated and dried (MgSO,). Evaporation 
of the solvent under reduced pressure and subsequent crystal- 
lization gave the corresponding pure trans-p-lactam (10~) :  yield 
1.43 g (42%); mp 180.5 "C (MeOH); IR (KBr) v 1769,1716 cm-'; 
'H NMR (CDCl,) 6 7.93-7.47 (m, 4 H, arom), 7.18 (d, 2 H, J = 
9 Hz, arom), 6.75 (d, 2 H, J = 9 Hz, arom), 5.25 (d, 1 H, J = 3 
Hz, CH), 4.75 (d, 1 H , J  = 3 Hz, CH), 3.70 (9, 3 H, OCH,), 2.18 
(s, 3 H, CH3). Anal. Calcd for CZ0Hl6N2O5: C, 65.92; H, 4.43; 
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N, 7.69. Found: C, 63.20; H, 4.28; N, 7.32. 
cis -4-Acetyl- 1 - ( (methoxycarbony1)met hyl)-3-pht hal- 

imido-2-azetidinone (loa).  cis-l-( (Methoxycarbony1)- 
methyl)-4-(a-methylstyryl)-3-phthalimidc-2-azetidinone (9d) (4.04 
g, 10 mmol) was dissolved in dry CHZC1, (50 mL), and the solution 
was cooled to -70 "C. A stream of ozone was passed through the 
reaction mixture until a pale blue coloration was observed and 
then the solution was purged with nitrogen. A solution of MezS 
(4 mL, large excess) in CHzC1, (10 mL) was added dropwise a t  
-70 "C. When the addition was completed, the bath was removed 
and the solution was stirred until room temperature. The reaction 
mixture was washed with HzO (25 mL) and NaCl (saturated 
solution) (2 X 25 mL). The organic layer was separated and dried 
(MgSO,). Evaporation of the solvent gave a residue, which was 
triturated with boiling hexane and purified by crystallization from 
n-BuOH: yield 2.64 g (80%); mp 210-213 "C; IR (KBr) v 1777, 
1773, 1754, 1718 cm-'; 'H NMR (CDCl,) 6 7.98 (m, 4 H, arom), 
5.80 (d, 1 H, J = 6 Hz, CH), 4.85 (d, 1 H, J = 6 Hz), 4.78 (d, 1 
H, J = 18 Hz, CH), 4.08 (d, 1 H, J = 18 Hz, CH), 3.81 (s, 3 H, 
OCH3), 2.16 (s, 3 H, CH3). Anal. Calcd for C&14N&: c, 58.18; 
H, 4.27; N, 8.48. Found: C, 58.25; H, 4.33; N, 8.55. 

trans -4-Acetyl- 1 -((met hoxycarbonyl) met hyl)-3-pht hal- 
imido-2-azetidinone (loa). To a solution of cis-4-acetyl-l- 
((methoxycarbonyl)methyl)-3-phthalimido-2-azetidinone (loa) 
(3.30 g, 10 mmol) in CHzClz (100 mL) was added DBU (0.15 mL, 
1 mmol). The mixture was stirred at  room temperature for 24 
h. The solution was washed with HzO (30 mL) and 1 N HCl(2 
X 30 mL). The organic layer was separated and dried (MgS04). 
Evaporation of the solvent under reduced pressure and subsequent 
crystallization gave the corresponding pure trans-@-lactam (loa): 
yield 2.24 g (68%); mp 174.5 "C (EtOH); IR (KBr) v 1786, 1772, 
1744, 1718 cm-'; 'H NMR (CDC13) 6 7.80-7.40 (m, 4 H, arom), 
5.08 (d, 1 H, J = 3 Hz, CH), 4.82 (d, 1 H, J = 3 Hz, CH), 4.35 
(d, 1 H, J = 18 Hz, CH), 3.92 (d, 1 H, J = 18 Hz, CH), 3.65 (s, 
3 H, OCH3), 2.15 (s, 3 H, CH,). Anal. Calcd for Cl6Hl4N2O6: C, 
58.18; H, 4.27; N, 8.48. Found: C, 58.10; H, 4.25; N, 8.50. 

