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Abstract: Imines derived from TV-(re-rt-butyloxycarbonyl) (./V-Boc) a-amino aldehydes react with alkoxyketenes, generated 
from their corresponding acid chlorides and triethylamine, to produce homochiral cw-3-alkoxy-4-(l-aminoalkyl) 0-lactams 
with virtually complete control of diastereoselectivity. In a similar manner, the reaction of phthalimidoacetyl chloride with 
these imines in the presence of triethylamine afforded the corresponding 3-phthalimido /9-lactams as single diastereomers. 
The same reaction employing the Dane salt of glycine as the aminoketene synthon, activated with phenyl phosphorodichlondate, 
produced 3-amino ^-lactams in better chemical yields. Some aspects related to the degree of asymmetric induction of the 
above imines with respect to the known Evans-Sjdgren ketenes, as well as their mechanistic implications within the context 
of the general model proposed by Hegedus for the stereochemical outcome of the Staudinger reaction, are also discussed. 

Introduction 
The concept of structural modifications at the C4 position of 

azetidin-2-ones is of current interest in the study of ^-lactam 
antibiotics.1 While abundant information on diverse substitution 
patterns of optically active /3-lactams exists, the synthesis and 
applications of 4-(l-aminoalkyl) ^-lactams have been the subject 
of very few investigations.2 Recent research from this laboratory 
has addressed these issues, and complete control of the level of 
reaction diastereoselection has been observed in the cycloaddition 
of alkoxyketenes to imines derived from iV-(rer<-butyloxy-
carbonyl)-L-serinal acetonide.3 In general, the [2 + 2] cyclo
addition reaction of ketenes to imines, known as the Staudinger 
reaction, has acquired central importance in the asymmetric 
synthesis of ^-lactams due to its versatility and stereochemical 
predictability.4 This reaction, in contrast to the ester enolate-
imine condensation,5 generally affords cw-;8-lactams in high yields 
and is widely employed in the synthesis of a-amino-/3-lactams as 
intermediates of diverse monobactam antibiotics.6 In view of this, 
we reasoned that this method, employing different N-(tert-bu-
tyloxycarbonyl) (N-Boc) a-amino imines, would be attractive for 
the synthesis of optically active 0-lactams with new substitution 
patterns either as potential monobactam derivatives or as synthetic 
intermediates for the construction of other heterocycles of interest. 

In our formulation, a range of ketenes could be employed to 
give a wide variety of homochiral cis-3-substituted 4-(l-amino-
alkyl) ^-lactams, whose conversion into 3-substituted 4-amino-
pyrrolidinones, carrying three contiguous chiral centers, can be 
easily envisaged. Our interest in these compounds was stimulated, 
initially, by the recently published investigations of /3-amino-7-
lactam-bridged dipeptides7 and, subsequently, by their potential 
utility in the synthesis of 7-lactam analogues of j8-lactam anti
biotics.8 In particular, for reasons which will be outlined later, 
the cycloaddition reaction of alkoxyketenes to N-Boc a-amino 
imines was selected for development.9 This reaction should possess 
a broader degree of generality than the ester enolate-imine 
condensation since the latter reaction is subject to the limitations 
of enolate basicity, which in certain situations, might cause a loss 
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of optical purity or complete racemization.10 This aspect becomes 
of crucial importance in our proposal because some N-protected 

(1) For reviews on /3-lactam antibiotics, see: (a) Chemistry and Biology 
of (!-lactam Antibiotics; Morin, R. B., Gorman, M., Eds.; Academic: New 
York, 1982; Vols. 1-3. (b) Recent Advances in The Chemistry of Q-Lactam 
Antibiotics, Brown, A. G., Roberts, S. M., Eds.; The Royal Society of 
Chemistry: Burlington House, London, 1984. (c) Topics in Antibiotic 
Chemistry; Sammes, P. G., Ed.; Ellis Horwood: New York, 1980; Vols. 3-4. 
(d) Southgate, R.; Elson, S. In Progress in The Chemistry of Organic Natural 
Products; Herz, W., Grisebach, H., Kirby, G. W., Tamm, Ch., Eds.; 
Springer-Verlag: New York, 1985; p 1. (e) Durckheimer, W.; Blumbach, 
J.; Latrell, R.; Sheunemann, K. H. Angew. Chem., Int. Ed. Engl. 1985, 24, 
180. 

(2) (a) Thaisrivongs, S.; Schostarez, H. J.; Pals, D. T.; Turner, S. R. J. 
Med. Chem. 1987, 30, 1837. (b) Schostarez, H. J. / . Org. Chem. 1988, 53, 
3628. 

(3) Palomo, C; Cosslo, F. P.; Cuevas, C. Tetrahedron Lett. 1991, 32, 
3109. 

(4) Staudinger, H. Liebigs Ann. Chem. 1907, 356, 51. For reviews on the 
asymmetric Staudinger reaction, see: (a) Cooper, R. D. G.; Daugherty, B. 
W.; Boyd, D. B. Pure Appl. Chem. 1987, 59, 485. (b) Thomas, R. C. In 
Recent Progress in The Chemical Synthesis of Antibiotics; Lukacs, G., Ohno, 
M., Eds.; Springer-Verlag: Berlin, 1990; p 533. 

(5) For recent reviews, see: (a) Hart, D. J.; Ha, D. C. Chem. Rev. 1989, 
89, 1447. (b) Brown, M. J. Heterocycles 1989, 29, 2225. (c) Gerg, G. I. In 
Studies in Natural Product Chemistry; Rahman, A.-ur, Ed.; Elsevier: Am
sterdam, 1989; Vol. 4, p 431. 

(6) For a recent review, see: Van der Steen, F. H.; Van Koten, G. Tet-
rahedron 1991, 47, 7503. 
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a-amino aldehydes, in particular iV-Boc derivatives, are very 
sensitive toward partial racemization.11 

In this paper, we disclose our results concerning the successful 
application of iV-Boc a-amino imines in the Staudinger reaction, 
leading to homochiral /3-lactams with virtually complete control 
of the level of reaction diastereoselection. Another paper12 will 
deal with the synthesis of 3,5-dialkylpyrrolidin-2-ones and 3-amino 
deoxyazasugars employing the above ^-lactams as chiral templates. 

Results and Discussion 
Starting Materials. The imines used in our work (Chart I) were 

prepared in the usual way by treating the corresponding N-pro-
tected a-amino aldehydes13 with p-anisidine in methylene chloride 
as solvent in the presence of MgSO4. After 4 h at room tem
perature and subsequent filtration, the resulting imine solutions 
were used immediately in the cycloaddition reactions. None of 
the imines prepared showed loss of optical purity as judged by 
the cycloadducts formed (vide infra). The only case in which we 
found racemization was the imine derived from N-Boc-a-
phenylglycinaldehyde. In all other cases the procedure for the 
preparation of these imines was judged as satisfactory for our 
synthetic purposes. Under the above conditions, formation of 
imines Ic and Id, derived from either /V-Boc-L-serinal acetonide 
or A -̂Boc-L-threoninal acetonide and benzylamine, proceeded 
cleanly without detectable loss of optical integrity. However, as 
a note of caution, formation of imines 3a-d must be carried out 
at O 0C to prevent the partial racemization which takes place if 
the reaction is performed at room temperature. 

Synthesis of Homochiral 3-ADcoxy-4-(l-aminoalkyI) /3-Lactams. 
The first outstanding contribution to the asymmetric synthesis 
of 0-lactams via the Staudinger reaction was reported by Hub-
schwerlen and Schmid in which complete control of the diaster-
eoselectivity could be achieved using imines derived from 1-
(5)-glyceraldehyde acetonide.14 Subsequent to this study, similar 
results were reported by Bose and co-workers starting from 1-
(/?)-glyceraldehyde acetonide as the source of chirality.15 By 
analogy with these reactions, our investigation was initiated with 
the aim of establishing whether JV-BOC a-amino imines are suitable 

(7) (a) Ede, N. J.; Rae, I. D.; Heart, M. T. W. Tetrahedron Lett. 1990, 
31, 6071. Ede, N. J.; Rae, I. D.; Heart, M. T. W. Aust. J. Chem. 1991, 44, 
891. 

(8) For recent reviews on -y-lactam analogues of /S-lactam antibiotics, see: 
(a) Marchand-Bryanert, J.; Gbosez, L. In Recent Progress in The Chemical 
Synthesis of Antibiotics; Lukacs, G., Ohno, M., Eds.; Springer- Verlag: Berlin, 
1990; p 727. (b) Baldwin, J. E.; Lynch, G. P.; Pitlik, J. J. Antibiot. 1991, 44, 
1. 

(9) For other syntheses of optically active a-alkoxy /3-lactams, see the 
following. From the hydroxamate approach using tartaric acid as the chiral 
pool: (a) Gateau-Olesker, A.; Cleophax, J.; Gero, S. D. Tetrahedron Lett. 
1986, 27, 41. (b) Kolasa, T.; Miller, M. J. Tetrahedron Lett. 1987, 28, 1861. 
(c) Kolasa, T.; Miller, M. J. Tetrahedron 1989, 45, 3071. From the ester 
enolate-imine approach: (d) Ojima, I.; Habus, I.; Zhao, M.; Georg, G. I.; 
Jayasinghe, L. R. / . Org. Chem. 1991, 56, 1681. From the acid chloride-imine 
method: (e) Barton, D. H. R.; Gateau-Olesker, A.; Anaya-Mateos, J.; 
Cl&phas, J.; Gero, S. D.; Chiaroni, A.; Riche, C. J. Chem. Soc., Perkin Trans. 
I 1990, 3211. (0 Kobayashi, Y.; Takemoto, Y.; Ito, Y.; Terashima, S. 
Tetrahedron Lett. 1991, 31, 3031. (g) Borer, B. C; Balogh, D. W. Tetra
hedron Lett. 1991, 32, 1039. (h) Georg, G. I.; Mashava, P. M.; Akgttn, E.; 
Milstead, M. W. Tetrahedron Lett. 1991, 32, 3151. From oxidative coupling 
of dianions: (i) Kawabata, T.; Minami, T.; Hiyama, T. J. Org. Chem. 1992, 
57, 1864. 

(10) (a) Brown, M. J.; Overman, L. E. / . Org. Chem. 1991, 56, 1933. (b) 
Reetz, M. T.; Jaeger, R.; Drewlies, R.; Hubel, M. Angew Chem., Int. Ed. 
Engl. 1991, 30, 103. 

(11) (a) Reetz, M. T.; Drewes, M. W.; Schmitz, A. Angew. Chem., Int. 
Ed. Engl. 1987, 26, 1141. (b) Lubell, W. D.; Rapoport, H. / . Am. Chem. 
Soc. 1987,109, 236. (c) Miles, N. J.; Sammes, P. D.; Westwood, R. J. Chem. 
Soc., Perkin Trans. 1 1985, 2299. (d) Dellaria, J. F., Jr.; Maki, R. G. 
Tetrahedron Lett. 1986, 27, 2337. 

(12) Palomo, C; Cossio, F. P.; Cuevas, C; Odriozola, J. M.; Ontoria, J. 
M. Tetrahedron Lett. 1992, 33, 4827. 

(13) For recent reviews on a-amino aldehydes, see: (a) Jurczak, J.; Go-
lebiowski, A. Chem. Rev. 1989, 89, 149. (b) Fisher, L. E.; Muchowski, J. M. 
Org. Prep. Proc. Int. 1990, 22, 399. (c) Reetz, M. T. Angew. Chem., Int. Ed. 
Engl. 1991, 30, 1531. 

(14) Hubschwerlen, C; Schmid, G. HeIv. Chim. Acta 1983, 66, 2206. 
(15) Wagle, D. R.; Garai, G.; Chiang, J.; Monteleone, M. G.; Kurys, B. 

E.; Strohmeyer, T. W.; Hedge, V. R.; Manhas, M. S.; Bose, A. K. / . Org. 
Chem. 1988, 53, AlIl. 
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chiral sources for the diastereoselective synthesis of homochiral 
c/'j-3-alkoxy-4-(l-aminoalkyl) /3-lactams. We selected to study 
first the above reaction for several reasons. First, the alkoxy group 
in the azetidinones could be easily transformed into the amino 
function, present in some monobactam antibiotics, with complete 
inversion of configuration at the C3 position of the /3-lactam ring.15 

Second, these alkoxy /S-lactams could also be transformed into 
franj-3-alkyl-4-(l-aminoalkyl) ^-lactams, not directly accessible 
through the Staudinger reaction.16 Third, all of these /3-lactams, 
upon rearrangement, would render pyrrolidinones and hence 
pyrrolidines carrying three contiguous chiral centers.12 Finally, 
precedent from this laboratory17 would indicate that these 3-alkoxy 
/8-lactams might be attractive precursors of a,/3-diamino acids and 
related compounds. 

A prior report from this laboratory has documented the utility 
of imine la, derived from N-Boc-L-serinal acetonide, for the 
synthesis of homochiral /3-lactams via the Staudinger reaction.3 

Treatment of imine la with alkoxyacetyl chlorides or acetoxyacetyl 
chloride and triethylamine in methylene chloride as solvent at -78 
0C to room temperature led to the corresponding ^-lactams 4a, 
6a, and 7a as single diastereomers in yields of 70%, 74%, and 85%, 
respectively. In a similar manner, imine lb gave 4b in 50% yield 
and 7b in 86% yield when treated, in the presence of triethylamine, 
with acetoxyacetyl chloride and (benzyloxy)acetyl chloride, re
spectively, and imines Ic and Id, upon treatment with acetoxy
acetyl chloride, led to 4c and 4d under identical reaction conditions. 
In all cases, only one diastereomer was observed by both 300-MHz 
NMR and HPLC analysis of the crude reaction products. As 
expected,18 the 1H NMR spectra of these adducts showed two sets 
of signals in ca. 2:1 ratio when recorded at room temperature. 
When the solution was heated to 90 0C, they coalesced to a single 
set of resonances, whereas cooling the sample restored the spectrum 
to its original condition, thus suggesting the existence of a dynamic 
equilibrium related to conformational changes with a high in-
terconversion barrier which were attributed to the two possible 
rotamers around the carbamate moiety (Scheme I). 

Correlation of the absolute stereochemical course of the above 
reactions was established by chemical degradation of the C4 
substituents derived from each imine to a common derivative. Our 
plan was to take advantage of the facile oxidative cleavage of 
vicinal amino alcohols as the means by which the latent aldehyde 

(16) Palomo, C; Cossio, F. P.; Ontoria, J. M.; Odriozola, J. M. Tetra
hedron Lett. 1991,32, 3105. 

(17) (a) Cossio, F. P.; Lopez, C; Oiarbide, M.; Palomo, C; Aparicio, D.; 
Rubiales, G. Tetrahedron Lett. 1988, 29, 3133. (b) Palomo, C; Cossio, F. 
P.; Rubiales, G.; Aparicio, D. Tetrahedron Lett. 1991, 32, 3115. 

(18) Garner, Ph.; Park, J. M. J. Org. Chem. 1987, 52, 2361. 
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functionality is unmasked.19 Accordingly, simultaneous N1O-
deprotection of the amino ketal and Boc groups in both /3-lactams 
7a and 7b by means of 3 N HCl in boiling methanol produced 
the corresponding amino alcohols 8a and 8b in 70% yield. These 
amino alcohols, upon oxidative cleavage with sodium periodate20 

in acetone-water at room temperature for 24 h, gave the same 
4-formyl /8-lactam 9 with nearly quantitative yields. On the other 
hand, the acetoxy derivative 4a was transformed into compounds 
6a and 7a by mild saponification of the acetoxy group and further 
treatment of the resulting hydroxy derivative 5a with the corre
sponding alkyl halides, as previously described from this labora
tory.3 In both cases the resulting products showed the same 
physical and spectroscopic characteristics as those prepared by 
the cycloaddition reaction. The stereochemistry of the adducts 
4c and 4d was established in the same manner as that above by 
conversion of both 4c and 4d into the corresponding hydroxy 
derivatives 5c and 5d followed by treatment with sodium hydride 
and benzyl bromide in THF-HMPA as solvent. The resulting 
3-benzyloxy /3-lactams thus formed were then converted into their 
corresponding amino alcohols 8c and 8d, which were identical to 
those derived from /3-lactams 7c and 7d obtained by the cyclo
addition approach. Finally, compound 6a was submitted to a 
single-crystal X-ray analysis to prove its absolute configuration 
and therefore the configurations of those compounds formed from 
derivatization sequences. 