cis -4-Acetyl- 1-(4-methoxypheny1)-3-phenoxy-2-azetidinone 
(10e) was prepared from cis-l-(4-methoxyphenyl)-4-(a-methyl- 
styryl)-3-phenoxy-2-azetidinone (9e) (7.7 g, 20 mmol): yield 5.51 
g (82%); mp 137-138 "C; IR (Nujol) v 1750,1720 cm-'; 'H NMR 
(CDC1,) 6 7.40-6.63 (m, 9 H, arom), 5.37 (d, 1 H, J = 5 Hz, CH), 
4.65 (d, 1 H , J  = 5 Hz, CH), 3.68 (s, 3 H, OCH,), 2.17 (s, 3 H,CH,). 
Anal. Calcd for Cl8Hl7N0& C, 69.43; H, 5.51; N, 4.50. Found: 
C, 69.51; H, 5.54; N, 4.51. 

cis -4-Acetyl-1-( (methoxycarbonyl)methyl)-3-phenoxy-2- 
azetidinone (10f). To a cooled (0-5 "C) solution of the imine 
8b (10 mmol) in dry CH,Cl2 (25 mL) were added Et3N (4.2 mL, 
30 mmol), phenoxyacetic acid (1.52 g, 10 mmol), and phenyl 
dichlorophosphate (1.5 mL, 10 mmol), and the resulting mixture 
was stirred at room temperature for 20-24 h. The reaction mixture 
was washed with HzO (10 mL), 1 N HCl (2 X 10 mL), and 
NaHC0, (saturated solution) (10 mL). The organic layer was 
separated and dried (MgSO,). Evaporation of the solvent under 
reduced pressure gave an oil residue. This oil was dissolved in 
dry CHzClz (50 mL), and the solution was cooled to -70 "C. A 
stream of ozone was passed through the reaction mixture until 
a blue coloration was observed, and the solution was purged with 
nitrogen. A solution of MezS (4 mL, large excess) in CHzClz (10 
mL) was added dropwise at  -70 "C. When the addition was 
completed, the bath was removed and the solution was stirred 
to room temperature. The reaction mixture w&s washed with HzO 
(25 mL) and NaCl (saturated solution) (2 X 25 mL). The organic 
layer was separated and dried (MgS04). Evaporation of the 
solvent gave a syrup, which was triturated with boiling hexane 
and purified by column chromatography (silica gel, 70-230 mesh, 
CHzClz-hexane as eluant), giving the P-lactam 10f, which was 
crystallized from CCl,: yield 1.52 g (55%); mp 55-58 "C; IR (KBr) 
u 1761,1737,1725 cm-'; 'H NMR (CDC13) 6 7.28 (m, 5 H, arom), 
5.55 (d, 1 H, J = 5 Hz, CH), 4.93 (d, 1 H, J = 18 Hz, CH), 4.86 
(d, 1 H, J = 5 Hz, CH), 4.53 (d, 1 H , J  = 18 Hz, CH), 3.72 (s, 3 
H, OCH,), 2.20 (9, 3 H, CH,). Anal. Calcd for Cl4HI5NO5: C, 
60.65; H, 5.45; N, 5.05. Found: C, 59.86; H, 5.31; N, 4.42. 

cis -4-Acetyl-3-methoxy- 1-(4-methoxyphenyl)-2-azetidinone 
(log) was prepared from cis-3-methoxy-l-(4-methoxyphenyl)- 
4-(a-methylstyryl)-2-azetidinone (9g) (6.5 g, 20 mmol): yield 3.75 
g (75%); mp 124-125 "C; IR (Nujol) v 1736-1720 (broad band) 
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cm-'; 'H NMR (CDCl,) 6 7.23 (d, 2 H, J = 10 Hz, arom), 6.83 (d, 
2 H, J = 10 Hz, arom), 4.79 (d, 1 H, J = 5 Hz, CH), 4.54 (d, 1 
H, J = 5 Hz, CH), 3.76 (s, 3 H, OCH,), 2.18 (s, 3 H, CH3). Anal. 
Calcd for C13H15N04: C, 62.63; H, 6.08; N, 5.62. Found: C, 62.71; 
H, 6.13; N, 5.64. 