A view of the solid-state structure of 6a is provided in the 
supplementary material. The most interesting structural features 
of this compound are the geometry of the carbamate moiety, which 
probably should be the predominant one in solution (vide supra), 
and the flat pyramidal disposition of the three valences of the 
nitrogen atom of the /3-lactam ring.21 This latter aspect adds 
interest to these unusual /3-lactams, because it has been reported22 

that the relative pyramidalization of the nitrogen atom in both 
monocyclic and bicyclic /3-lactam antibiotics is directly related 
with their biological activity. 

Taking into account the ready availability of N-Hoc a-amino 
imines 2, the next question we examined was their behavior in 
such a cycloaddition reaction (Scheme II). By analogy with the 
results obtained employing homochiral lactaldehyde-derived imines 
in the Staudinger reaction,16,23 we expected variable levels of 
reaction diastereoselection with JV-Boc a-amino imines. Thus, 
treatment of imine 2c with acetoxyacetyl chloride and triethyl-
amine at -78 0C to room temperature overnight led to a mixture 
of the corresponding /3-lactam 10c and its cis diastereomer in a 
ratio of 3:1, respectively. The major isomer was separated by 
column chromatography and transformed into the 3-hydroxy 
derivative 12c to assess the assigned stereochemistry. Similar 
results were obtained with imines 2a and 2b. However, when these 
imines were allowed to react with (benzyloxy)acetyl chloride, under 
the above reaction conditions, a single diastereomer was observed 
in every case by HPLC analysis of the crude reaction products. 
In order to confirm the assigned cis stereochemistry, compound 
l ie was subjected to hydrogenolysis to produce the hydroxy de
rivative 12c identical to that obtained from saponification of the 
acetoxy group in 10c. 

The optical purities of the resulting /3-lactams 11 were deter
mined as shown in Scheme II. After removal of the iV-Boc group 
in each compound 11, the resulting 4-(l-aminoalkyl) /3-lactam 
13 was acylated using (+)-MTPA acid chloride and triethyl-

(19) Stork, G.; Leong, A. Y. W.; Touzin, A. M. / . Org. Chem. 1976, 41, 
3491. 

(20) McGarvey, G. J.; Williams, J. M.; Hiner, R. N.; Matsubara, Y.; Oh, 
T. / . Am. Chem. Soc. 1986, 108, 4943. 

(21) The N-Ctryi bond forms an angle of 18.8° with respect to the plane 
determined by the azetidin-2-one ring, and the distance of the C21 atom from 
that plane is ca. 0.37 A. This result differs to some extent from the usual 
values, (ca. 9.3° and 0.23 A, respectively) since the three valences of nitrogen 
in monocyclic A'-aryl /3-lactams are reported to be almost coplanar; see: 
Physical Methods in Heterocyclic Chemistry; Gupta, P. R., Ed.; Wiley: New 
York, 1984; pp 340-354. 

(22) Boyd, D. B. Theoretical and Physicochemical Studies on ^-Lactam 
Antibiotics. In Chemistry and Biology of ^-lactam Antibiotics; Morin, R. 
B., Gorman, M., Eds.; Academic: New York, 1982; Vol. 1, pp 437-545. 

(23) Brown, A. D.; Colvin, E. W. Tetrahedron Lett. 1991, 32, 5187. 
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amine.24 All of the resulting amide derivatives 14 showed a single 
set of signals in the 1H and 19F NMR spectra as well as in their 
capillary column GLC chromatograms, thus proving that there 
had been no loss of optical purity during TV-Boc a-amino imine 
formation and the cycloaddition reactions. Although the con
figuration at the newly created stereocenters of the cycloaducts 
could be deduced by analogy with compounds 7, further evidence 
was provided by formation of the 4-acetyl /3-lactam 16a starting 
from /3-lactams 13a and 9. First, compound 13a was transformed 
into the nitro derivative 15a in 50% yield by means of an excess 
of w-CPBA in boiling 1,2-dichloroethane.25 Since the exocyclic 
stereogenic center of this compound would be destroyed in the 
next step, its stereochemistry was not determined. However, 
inspection of its 1H NMR spectral data indicated that only one 
stereoisomer had been formed. Conversion of the nitro derivative 
15a into the 4-acetyl /8-lactam 16a was accomplished by a Nef 
reaction developed in this laboratory.26 On the other hand, the 
aldehyde 9, whose absolute configuration had already been de
termined, was treated with methylmagnesium bromide in THF-
diethyl ether to afford an epimeric mixture of carbinols 17a. This 
mixture, when subjected to oxidation with triphosgene-DMSO 
and triethylamine,27 gave the 4-acetyl /3-lactam 16a identical to 
that prepared above. The stereochemical assignments of the other 
adducts were established by analogy. 

Some examples of this asymmetric Staudinger reaction are 
summarized in Table I. The resulting homochiral /3-lactams were 
isolated in the indicated yields after chromatographic purification 
on silica gel. From the data in the table it is evident that this 

(24) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543. 
(25) Gilbert, K. E.; Borden, W. T. / . Org. Chem. 1979, 44, 659. 
(26) (a) Aizpurua, J. M.; Oiarbide, M.; Palomo, C. Tetrahedron Lett. 

1987, 28, 5361. (b) Palomo, C; Aizpurua, J. M.; Cosslo, F. P.; Garcia, J. 
M.; Lopez, M. C; Oiarbide, M. J. Org. Chem. 1990, SS, 2070. 

(27) Palomo, C; Cossio, F. P.; Ontoria, J. M.; Odriozola, J. M. J. Org. 
Chem. 1991, S6, 5948. 
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Table I. Asymmetric [2 + 2] Cycloaddition Reaction of Ketenes to !mines 1 and 2 

compd 

4a 

4b 

4c 
4d 

Sa 
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7a 
7b 
8a 
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Hd 
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OAc 

OAc 
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OH 
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R1 

H 

Me 
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H 

H 
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Bn 
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R2 
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Bn 
Bn 
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PMP 
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Bn 

Bn 
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70 

50 

55 
79 

98 

74 

85 
86 
70 

70 

74 

75 

58 

55 

40 

57 

mp (9C) 

164-166 
(AcOEt-hexane) 
168-169 
(EtjO-hexane) 
oil 
123-124 
(hexane) 
138-140 
(Et20-hexane) 
119-121 
(CH2Cl2-hexane) 
oil 
oil 
128-130 
(AcOEt) 
141-142 
(MeOH) 
120-121 
(Et20-hexane) 
102-103 
(toluene) 
161-162 
(Et20-hexane) 
224-225 
(Et20-hexane) 
201-202 
(MeOH) 
174-175 
(Et20-hexane) 

[«]*„ (deg) 

-90.2 
(c = 1.0, CH2Cl2) 
-112.0 
(c - 1.0, CH2Cl2) 
b 
+0.3 
(C= 1.0, CH2Cl2) 
-96.1 
(C= 1.0, CH2Cl2) 
-174.8 
( c = 1.0, CH2Cl2) 
C 
d 
-89.5 
(c = 1.0, DMSO) 
-94.1 
(c = 1.0, CH2Cl2) 
-36.5 
( c = 1.0, CH2Cl2) 
-31.0 
(c = 1.0, CH2Cl2) 
-107 
( c = 1.0, CH2Cl2) 
-92.6 
(c = 1.0, CH2Cl2) 
-110.5 
( c = 1.0, CH2Cl2) 
-100.1 
(C= 1.0, CH2Cl2) 

0PMP, p-methoxyphenyl group. 'Purity determined by its conversion into 8c; see text. 'Purity determined by its conversion into 8a. dPurity 
determined by its conversion into 8b. 

Schene III" 

Phtru: 

1a,c 

2a,3a 

MeO 
V T ^ r ^ NHBoc 

Il I H H I 

_ < ? - " - . 

NHBoc 
H H I 

- ^ N « P 

H H H 
( + )MTPAN 

NHBoc 
H H t 

24 R: PMP 
25 R: Bn 

26 R: PMP 
27 R: Bn 

28 R: PMP 
29 R: Bn 

"Reagents and conditions: (i) MeO2CHC=CH(Me)NHCH2CO2K, PhOPOCl2, NEt3, CH2Cl2, -40 °C — room temperature; (ii) p-TosOH, 
Me2CO, room temperature; (iii) (+)-MTPA-Cl, NEt3 CH2Cl2, room temperature, 24 h. 

ketene-imine cycloaddition reaction enjoys wide scope while 
displaying virtually complete control of the level of diastereose-
lectivity. 

Synthesis of 3-Amino-4-(l-aminoalkyl) /3-Lactams. Because 
of the importance of ci's-3-aminoazetidin-2-ones in the synthesis 
of /3-lactam antibiotics, we next explored the reaction of amino-
ketene synthons with N-Eoc a-amino imines (Scheme III). 
Phthalimidoacetyl chloride and the Dane salt of glycine were 
chosen as ketene precursors, the latter being activated with phenyl 
phosphorodichloridate as previously described from this labora
tory.28 Treatment of imines la and Ic with phthalimidoacetyl 
chloride and triethylamine under the same reaction conditions as 
those used for the synthesis of 3-alkoxy /3-lactams (vide supra) 

(28) (a) Arrieta, A.; Cossio, F. P.; Palomo, C. Tetrahedron 1985, 41, 1703. 
(b) Arrieta, A.; Lecea, B.; Cossio, F. P.; Palomo, C. J. Org. Chem. 1988, 53, 
3784. 

gave the expected /3-lactams 18 and 19 in yields of 41% and 85%, 
respectively. After removal of the phthalimido group in each 
0-lactam by means of hydrazine hydrate,29 the resulting 3-amino 
0-lactams 20 and 21 were then acylated with (+)-MTPA acid 
chloride. Subsequent gas chromatographic and NMR analysis 
of the resulting amide derivatives 22 and 23 provided the overall 
diastereomeric purity for the deprotection and cycloaddition steps. 
In a similar manner, the reaction of the Dane salt of glycine with 
imines 2a and 3a in the presence of phenyl phosphorodichloridate 
and triethylamine gave the vinylamino /3-lactams 24 and 25 in 
yields of 48% and 64%, respectively. 

As shown in Scheme III, the depicted stereochemistry is based, 
first, on the assumption that the absolute configuration of all 
stereogenic centers corresponds to that observed for the other 

(29) Sheehan, J. C; Ryan, J. J. J. Am. Chem. Soc. 1951, 73, 1204. 
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Scheme IV 
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"Reagents and conditions: (i) 3 N HCl, MeOH, reflux; (ii) Me2CO, H2O, NaIO4, room temperature; (iii) NaBH4, MeOH, O 0 C -» room 
temperature. 
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cycloadducts (vide supra) and, second, on analysis of the 1H NMR 
coupling constants for the C3 and C4 protons (J= 5 Hz). Further, 
the homochirality of each cycloadduct was evidenced by their 
conversion into the corresponding 3-aminoazetidin-2-ones 26 and 
27 followed by acylation with Mosher acid chloride and tri-
ethylamine. First, /8-lactams 24 and 25 were treated with 2 equiv 
of p-toluenesulfonic acid30 at room temperature during 5 min in 
CH2Cl2 as solvent to give the 3-aminoazetidin-2-ones 26 and 27 
in yields of 85% and 98%, respectively. Prolonged exposure to 
the product to the reaction conditions caused partial deprotection 
of the N-Boc group. The free amino /3-lactams 26 and 27 were 
then acylated using (+)-MTPA acid chloride in the presence of 
triethylamine to give 28 and 29, respectively. Subsequent gas 
chromatographic and NMR analysis of the resulting (+)-MTPA 
amide derivatives provided the overall diastereomeric purity for 
the hydrolysis and derivatization sequences.31 It should be noted 
that the dynamic equilibria observed in compounds 4-7 and 10-12 
were detected again in /3-lactams 18-19 and 24-25, although in 
the latter case the rotational barriers were found to be higher, 
and therefore the two sets of signals observed in their 1H NMR 
spectra could not be unified at 90 0C. However, conversion of 
compounds 18-19 and 24-25 into their 3-amino derivatives 20-21 
and 26-27 resulted in the observation of a single set of signals 
for these compounds when the 1H NMR spectra were recorded 
at 90 °C. 

Mechanistic Considerations. The high degree of asymmetric 
induction observed for these reactions correlates with the analogous 
reactions of imines derived from (S)-glyceraldehyde acetonide.14,15 

However, on the basis of the proposed mechanism for this type 
of reaction the question of what the steeochemical outcome is when 
a homochiral ketene reacts with homochiral imines still remains 
unclear. Ojima in his seminal study on the "0-lactam synthon 
method" reported that the cycloaddition reaction of (4(S)-
phenyloxazolidinyl)ketene with imines derived from either (R)-
or (S')-a-amino esters afforded /3-lactams with the same 

(30) Bose, A. K.; Mannas, M. S.; Van der Veen, J. M.; Amin, S. G.; 
Fernandez, I. F.; Gala, K.; Gruska, R.; Kapur, J. C; Khajavi, M. S.; Kreder, 
J.; Mukkavilli, L.; Ram, B.; Sugiura, M.; Vincent, J. E. Tetrahedron 1981, 
37, 2321. 

(31) We have found partial racemization in compound 25 when the imine 
3a was prepared at room temperatue. The corresponding racemic mixture 
of compound 25 was also prepared and subsequently transformed into its 
Mosher amide to confirm the above result. This observation is general for 
imines derived from A1-Boc a-amino aldehydes and aliphatic amines. 

(3>R,4S)-cis stereochemistry at the newly created stereogenic 
centers.32 This implies that the diastereoselectivity of these 
reactions is completely governed by the configuration of the 
starting ketene. This fact, although remarkable, is not surprising 
since studies employing amino acid derivatives or in general chiral 
amines demonstrate that the level of asymmetric induction 
achieved from this position is lower than that derived from the 
ketene or aldehyde components.415,6 Within this context, we were 
particularly intrigued by the reaction of (/?)-(4-phenyl-
oxazolidinyl)ketene 32 with TV-Boc a-amino aldehyde-derived 
imines for two reasons. First, it should be possible to invert the 
stereochemistry at the C3 and C4 positions of the /8-lactam ring 
if the ketene partner effected the stereochemical control in the 
step of carbon-carbon bond formation, and second, the contra
position between the sense of induction of both chiral sources could 
add significant new information on the main factors governing 
the stereochemical outcome of this type of reactions.33 

The experiments designed by us in order to find some answers 
for the above questions are depicted in Scheme IV. Since the 
stereochemical outcome of the Staudinger reaction of the Ev-
ans-Sjogren ketenes with achiral imines is known,34 we first ex
amined the reaction of the ketene 32 with the imine l'c(S). Thus, 
in this experiment the sense of induction of both chiral templates 
was matched, and therefore only one /3-lactam adduct should be 
expected. In effect, this was the case, and the absolute configu
ration at the C3 and C4 positions of compound 33 was univocally 
established by acid hydrolysis of both the ketal and Boc protective 
groups of 33, followed by oxidative cleavage of the resulting amino 
alcohol and subsequent reduction to give the "Evans product" 34, 
whose absolute configuration (3/?,4/?) has been previously es
tablished.33 With this result in hand, the next step was to confront 
the sense of induction of the Evans-Sjogren ketene 32 with the 

(32) (a) Ojima, I.; Chen, H.-J. C. / . Chem. Soc., Chem. Commun. 1987, 
625. (b) Ojima, I.; Chen, H.-J. C; Qui, X. Tetrahedron 1988, 44, 5307. (c) 
Ojima, I.; Komata, T.; Qui, X. J. Am. Chem. Soc. 1990, 112, 770. 

(33) For a detailed discussion of the Staudinger reaction mechanism, see: 
Hegedus, L. S.; Montgomery, J.; Narukawa, Y.; Snustad, D. C. J. Am. Chem. 
Soc. 1991, 113, 5784. For a pioneering investigation on the mechanism of 
the Staudinger reaction including MNDO calculations, see ref 4a and Boyd, 
D. B. Computer-Assisted Molecular Design Studies of /3-Lactam Antibiotics. 
In Frontiers on Antibiotic Research, Umezawa, H., Ed.; Academic Press: 
Tokyo, 1987; pp 339-356. 

(34) (a) Evans, D. A.; Sjogren, E. B. Tetrahedron Lett. 1985, 26, 3783. 
(b) Evans, D. A.; Sjdgren, E. B. Tetrahedron Lett. 1985, 26, 3788. 