Preparation of 4-Acetoxy-2-azetidinones (1 1). Procedure 
A. To a solution of the corresponding 4-acetyl-2-azetidinone (10) 
(2 mmol) in benzene (15 mL) was added m-chloroperbenzoic acid 
(1.38 g, 8 mmol), and the resulting mixture was stirred under reflux 
for 3 h. Then CH2C12 (20 mL) was added and the mixture was 
washed with 1 N NaOH (5 X 30 mL). The organic layer was 
separated and dried (MgS04). Evaporation of the solvents under 
reduced pressure gave a residue, which was dissolved in benzene 
(15 mL). Then m-chloroperbenzoic acid (1.38 g, 8 mmol) was 
added and the mixture was stirred under reflux for 3 h. After 
the same workup as above, a waxy residue was obtained, which 
was purified by column chromatography (silica gel, 70-230 mesh, 
CH2Clz-hexane (1:2) as eluant), giving the correspond 4-acet- 
oxy-2-azetidinone (1 1). 

Procedure B. To a solution of the corresponding 4-acetyl- 
2-azetidinone (10) (2 mmol) in benzene (15 mL) was added m- 
chloroperbenzoic acid (1.38 g, 8 mmol), and the resulting mixture 
was stirred under reflux for the specified time. After the same 
workup as above, a solid residue was obtained, which was purified 
by crystallization. 

cis -4-Acetoxy-l-(4-methoxyphenyl)-3-phthalimido-2-az- 
etidinone ( l l c )  was prepared from cis-lOc (0.68 g, 2 mmol) 
following procedure A: yield 0.40 g (56%); mp 216 "C (EtOH); 
IR (KBr) u 1785, 1780, 1725 cm-'; 'H NMR (CDCl,) 6 7.98-8.86 
(m, 8 H, arom), 6.66 (d, 1 H, J = 5 Hz, CH), 5.59 (d, 1 H, J = 
5 Hz, CH), 3.66 (s, 3 H, OCH,), 1.79 (s, 3 H, CH,). Anal. Calcd 
for CmHl6N2O6: C, 63.15; H, 4.25; N, 7.37. Found: C, 63.22; H, 
4.28; N, 7.38. 

trans -4-Acetoxy-l-(4-methoxyphenyl)-3-phthalimido-2- 
azetidinone ( l l c )  was prepared from trans-l0c (0.31 g, 1 mmol) 
following procedure B and using a reaction time of 2.5 h: yield 
0.23 g (70%); mp 186 "C (EtOH); IR (KBr) u 1780,1768, 1719 
cm-'; 'H NMR (CDC1,) 6 7.83-7.45 (m, 4 H, arom), 7.23 (d, 2 H, 
J = 9 Hz, arom), 6.72 (d, 2 H, J = 9 Hz, arom), 6.45 (d, 1 H, J 
= 2 Hz, CH), 5.23 (d, 1 H, J = 2 Hz, CH), 3.68 (s, 3 H, OCH,), 

cis -4-Acetoxy- l-((methoxycarbonyl)methyl)-3-phthal- 
imido-2-azetidinone ( l l d )  was prepared from cis-l0d (3.30 g, 
10 mmol) following procedure B and using a reaction time of 3 
h yield 2.97 g (86%); mp 145 "C (EtOH); IR (KBr) u 1795,1779, 
1744,1721 cm-'; 'H NMR (CDCl,) 6 7.92 (m, 4 H, arom), 6.35 (d, 
1 H , J  = 4 Hz, CH), 5.76 (d, 1 H , J  = 4 Hz, CH),4.24 (dd, 2 H, 
J = -18 Hz, CH2), 3.82 (s, 3 H, OCH,), 1.97 (s, 3 H, CH,). Anal. 
Calcd for C16H14N20+ C, 55.49; H, 4.07; N, 8.09. Found: C, 55.47; 
H, 4.10; N, 8.04. 