(35) Boger, D. L.; Myers, J. B., Jr. / . Org. Chem. 1991, 56, 5385. 
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chiral a-amino imine Ic(Zf). In this second experiment, both chiral 
templates were mismatched and the result was the obtention of 
a mixture of compounds 35 and 36 in a 3:1 ratio, as it was de
termined by 1H NMR and HPLC. The absolute configuration 
of these adducts was established again by their conversion into 
the corresponding 4-(hydroxymethyl) derivatives 34 and 37. Thus, 
whereas the compound 36 was transformed into 34, its diaste-
reomcr 35 yielded the "anti-Evans product" 37. This second result 
proves that, first, it is possible to synthesize 1,2,3-triamino com
pounds36 in both "Evans" and "anti-Evans" configurations, de
pending upon the matching between both chirality sources, and 
second, the degree of asymmetric induction exerted by the chiral 
N-protected a-amino imines 1 is higher than that exerted by the 
chiral ketene 32. This later result constitutes an experimental 
support to the mechanistic rationalization of the stereochemistry 
of the Staudinger reaction recently proposed by Hegedus et al.33 

Thus, if we assume that the nucleophilic attack of the imine 
nitrogen takes place through the exo region of the ketene (see 
Scheme V), it is reasonable to expect that the R2 chiral template 
is a closer neighbor to the two prochiral carbons than is the R' 
chiral auxiliary, resulting in the predominance of the corresponding 
"anti-Evans" adduct. 

The final objective of our research has been to elucidate the 
origin of the extremely high asymmetric induction exerted by the 
chiral substituents at C4. We have depicted in Scheme V the 
reaction mechanism usually proposed33 for the Staudinger reaction 
between ketenes and imines. Thus, the first step leads to the 
formation of two zwitterionic intermediates, whose conrotatory 
electrocyclic reaction leads to the two possible c/.r-0-lactams. 
According to this mechanism, the origin of the diastereoselection 
between these /3-lactams must lie in the different energies of the 
transition states (TS's) corresponding to the two possible conro
tatory ring closures. In order to investigate the structures and 
the energies of these stationary points, we calculated the geometries 
and the principal thermodynamic magnitudes of the TS's 38 and 

(36) (a) Ojima. 1.; Pei, Y. Tetrahedron Lett. 1990, SI. 977. (b) Ojima. 
I.; Pei. Y. Tetrahedron UtI. 1992, 33. 887. 

I AH1= -8.0 kc«l / mol I 

39 
Finve 1. Computer plot of the AMI calculated transition states 38 and 
39, corresponding to the conrotatory ring closure leading to the formation 
of m-(3y?,45)-4-[(5)-l-aminoethyl]-3-methoxyazetidin-2-one and cis-
(3S,4K)-4-[(S)-l-aminoethyl]-3-methoxyazetidin-2-one, respectively. 

39, corresponding to the formation of cw-(3/?,4S)-4-[(S)-I-
aminoethyl-3-methoxyazetidin-2-one and cw-(35,4/?)-4-[(S)-l-
aminoethyl]-3-methoxyazetidin-2-one, respectively. For these 
calculations we used the AM 1 methodology,37 which has proved 
to be adequate for this type of compounds.38 The geometries and 
the enthalpies of formation of these TS's are depicted in Figure 
I. According to our results, the AA//f = A//K38) - AH,(39) and 
-TAS" = -715"(M) - S°(39)] values for these stationary points 
calculated at 298 K are 1.4 and 0.5 kcal/mol, respectively. This 
corresponds to a calculated diastercomeric excess of 92% (the 
abundance of the (3S.4/J) isomer is 96%), in qualitative agreement 
with the complete level of reaction diastereoselection observed. 
The explanation of this high asymmetric induction can be readily 
deduced by inspection of Figure 1. In effect, we can observe that 
TS 38 leading to the minor product (the adduct having the (3R.4S) 
configuration) exhibits an angular arrangement between C3 and 
the cxocyclic C-N bond, whereas TS 39 corresponding to the 
major product (the S-lactam with the (35,4/?) configuration) has 
a linear disposition for the same atoms. The reason for the angular 
arrangement in 38 is the steric interaction between the methyl 
group and the forming /3-lactam ring. Thus, as is depicted in 
Scheme VI, the angular disposition between C3 and the C-N (or 
in general C-X) bond minimizes this steric repulsion, but at the 
cost of a loss of efficiency of the stabilizing two-electron interaction 
between the HOMO and the o*(C-X) orbital. Accordingly, a 
higher energy is obtained for TS 38 leading to the (3/?,45") product. 
By contrast, in the case of TS 39 leading to the major 

(37) Dewar. M. J. S.; Zoebisch. E. G.; Healey. E. F.; Stewart, J. J. P. J. 
Am. Chem. Soc. 1985. 107. 3902. 

(38) (a) Wirth, D. D.; Deeter. J. B. J. Org. Chem. 1991, 56.447. (b) Frau. 
J.; Coll. M.; Donoso. J.; Muftoz, F.; Garcia-Blanco. F. / . MoI. Struct. 
(Theochem) 1991, 231. 109. (c) Frau. J.; Donoso. J.; Muiloz, F.; Garcia-
Blanco. F. J. MoI. Struct. (Theochem) 1991,251. 205. (d) Nangia. A. / . MoI. 
Struct. (Theochem) 1991, 251. 237. 
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Scheme VI 

(minor product) (ma|or product) 

(3S,4/?)-/S-lactam, the aforementioned steric interaction does not 
occur, and therefore the H O M O - C T * stabilization takes place more 
efficiently, favored by the linear arrangement between C3 and the 
exocyclic C-N (or in general C-X) bond. Therefore, this latter 
TS has lower energy. This result agrees with the qualitative 
arguments exposed by Evans3 ' in order to rationalize the high 
asymmetric induction observed in the Staudinger reaction between 
achiral ketenes and chiral a,0-epoxy imines. Consequently, the 
above exposed rationalization can be extended to any Staudinger 
reaction between ketenes and chiral imines derived from aldehydes 
having a C*-X moiety at the a position. This subject is currently 
underway in our laboratory, and the results will be published 
elsewhere. 

Concluding Remarks 

From the results in the present study, three key points deserve 
to be mentioned: (1) Although <V-Boc a-amino aldehydes are 
prone to undergo racemization, the corresponding imines are 
suitable chiral sources for the development of new substitution 
patterns of optically active ^-lactams via the Staudinger reaction. 
(2) Since methods for the synthesis of a-amino acids in their (R) 
or (S) forms are now abundant,40 the present procedure opens 
up new perspectives not only in the field of /3-lactam antibiotics, 
but also in the chemistry that employs /S-lactams as chiral starting 
materials." (3) The stereochemical outcome of the Staudinger 
reaction between ketenes and imines derived from homochiral 
aldehydes having C - X bonds (X being an electronegative atom 
and C* a chiral carbon) can be rationalized on the basis of the 
stereoelectronic effect exerted by the o-*(c-x) orbital over the 
HOMO of the transition states leading to the formation of the 
C 3-C 4 bond. 

Further studies of applications of the above exposed metho
dology to the chemical synthesis of natural products are underway 
in our laboratory. 

Experimental Section 

General Experimental. Commercially available compounds were used 
without further purification unless otherwise noted. Hexane was purified 
by distillation. Tetrahydrofuran and diethyl ether were distilled over 
sodium with benzophenone as indicator. Methylene chloride was shaken 
with concentrated H2SO4, dried over K2CO3, and distilled. Chiral a-
amino aldehydes and the acyl chloride 32 were prepared as previously 
described."" Melting points were determined on either Buchi SMP-20 
or Mettler FP61 instruments and are uncorrected. Infrared spectra were 
obtained on a Shimadzu IR-43S spectrometer. Mass spectra were ob
tained on a Shimadzu GCMS-QP2000 spectrometer operated at 70 eV. 

(39) Evans, D. A.; Williams. J. M. Tetrahedron Lett. 1988, 29, 5065. 
(40) Williams. R. M. In Synthesis of Optically Active a-Amino Acids: 

Pergamon: New York. 1989. 
(41) Manhas, M. S.; Wagle. D. R.; Chiang. J.; Bose. A. K. Heterocycles 

1988, 27, 1755. 

Capillary GLC analyses were performed on a Shimadzu GC-14A gas 
chromatograph equipped with a 15 m X 0.25 mm fused-silica Supelco 
SPB-5 column. HPLC analyses and purifications were performed on a 
Shimadzu LC-8A system equipped with Merck Lichosorb Si 60 (7 iim) 
columns. Specific rotations were determined on a Perkin-Elmer 243B 
polarimeter, thermostated at 25 0C by means of a Selecta-Frigiterm 
6000382 apparatus. NMR spectra were recorded on a Varian VXR300 
spectrometer at either 90 °C or ambient temperature. 1H and "F nuclei 
were observed at 300 and 282.2 MHz, respectively. 1H NMR chemical 
shifts are reported in 6 vs Me4Si. " F chemical shifts are reported in i 
vs CFCl3 at 0.00 ppm. 

MO-SCF Calculations. The semiempirical AM 1" calculations were 
carried out with the standard parameters" using a locally modified 
version42 of the MOPAC package.4' The structures of the stationary 
points 38 and 39 were optimized with respect to all of their internal 
coordinates using the NLLSQ algorithm44 and increasing 100 times the 
convergence criteria (NLLSQ and PRECISE keywords). The transition 
states were conveniently characterized by performing a frequency cal
culation and a subsequent inspection of the number of negative eigen
values occuring in their corresponding force constant matrices.45 Both 
structures showed only one imaginary frequency, thus proving to be true 
transition states. All of the calculations were performed on a Micro-
VAXII computer. 

General Procedure for (be Preparation of Imines 1-3. To a stirred 
solution of the chiral aldehyde (11 mmol) in methylene chloride (15 mL) 
at 0 0C were added the corresponding amine (10 mmol) and a large 
excess of MgSO4, successively. The resulting mixture was stirred for 4 
h at room temperature (imines derived from p-anisidine) or at 0 0C 
(imines derived from benzylamine) and then filtered and washed with 
cold 0.1 N HCl (3 x 10 mL) and a saturated solution of NaHCO3 (10 
mL), and dried over MgSO4. The solvent was evaporated under reduced 
pressure to give the corresponding crude imine, which showed a correct 
1H NMR spectrum and was used as such in the next step. 

General Procedure for the Synthesis of S Lactams 4-7, 10, 11, 18, and 
19. A solution of the corresponding substituted acetyl chloride (11.5 
mmol) in dry methylene chloride (7.5 mL) was added dropwise to a 
stirred solution containing the Schiff base (10 mmol) and triethylamine 
(3.2 mL, 32 mmol) in dry methylene chloride (20 mL) under nitrogen 
atmosphere at -78 "C. The resulting mixture was stirred overnight under 
nitrogen, and the temperature of the bath was allowed to rise from -78 
0C to room temperature. The mixture was washed with water (10 mL), 
0.1 N HCI (10 mL), and a saturated solution of NaHCO3 (10 mL). The 
organic layer was dried over MgSO4 and filtered, and the solvent was 
evaporated under reduced pressure to give the crude .-(-lactam, which was 
further purified by column chromatography (silica gel 70-230 mesh, 
CH2CI2-hexane (1:4) as eluent) or by trituration in Et20-hexane. The 
pure product was conveniently characterized after recrystallization. 

(3S,4Jf)-4-J(«)-3-(/ert Butoxycarbonyl)-2,2-dimethyloxazolidin-4-
yl|-3-hydroxy-l-(4-methoxyphenvl)azelidin-2-on« (5a).14 A solution of 
NaOH (0.43 g, 10 mmol) in methanol (22 mL) was added dropwise to 
a solution of (3S,4R)-3-acetoxy-4-((K)-3-(»tvi-butoxycarbonyl)-2,2-di-
methyloxazolidin-4-yl]-l-(4-methoxyphenyl)azetidin-2-one (4a) (4.06 g, 
10 mmol) in tetrahydrofuran (22 mL) and methanol (15 mL) at 0 0C, 
and the resulting mixture was stirred at the same temperature for 1 h. 
Then, the solvents were evaporated under reduced pressure and methy
lene chloride (50 mL) was added. The resulting mixture was washed 
with water (3 X 20 mL) and dried (MgSO4). Evaporation of the solvent 
under reduced pressure gave the crude title product, which was purified 
by crystallization from diethyl ether-hexane: yield, 3.84 g (98%); IR 
(KBr) p 3328 (OH), 1740 (C=O, /3-lactam). 1700 ( C - O ) cm"'; 'H 
NMR (DMSO, 90 "C) 6 7.35 (d, 2 H, J - 9.0 Hz, arom). 6.86 (d, 2 H, 
J = 9.0 Hz. arom), 6.16 (d, I H, J - 4.9 Hz, C3H), 4.93 (dd, 1 H, J -
4.9 Hz, J - 7.4 Hz, C4H), 4.30-4.28 (m, I H, CH), 4.01 (dd, J - 5.5 
Hz. J' - 9.6 Hz, CH). 3.84 (dd. J = 0.9 Hz, J' = 9.6 Hz, CH), 3.71 (s, 
3 H, OCH3), 2.98 (s* 1 H, OH), 1.66 (s, 3 H. CH3), 1.46 (s, 3 H, CH3), 
1.07 (s, 9 H, Boc). Anal. Calcd for C20H21N2O6: C, 61.22; H, 7.14; 
N, 7.14. Found: C, 61.25; H, 7.27; N, 7.38. 

(3S.4J?) 4-HK) 3-(ferf Butoxycarbonyl)-2,2-dimeihyk>xazoudin-4-
yl)-3-nietnoxy-l-(4-metboxypnenyl)azeridin-2-one (6a). The title com
pound was prepared from (S)-3-(i*r/-butoxycarbonyl)-2,2-dimethyl-4-
formyloxazolidine (2.51 g, 11 mmol). p-anisidine (1.23 g, 10 mmol), and 
methoxyacetyl chloride (1.05 mL, 11.5 mmol): yield, 3.0 g (74%); IR 

(42) Olivella. S. QCPE Bull. 1984, 9, 10. Extended by Olivella. S.; BofiU, 
J. M. 1990. We are grateful to Dr. S. Olivella. Universitat Central de 
Barcelona, for providing us with a copy of his modified version of MOPAC. 

(43) Stewart, J. J. P. QCPE Bull. 1983, 3, 101. 
(44) Bartels, R. H. Report CNA-44; Center for Numerical Analysis, 

University of Texas: Austin, TX. 
(45) Mclver, J. W.; Komornicki, A. J. Am. Chem. Soc. 1972, 94, 2625. 
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(CH2Cl2) v 1745 (C=O, /S-lactam), 1694 (C=O) cm"1; 1H NMR 
(DMSO, 90 0C) S 7.35 (d, 2 H, / = 8.5 Hz, arom), 6.88 (d, 2 H , / = 
8.5 Hz, arom), 4.74 (d, I H , / = 5.4 Hz, C3H), 4.40 (dd, I H , / = 5.4 
Hz, / ' = 9.6 Hz, C4H), 4.37-4.25 (m, 1 H, CH), 4.02 (dd, I H , / = 9.6 
Hz, / ' = 6.15 Hz, HCH), 3.78 (d, I H , / = 9.6 Hz, HCH), 3.71 (s, 3 
H, OCH3), 3.53 (s, 3 H, OCOCH3), 1.67 (s, 3 H, CH3), 1.46 (s, 3 H, 
CH3), 1.06 (s, 9 H, Boc). Anal. Calcd for C2IH30N2O6: C, 62.06; H, 
7.38; N, 6.89. Found: C, 62.38; H, 7.39; N, 6.67. 

(3S,4Jc )-4-[(B )-3-(rert-Butoxycarbonyl)-2,2-dlniethyloxazoUdin-4-
yl>l-(4-methoxypbenyl)-3-phthaUmidoazetidin-2-oDe (18). The title 
compound was prepared from (5')-3-(rert-butoxycarbonyl)-2,2-di-
methyl-4-formyloxazolidine (2.51 g, 11 mmol), p-anisidine (1.23 g, 10 
mmol), and phthalimidoacetyl chloride (2.46 g, 11.5 mmol): yield, 2.14 
g (41%); mp 215-216 0C (MeOH); [ a ] 2 ^ = +88.1° (c = 1.02, CH2Cl2); 
IR (KBr) v 1760, 1723, 1694 (C=O) cm"1; 1H NMR (DMSO, 90 0C) 
S 7.94-7.90 (m, 4 H, arom), 7.43 (d, 2 H, / = 8.2 Hz, arom), 6.94 (d, 
2 H, / = 8.2 Hz, arom), 5.60 (d, 1 H, / = 5.1 Hz, C3H), 4.68-4.65 (m, 
1 H, C4H), 4.40-4.38 (m, 1 H, CH), 3.89-3.84 (m, 1 H, HCH), 3.74 
(s, 3 H, OCH3), 3.44-3.41 (m, 1 H, HCH), 1.63 (s, 3 H, CH3), 1.37 (s, 
3H1CH3), 1.12 (s, 9 H, Boc). Anal. Calcd for C28H3IO7N3: C, 64.49; 
H, 5.95; N, 8.06. Found: C, 64.75; H, 6.17; N, 8.11. 