trans -4-Acetoxy-1-( (methoxycarbony1)methyl)-3- 
phthalimido-2-azetidinone ( l l d )  was prepared from trans-l0d 
(0.33 g, 1 mmol) following procedure B and using a reaction time 
of 15 min. In this case the substrate/reactive molar ratio was 
1:2. Yield 0.27 g (78%); mp 158 OC (EtOH); IR (KBr) Y 1802, 
1776, 1753, 1724 cm-'; 'H NMR (CDC1,) 6 7.92-7.35 (m, 4 H, 
arom), 6.23 (d, 1 H, J = 2 Hz, CH), 5.30 (d, 1 H, J = 2 Hz, CH), 
4.10 (s, 2 H, CH,), 3.68 (s, 3 H, OCH,), 2.05 (s, 3 H, CH,). 

cis -4-Acetoxy-1-( 4-methoxyphenyl)-3-phenoxy-2-azetidi- 
none ( l l e )  was prepared from cis-l0e (0.62 g, 2 mmol) following 
procedure A yield 0.22 g (34%); mp 93-94 OC (CHC13-hexane); 
IR (KBr) v 1773,1736 cm-'; 'H NMR (CDC1,) 6 7.51-6.79 (m, 10 
H,arom, CH), 5.35 (d, 1 H , J  = 4 Hz, CH), 3.73 (s, 3 H, OCH,), 
1.95 (s, 3 H, OCH3). Anal. Calcd for Cl8Hl7NO5: C, 66.04; H, 
5.24; N, 4.28. Found: C, 66.08; H, 5.25; N, 4.29. 

cis -4-Acetoxy- 1-( (methoxycarbonyl)methyl)-3-phenoxy- 
2-azetidinone ( l l f )  was prepared from cis-l0f (2.77 g, 10 mmol) 
following procedure B and using a reaction time of 30 min: yield 
2.57 g (88%); mp 83.5 "C (CClJ; IR (KBr) u 1784,1745,1735 cm-'; 
'H NMR (CDClJ 6 7.18 (m, 5 H, arom), 6.40 (d, 1 H, J = 4 Hz, 

3.73 (s, 3 H, OCH,), 2.00 (s, 3 H, CH,). Anal. Calcd for C14H15NOS: 
C, 57.34; H, 5.16; N, 4.78. Found: C, 57.68; H, 5.21; N, 4.91. 

cis -4-Acetoxy-3-methoxy-l-(4-methoxyphenyl)-2-azetidi- 
none ( l l g )  was prepared from cis-4-acetyl-3-methoxy-1-(4- 
methoxyphenyl)-2-azetidinone (log) (0.50 g, 2 mmol) following 

2.08 (s, 3 H, CH3). 

CH), 5.42 (d, 1 H, = 4 Hz, CH), 4.10 (dd, 2 H, J = -18 Hz, CHZ), 
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procedure A: yield 0.23 g (43%) as a colorless oil; IR (Nujol) u 
1765, 1740 cm-'; 'H NMR (CDCl,) 6 7.43-6.52 (m, 4 H, arom), 
6.35 (d, 1 H, J = 4 Hz, CH), 6.35 (d, 1 H, J = 4 Hz, CH), 3.65 
(s, 3 H, OCH,), 3.43 (s, 3 H, OCH,), 2.05 (s, 3 H, CH,). 
N-(2-Methylcinnamylidene)-a-phenylglycine Methyl 

Ester (14a). To a suspension of D-(-)-phenylglycine methyl ester 
hydrochloride (2 g, 10 mmol) in EtOAc (50 mL) were successively 
added Et3N (1.4 mL, 10 mmol), a-methylcinnamaldehyde (1.39 
mL, 10 mmol), and MgSO,, and the resulting mixture was stirred 
under reflux for 3 h. Then the suspension was filtered off and 
washed with H20 (30 mL). The organic layer was separated and 
dried (Na2S04), and the solvent was evaporated under reduced 
pressure to give the crude imine (&)-14a, which was crystallized 
from ethanol: yield 2.34 g (80%); mp 69-70 "C; IR (KBr) u 1728, 
1620 cm-'; 'H NMR (CDC1,) 6 8.12 (s, 1 H, CH=N), 7.63-7.05 
(m, 10 H, arom), 6.91 (br s, 1 H, CH=), 5.13 (s, 1 H, CH), 3.74 
(s, 3 H, OCH,), 2.21 (s, 3 H, CH3). Anal. Calcd for CIQHIQNOz: 
C, 73.75; H, 6.20; N, 4.53. Found: C, 73.76; H, 6.72; N, 4.50. 
N-(2-Methylcinnamylidene)-a-p -hydroxyphenylglycine 