(3S.4J? )-l-Benzyl-4-[(A )-3-(rerr-butoxycarbonyl)-2,2-dimethyl-
oxazolidin-4-yl]-3-phthaliiiiidoazeridin-2-one (19). The title compound 
was prepared from (S)-3-(fe«-butoxycarbonyl)-2,2-dimethyl-4-formyl-
oxazolidine (2.51 g, 11 mmol), benzylamine (1.09 mL, 10 mmol), and 
phthalimidoacetyl chloride (2.46 g, 11.5 mmol) and then purified by 
column chromatography (silica gel, 70-230 mesh, CH2Cl2-hexane 1:2 
as eluent) followed by preparative HPLC (AcOEt as eluant, 10 mL/min, 
retention time 16.3 min): yield, 4.29 g (85%), syrup; [a]25

D = +59.6° 
(c = 1.00, CH2Cl2); IR (KBr) v 1766, 1722, 1694 (C=O) cm"1; 1H 
NMR (DMSO, 90 0C) S 7.94-7.87 (m, 4 H, arom), 7.40-7.24 (m, 5 H, 
arom), 5.48 (d, I H , / = 5.3 Hz, C3H), 4.87 (d, I H , / = 15.4 Hz, 
HCH), 4.27 (dd, I H , / = 5.3 Hz, / ' = 9.8 Hz, C4H), 4.04 (d, 1 H, / 
= 15.4 Hz, HCH), 3.84 (dd, I H , / = 5.5 Hz, / ' = 9.8 Hz, CH), 3.71 
(dd, I H , / = 5.5 Hz, / ' = 9.5 Hz, CH), 3.30 (d, I H , / = 9.5 Hz, CH), 
1.52 (s, 9 H, Boc), 1.34 (s, 3 H, CH3), 1.12 (s, 3 H, CH3). 

General Procedure for the Synthesis of a-Vinylamino /9-Lactams. A 
solution of phenyl phosphorodichloridate (2.25 mL, 15 mmol) in dry 
methylene chloride (10 mL) was added dropwise to a stirred solution 
containing the corresponding imine (10 mmol), potassium Dane's salt of 
glycine (3.18 g, 15 mmol), and triethylamine (4.2 mL, 30 mmol) in dry 
methylene chloride (20 mL) under nitrogen atmosphere at -20 8C. The 
resulting mixture was stirred overnight under nitrogen, whereas the 
temperature of the bath was allowed to rise from -20 0C to room tem
perature. After the usual workup, the resulting crude a-vinylamino 
/S-lactam was purified by trituration with diethyl ether. The corre
sponding pure products were conveniently characterized after recrys-
tallization in ethyl acetate. 

(35,4«)-44(5)-l-[((ert-ButoxycaiHhonyl)amino}ethylhl-(4-iiiethoxy-
phenyl)-3-[Il-iDethyl-2-(njethoxycarbonyl)vtayl>unino]aietidiii-2-one(24). 
The title compound was prepared from the imine derived from 2-[(S)-
(rert-butoxycarbonyl)aminojpropionaldehyde (1.9Og, 11 mmol) and 
p-anisidine (1.23 g, 10 mmol): yield, 2.07 g (48%); mp 215-217 0C 
(AcOEt); [a]"D = -123.6° (c = 1.00, CH2Cl2); IR (KBr) v 3360 (NH), 
1740 (C=O, /S-lactam), 1680, 1651 (C=O) cm"1; 1H NMR (DMSO, 
90 0C) « 8.98 (d, I H , / = 10.3 Hz, NH, both rotamers), 7.39 (d, 2 H, 
/ = 9.1 Hz, arom), 6.88 (d, 2 H, / = 9.1 Hz, arom), 6.40 6.27 (d, 1 H, 
/ = 9.0 Hz, NH, both rotamers), 5.24, 4.98 (dd, I H , / = 5.3 Hz, / ' = 
10.2 Hz, C3H, both rotamers), 4.72, 4.62 (s, 1 H, =CH, both rotamers), 
4.34, 4.32 (dd, I H , / = 5.3 Hz, / ' = 9.1 Hz, C4H, both rotamers), 
3.98-3.80 (m, 1 H, CH, both rotamers), 3.74 (s, 3 H, PhOCH3, both 
rotamers), 3.57, 3.50 (s, 3 H, OCH3, both rotamers), 2.26, 1.99 (s, 3 H, 
=CCH3 , both rotamers), 1.15 (s, 9 H, Boc, both rotamers), 1.05, 0.98 
( d , / = 6.8 Hz, CH3, both rotamers). Anal. Calcd for C22H31O6N3: C, 
60.96; H, 7.15; N, 9.69. Found: C, 60.79; H, 6.83; N, 9.77. 

(35,4J?)-l-Benzyl-4-[(5)-l-[(n»t-butoxycarbonyl)ainiiK>]ethyl}-3-[[l-
methyl-2-(metnoxycarbonyl)rinyl]amiiio]azetidin-2-one (25). The title 
compound was prepared from 2-[(S)-(fe/7-butoxycarbonyl)amino]-
propionaldehyde (1.90 g, 11 mmol) and benzylamine (1.09 mL, 10 
mmol): yield, 2.67 g (64%); mp 190-191 0C (AcOEt); [a]25

D = -88.6° 
(c = 1.00, CH2Cl2); IR (KBr) j/ 3347 (NH), 1746 (C=O, /S-lactam), 
1680, 1658 (C=O) cm"1; 1H NMR (DMSO, 90 0C) S 8.87 (d, 1 H, / 
= 10.0 Hz, NH, both rotamers), 7.37-7.18 (m, 5 H, arom, both rotam
ers), 6.54, 6.45 (d, / = 7.9 Hz, NH, both rotamers), 5.14-5.07,4.90-4.83 
(m, 1 H, C3H, both rotamers), 4.68, 4.56 (s, 1 H, =CH, both rotamers), 
4.62, 4.58 (d, I H , / = 15.5 Hz, HCH, both rotamers), 4.18, 4.14 (d, 
I H , / = 15.5 Hz, HCH, both rotamers), 3.84-3.59 (m, 2 H, C4H, CH, 
both rotamers), 3.55, 3.48 (s, 3 H, OCH3, both rotamers), 2.22, 1.93 (s, 
3 H, =CCH3 , both rotamers), 1.40, 1.38 (s, 9 H, Boc, both rotamers), 
0.95, 0.89 (d, 3 H, / = 6.2 Hz, CH3, both rotamers). Anal. Calcd for 

C22H31O5N3: C, 63.30; H, 7.43; N, 10.07. Found: C, 62.97; H, 7.45; 
N, 9.95. 

General Procedure for the Synthesis of Amino Alcohols 8 from /S-
Lactams 7. A solution of the 0-lactam 7(10 mmol) in methanol (20 mL) 
and 3 N HCl (20 mL) was refluxed for 2-2.5 h, and then the solvent was 
evaporated under reduced pressure. Ethyl acetate (20 mL) and water 
(20 mL) were added to the resulting residue. The aqueous layer was 
separated and basified with 40% NaOH to pH 9. The mixture was 
extracted with ethyl acetate (3 X 20 mL), and the organic extracts were 
combined and dried (MgSO4). Evaporation of the solvent under reduced 
pressure gave the crude amino alcohol 8 as a solid which was recrys-
tallized in ethyl acetate. 

General Procedure for the Synthesis of 4-Fonnyl /S-Lactams 9. To an 
stirred solution of the corresponding /S-lactam 8(10 mmol) in acetone 
(100 mL) and water (10 mL) was added sodium metaperiodate (8.55 g, 
40 mmol) in one portion at room temperature, and the resulting mixture 
was stirred at the same temperature for 24 h. Then, the precipitated salts 
were separated by filtration, and the solvent of the filtrate was evaporated 
under reduced pressure. The resulting residue was dissolved in methylene 
chloride (20 mL) and washed with water (10 mL) and 3 N HCl (10 mL). 
The organic layer was separated and dried (MgSO4). Evaporation of the 
solvent under reduced pressure gave the corresponding crude 4-formyl 
/3-lactam 9, which was purified by column chromatography (silica gel, 
70-230 mesh, CH2Cl2-hexane 4:1 as eluent) and recrystallization in ethyl 
acetate-hexane. 