Methyl Ester (14b). Following the above procedure starting from 
D-(-)-p-hydroxyphenylglycine methyl ester hydrochloride (2.4 g, 
11 mmol) the crude imine (f)-14b was obtained as a white solid: 
yield 2.16 g (70%); mp 160-161 OC; IR (KBr) 3351, 1734,1607 
cm-'; 'H NMR (CDC1,) 6 7.88 (s, 1 H, HC=N), 7.42-7.00 (m, 8 
H, arom OH), 6.82-6.55 (m, 3 H, arom), 4.98 (s, 1 H, CH), 3.60 
(s, 3 H, OCH,), 2.12 (s, 3 H, CH3). Anal. Calcd for Cl9HI9NO3: 
C, 73.77; H, 6.12; N, 4.53. Found: C, 73.75; H, 6.17; N, 4.50. 

cis -4-Acetyl-1-( (methoxycarbony1)phenylmethyl)-3- 
phthalimido-2-azetidinone (16a). To a solution of phthal- 
imidoacetic acid (2.05 g, 10 mmol), Et3N (4.2 mL, 30 mmol), and 
N-(2-methylcinnamylidene)-a-phenylglycine methyl ester (14a) 
(2.93 g, 10 mmol) in CHzClz (25 mL) was added phenyl di- 
chlorophosphate (1.5 mL, 10 mmol), and the resulting mixture 
was stirred for 24 h at room temperature. Then the mixture was 
washed with 1 N HCl(15 mL), NaHCO, (saturated solution) (15 
mL), and finally HzO (15 mL). The organic layer was separated 
and dried (MgSO,). Evaporation of the solvent under reduced 
pressure gave an oil, which was dissolved in CHzClz (20 mL) and 
cooled at  -70 "C. Then a stream of ozone was passed through 
the reacton mixture until an excess of ozone was observed. The 
solution was purged of excess ozone with a stream of dry nitrogen 
for 15 min, and then a solution of Me.# (4 mL) in CHzCIP (10 mL) 
was added dropwise at -70 OC. When the addition was completed, 
the bath was removed and the obtained solution was stirred until 
room temperature. The reaction mixture was washed with H,O 
(10 mL) and NaCl (saturated solution). The organic layer was 
separated and dried (MgS04). Evaporation of the solvent gave 
a residue, which was triturated with boiling hexane and filtered 
off to give 2.45 g (60%) of a 2:l mixture of N and U diastereomers, 
respectively: 'H NMR (CDCl,) 6 2.06 (s, 3 H, CH, U), 1.49 (s, 
3 H, CH3N). Anal. Calcd for CzzHlsNzOs: C, 65.01; H, 4.47; N, 
6.89. Found: C, 65.32; H, 4.68; N, 6.71. 

cis -4-Acetyl- 1-( (methoxycarbonyl) (4-acetoxypheny1)- 
methyl)-3-phthalimido-2-azetidinone (16b). To a cooled (0-5 
"C) solution of N-(2-methylcinnamylidene)-a-p-hydroxy- 
phenylglycine methyl ester (3.09 g, 10 mmol) and Et3N (1.4 mL, 
10 mmol) in dry CH2ClZ (15 mL) was added dropwise acetyl 
chloride (0.7 mL, 10 mmol) in dry CHzClz (10 mL). The resulting 
mixture was stirred at  room temperature for 1 h. Then Et3N (4.2 
mL, 30 mmol) and phthalimidoacetic acid (2.05 g, 10 mmol) were 
added. The suspension was cooled to 0-5 "C and phenyl di- 
chlorophosphate (1.5 mL, 10 mmol) was added. The reaction 
mixture was stirred at room temperature for 24 h and then washed 
with H20 (15 mL), 1 N HCl (15 mL), and NaHCO, (saturated 
solution) (15 mL). The organic layer was separated and dried 
(MgSO,). Evaporation of the solvent under reduced pressure gave 
an oil, the NMR spectrum of which indicated that a mixture of 
two diastereomeric 0-lactams had been obtained in a ratio 2:l. 
The oil was dissolved in dry CHzC12 (20 mL) and cooled at  -70 
OC. Then a stream of ozone was passed through until a blue 
coloration was observed. The solution was purged of excess ozone 
with a stream of dry nitrogen, and then a solution of M e a  (4 mL) 
in CHzClz (10 mL) was added dropwise at  -70 "C. When the 
addition was completed, the bath was removed and the solution 
was stirred to room temperature. The reaction mixture was 
washed with HzO (10 mL) and NaCl (saturated soution) (2 X 10 
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mL). The organic layer was separated and dried (MgS04). 
Evaporation of the solvent gave an oil. NMR analysis of this oil 
showed a diastereomeric mixture of 16b-N and 16b-U in ratio 2:1, 
respectively, which were separated by column chromatography 
(silica gel, 70-230 mesh, CHzC12/hexane (2:l) as eluant). 16b-N: 
yield 1.39 g (30%); mp 171 "C; IR (KBr) u 1786,1784,1772,1750, 
1726 cm-'; 'H NMR (CDCl,) 6 7.78 (5, 4 H, arom), 7.43 (d, 2 H, 
J = 9 Hz, arom), 7.12 (d, 2 H , J  = 9 Hz,arom), 5.73 (s, 1 H, CH), 
5.68 (d, 1 H, J = 5 Hz, CH), 4.78 (d, 1 H, J = 5 Hz, CH), 3.78 
(s, 3 H,0CH3), 2.25 (s, 3 H, CH,CO), 1.57 (3, 3 H, CH,COO). Anal. 
Calcd for CNHz$\JZO8: C, 62.06; H, 4.35; N, 6.03. Found C, 62.15; 
H, 4.30; N, 6.12. 16b-U: yield 0.47 g (10%); mp 197 "C; IR (KBr) 
v 1785,1772,1745,1737,1718 cm-'; 'H NMR (CDCl,) 6 7.78 (s, 
4 H, arom), 7.53 (d, 2 H, J = 9 Hz, arom), 7.12 (d, 2 H, J = 9 Hz, 
arom), 5.57 (d, 1 H, J = 6 Hz, CH), 5.57 (s, 1 H, CH), 4.77 (d, 
1 H , J  = 6 Hz, CH), 3.72 (s, 3 H, OCH,), 2.23 (s, 3 H, CH,CO), 
2.07 (5, 3 H, CH,COO). Anal. Calcd for Cz4Hz0NzO8: C, 62.06; 
H, 4.35; N, 6.03. Found: C, 62.30; H, 4.40; N, 6.10. 

cis -4-Acetoxy- 1-( (methoxycarbony1)phenylmethyl)-3- 
phthalimido-2-azetidinone (17a). To a solution of 4-acetyl- 
1-( (methoxycarbonyl)phenylmethyl)-3-phthalimido-2-azetidinone 
(16a) (2.0 g, 5 mmol) in dry benzene (60 mL) was added m- 
chloroperbenzoic acid (8.6 g, 50 mmol). The resulting suspension 
was refluxed for 6 h and then washed with 1 N NaOH (3 X 20 
mL) and H20 (20 mL). The organic layer was separated and dried 
(MgSO,). Evaporation of the solvent gave an oil, which was 
dissolved in benzene (15 mL). Then m-chloroperbenzoic acid (8.6 
g, 50 mmol) was added, and the mixture was stirred for 8.5 h. 
After the same workup as above, a waxy residue was obtained, 
which was purified by column chromatography (silica gel, 70-230 
mesh, CH2Clz/hexane as eluant): yield 1.56 g (80%); 'H NMR 
(CDCl,) of the diastereomeric mixture, 6 1.82 (s, 3 H, CH3 U), 
1.35 (s, 3 H, CH, N). Anal. Calcd for C22H18N207: C, 62.55; H, 
4.30; N, 6.63. Found: C, 62.9; H, 4.32; N, 6.72. 

cis -4-Acetoxy- 1-( (methoxycarbonyl)(4-acetoxyphenyl)- 
methyl)-3-phthalimido-2-azetidinone (17b-N). To a suspension 
of 4-acetyl-1-((methoxycarbonyl)(4-acetoxyphenyl)methyl)-3- 
phthalimido-2-azetidinone (16b-N) (2.32 g, 5 mmol) in dry benzene 
(60 mL) was added m-chloroperbenzoic acid (8.63 g, 50 mmol). 
The reaction mixture was refluxed for 6 h. The reaction mixture 
was diluted with CH2C12 (70 mL) and washed with 1 N NaOH 
(3 X 20 mL) and H20 (20 mL). The organic layer was separated 
and dried (MgSO,). Evaporation of the solvents under reduced 
pressure gave an oil. This oil was dissolved in dry benzene (60 
mL), and m-chloroperbenzoic acid (8.63 g, 50 mmol) was added 
and the mixture was refluxed for 6 h again. After the same workup 
as above, a solid residue was obtained, which was purified by 
crystallization from ethanol: yield 1.49 g (62%); mp 211 "C; IR 
(KBr) v 1794,1758,1742,1726 cm-'; 'H NMR (CDCl,) 6 8.88-7.58 
(m, 4 H, arom), 7.43 (d, 2 H, J = 9 Hz, arom), 7.07 (d, 2 H, J = 
9 Hz, arom), 6.68 (d, 1 H, J = 4 Hz, CH), 5.73 (s, 1 H, CH), 5.58 
(d, 1 H , J  = 4 Hz,CH),3.82 (s,3 H,0CH3),2.23 (s,3 H,CH,COO), 
1.47 (s, 3 H, CH,COO). Anal. Calcd for Cz4H20N209: C, 59.99; 
H, 4.20; N, 5.83. Found: C, 60.02; H, 4.15; N, 5.80. 

cis -4-Acetoxy- 1-( (met hoxycarbonyl) (4-acetoxypheny1)- 
methyl)-3-phthalimido-2-azetidinone (17b-U). To a suspension 
of 4-acetyl-l-((metoxycarbonyl)(4-methoxyphenyl)methyl)-3- 
phthalimido-2-azetidinone (16b-U) (2.32 g, 5 mmol) in dry benzene 
(60 mL) was added m-chloroperbenzoic acid (8.63 g, 50 mmol). 
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The reaction mixture was refluxed for 5 h. Then the reaction 
mixture was diluted with CHzClz (70 mL) and washed (MgSO,). 
Evaporation of the solvents under reduced pressure gave a solid, 
which was purified by crystallization from ethanol: yield 2.11 g 
(88%); mp 184 "C; IR (KBr) 1794,1772,1742,1718 cm-'; 'H NMR 
(CDCl,) 6 8.00-7.67 (m, 4 H, arom), 7.50 (d, 2 H, J = 9 Hz, arom), 
7.13 (d, 2 H, J = 9 Hz, arom), 6.27 (d, 1 H, J = 4 Hz, CH), 5.53 
(s, 1 H, CH), 5.50 (d, 1 H, J = 4 Hz, CH), 3.73 (s, 3 H, OCH,), 
2.23 (s, 3 H, CH,COO), 1.83 (s, 3 H, CH,). Anal. Calcd for 
Cz,HmNzO,: C, 59.99; H, 4.20; N, 5.83. Found C, 60.05; H, 4.25; 
N, 5.79. 

cis - 1- ((Met hoxycarbony1)phenylmet hyl)-j-pht halimido- 
2-azetidinone (18s). A mixture of cis-4-acetoxy-1-( (methoxy- 
carbonyl)phenylmethyl)-3-phthalimido-2-aetidinone (17a) (0.39 
g, 1 mmol), 1,1,3,3-tetramethyldisiloxane (1.09 mL, 6 mmol), and 
trimethylsilyl trifluoromethanesulfonate (2 drops) in dry benzene 
(5 mL) was refluxed under nitrogen for 120 h. Then the reaction 
mixture was washed with H20  (2 mL) and 0.1 N NaOH (2 X 2 
mL). The organic layer was separated and dried (MgSO,). 
Evaporation of the solvent under reduced pressure gave an oil, 
which was triturated in boiling hexane, and the residue was pu- 
rified by column chromatography (silica gel, 70-230 mesh, 
CHzClz/hexane (1:l) as eluant), yield 0.11 g (30%). 18a-N: mp 
157 "C; IR (KBr) u 1771,1744,1714 cm-'; 'H NMR (CDCld 6 7.73 
(s, 4 H, arom), 7.40 (s, 5 H, arom), 5.73 (s, 1 H, CH), 5.43 (dd, 
1 H, J = 3 Hz, J ' =  5 Hz, CH), 3.90 (t, 1 H, J = 5 Hz, CH), 3.77 

for C20H16N205: C, 65.92; H, 4.43; N, 7.69. Found: C 65.56; H, 
4.45; N, 7.76. 18a-U: mp 151 "C; IR (KBr) 1761,1734,1713 cm-'; 
'H NMR (CDCl,) 6 7.70 (s, 4 H, arom), 7.32 (s, 5 H, arom), 5.68 
(s, 1 H, CH), 5.30 (dd, 1 H, J = 3 Hz, J ' =  5 Hz, CH), 4.07 (dd, 
1 H, J = 3 Hz, J ' =  5 Hz, CH), 3.80 (s, 3 H, CH,), 3.55 (t, 1 H, 
J = 5 Hz, CH). Anal. Calcd for C20H16N205: C, 65.92; H, 4.43; 
N, 7.69. Found: C, 65.62; H, 4.13; N, 7.46. 

cis - I-( (Methoxycarbonyl) (4-acetoxyphenyl)methyl)-3- 
phthalimido-2-azetidinone (18b-N). A mixture of 4-acetoxy- 
1- ((methoxycarbonyl)(4-acetoxyphenyl)methyl)-3-phthalimido- 
2-azetidinone (17b-N) (0.48 g, 1 mmol), 1,1,3,3-tetramethyl- 
disiloxane (1.06 mL, 6 mmol), and trimethylsilyl trifluoro- 
methanesulfonate (2 drops) in dry benzene (5  mL) was refluxed 
for 100 h. The reaction mixture was washed with HzO (2 mL) 
and 0.1 N NaOH (2 mL). The organic layer was separated and 
dried (MgSO,). Evaporation of the solvent under reduced pressure 
gave an oil, which was dissolved in dry benzene (5  mL). 
1,1,3,3-Tetramethyldisiloxane (1.06 mL, 6 "01) and trimethylsilyl 
trifluoromethanesulfonate (2 drops) were added, End the reaction 
mixture was refluxed for 72 h again. After the same workup as 
above, an oil was obtained, which was purified by column chro- 
matography (silica gel, 70-230 mesh, CH2Clz/hexane (1:l) as 
eluant): yield 0.08 g (20%); mp 166 "C; IR (KBr) u 1751, 1743, 
1723 cm-'; 'H NMR (CDCl,) 6 7.93-7.57 (m, 4 H, arom), 7.43 (d, 
2 H, J = 9 Hz, arom), 7.13 (d, 2 H, J = 9 Hz, arom), 5.73 (s, 1 
H, CH), 5.43 (dd, 1 H, J = 5 Hz, J ' =  3 Hz, CH), 3.88 (t, 1 H, 
J = 5 Hz, CH), 3.77 (5, 3 H, OCH,), 3.40 (dd, 1 H, J = 5 Hz, J' 
= 3 Hz, CH), 2.23 (3,3 H, CH,COO). Anal. Calcd for CBH18N207: 
C, 62.55; H, 4.30; N, 6.63. Found: C, 62.11; H, 4.11; N, 6.47. 

Acknowledgment. Sponsorship of the Laboratorios 

(5, 3 H, CH3), 3.37 (dd, 1 H, J = 3 Hz, J '= 5 Hz, CH). Anal. Calcd 

Almirall S.A. (Spain) is gratefully acknowledged. 