(3S,45)-3-(BenzyIoxy)-4-fonnyl-l-(4-metboxyphenyl)azetidhi-2-one 
(9a). The title compound was prepared from (3S,47?)-4-[(/?)-l-amino-
2-hydroxyethyl] -3-(benzyloxy)-1 -(p-methoxyphenyl)azetidin-2-one (8a) 
(3.42 g, 10 mmol): yield, 2.95 g (95%); mp 152-153 0C (AcOEt); [a]"D 

= 178.4° (c = 1.0, CH2Cl2); IR (KBr) v 1749 (C=O, /S-lactam), 1730 
(C=O) cm"1; 1H NMR (CDCl3) h 9.71 (d, I H , / = 3.8 Hz, CHO), 
7.38-7.24 (m, 7 H, arom), 6.87 (d, 2 H, / = 9.0 Hz, arom), 5.04 (d, 1 
H, / = 5.3 Hz, C3H), 4.82 (d, 1 H, / = 11.6 Hz, HCH), 4.71 (d, 1 H, 
/ = 11.6 Hz, HCH), 4.48 (dd, / = 3.8 Hz, / ' = 5.3 Hz, C4). Anal. 
Calcd for C18H17NO4: C, 69.45; H, 5.46; N, 4.50. Found: C, 69.40; 
H, 5.51; N, 4.48. 

(35,4S)-l-Benzyl-3-(benzyloxy)-4-fonnylazetidin-2-one (9b). The 
title compound was prepared from (3S,4/?)-4-[(.R)-l-amino-2-hydroxy-
propyl]-l-benzyl-3-(benzyloxy)azetidin-2-one (8c) (3.26 g, 10 mmol): 
yield, 2.83 g (96%); mp 112-113 °C (AcOEt); [a]25

D = 85.9° (c « 1.0, 
CH2Cl2); IR (KBr) v 1741 (C=O, /S-lactam), 1713 (C=O) cm'1; 1H 
NMR (CDCl3) S 9.32 (d, I H , / = 2.9 Hz, CHO), 7.36-7.19 (m, 10 H, 
arom), 4.90 (d, I H , / = 5.0 Hz, C3H), 4.76 (d, 1 H, / = 11.7 Hz, 
HCHO), 4.61 (d, 1 H, / = 11.7 Hz, HCHO), 4.61 (d, I H , / = 14.8 Hz, 
HCH), 4.41 (d, I H , / = 14.8 Hz, HCH), 3.97 (dd, I H , / = 2.9 Hz, 
/ ' = 5 . 0 Hz, C4H). Anal. Calcd for C18H17NO3: C, 73.22: H, 5.76; N, 
4.79. Found: C, 73.20; H, 5.73; N, 4.82. 

General Procedures for the Synthesis of a-Amino /S-Lactams. Method 
A. To a stirred solution of the corresponding a-vinylamino /S-lactam (5 
mmol) in acetone (5 mL) was added p-toluenesulfonic acid monohydrate 
(1.78 g, 10 mmol) in one portion at room temperature, and the resulting 
mixture was stirred for 5 min. Then, water (20 mL) was added and the 
resulting solution was basified with 40% NaOH (5 mL). The reaction 
mixture was extracted with methylene chloride (2 X 20 mL). The or
ganic extracts were combined and dried (MgSO4), and the solvent was 
evaporated under reducd pressure to give the corresponding a-amino 
/S-lactam, which was crystallized from AcOEt and conveniently charac
terized. 

Method B. To a solution of the corresponding a-phthalimido /S-lactam 
(5 mmol) in ethanol (20 mL) was added hydrazine monohydrate (0.51 
mL, 10 mmol), and the resulting mixture was stirred under reflux for 
2-2.5 h. Then the solvent was evaporated under reduced pressure, and 
ethyl acetate (20 mL) was added in one portion. The precipitated solid 
was filtered off, and the organic layer was washed with 3 N HCl (2 X 
20 mL). The aqueous extracts were combined and basified with 40% 
NaOH to pH 9-10. The resulting mixture was extracted with methylene 
chloride (4 X 20 mL). The organic extracts were combined and dried 
(MgSO4). Evaporation of the solvent under reduced pressure gave the 
crude a-amino /3-lactam, which was purified by crystallization. 

(35,41? )-3-Amino-4-[(A )-3-(fert -butoxycarbonyl)-2,2-dimethyI-
oxazolidin-4-yl}-l-(4-nietnoxypnenyl)azetidui-2-one (20). The title com
pound was prepared from (3S,4.R)-4-[(.R)-3-(fert-butoxycarbonyl)-2,2-
dimethyloxazolidin-4-yl]-l-(4-methoxyphenyl)-3-phthalimidoazetidin-2-
one (18) (2.60 g, 5 mmol) following method B. The described treatment 
gave the crude title compound as a syrup, which was purified by column 
chromatography (silica gel 70-230 mesh, CH2Cl2-hexane 1:2 as eluent) 
and then by preparative HPLC (AcOEt as eluent, 10 mL/min, retention 
time 13.7 min): yield, 1.1 g (56%); [a]25

D = -89.5° (c = 1.14, CH2Cl2); 
IR (film) v 3383, 3328 (NH2), 1739 (C=O, /S-lactam), 1694 (C=O) 
cm"1; 1H NMR (DMSO, 90 0C) & 7.34 (d, 2 H, / = 9.0 Hz, arom), 6.85 
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(d, 2 H, / = 9.0 Hz, arom), 4.37 (d, 1 H, / = 5.6 Hz, C3H), 4.37-4.31 
(m, 1 H, CH), 4.19 (dd, / = 5.6 Hz, / ' = 9.6 Hz, C4H), 4.10-3.93 (m, 
3 H, CH2), 3.70 (s, 3 H, OCH3), 2.99 (s„, 2 H, NH2), 1.64 (s, 3 H, CH3), 
1.45 (s, 3 H, CH3), 1.08 (s, 9 H, Boc). 

(35,41? )-3-Amino-l-benzyl-4-[(J? )-3-(ferf-butoxycarbonyl)-2,2-di-
methyloxazolidiii-4-yl]azeridiii-2-oDe (21). The title compound was 
prepared from (3S,4/?)-l-benzyl-4-[(.R)-3-(tert-butoxycarbonyl)-2,2-di-
methyloxazolidin-4-yl]-3-phthalimidoazetidin-2-one (19) (2.52 g, 5 
mmol) following method B. The described treatment gave the crude title 
compound as a syrup, which was purified by column chromatography 
(silica gel 70-230 mesh, CH2Cl2-hexane 1:2 as eluent) and then by 
preparative HPLC (AcOEt as eluent, 10 mL/min, retention time 31.7 
min): yield, 0.98 g (52%), syrup; [«]25

D = -27.3° (c = 1.55, CH2Cl2); 
IR (film) v 3379, 3323 (NH2), 1745 (C=O, /3-lactam), 1691 (C=O) 
cm"1; 1H NMR (DMSO, 90 0C) i 7.37-7.12 (m, 5 H, arom), 4.74 (d, 
I H 1 / = 15.1 Hz, WCHPh), 4.30 (d, I H , / = 5.3 Hz, / ' = 9.9 Hz, 
C4H), 4.23 (d, I H 1 ; = 5.3 Hz, C3H), 3.92-3.77 (m, 3 H, WCH, CH, 
HCWPh), 3.41 (dd, I H , / = 5.2 Hz, / ' = 10.0 Hz, HCH), 2.00 (sb, 2 
H, NH2), 1.52 (s, 9 H, Boc), 1.46 (s, 3 H, CH3), 1.25 (s, 3 H, CH3). 

(3S,4«)-3-Amino-4-{(5)-l-[(tert-lHrtoxycarbonyl)amino)ethyl]-l-(4-
methoxyplienyl)azetidin-2-one (26). The title compound was prepared 
from (35,4/?)-4-[(5)-1 -[(f <frf-butoxycarbonyl)amino]ethyl]-1 -(4-meth-
oxyphenyl)-3-[[l-methyl-2-(methoxycarbonyl)vinyl]amino]azetidin-2-one 
(24) (2.17 g, 5 mmol) following method A: yield, 1.42 g (85%); mp 
195-196 0C (Et2O); [a]25,, = -70.7° (c = 1.0, CH2Cl2); IR (KBr) v 3340 
(NH), 1723 (C=O, /3-lactam), 1680 (C=O) cm"1; 1H NMR (DMSO, 
90 0C) i 7.35 (d, 2 H 1 J = 9.0 Hz, arom), 6.86 (d, 2 H1 / = 9.0 Hz, 
arom), 6.35 (d, 1 H1 / = 6.6 Hz, NH)1 4.32 (d, 1 H17 = 5.1 Hz1 C3H), 
4.08-3.96 (m, 2 H, C4H, CH), 3.73 (s, 3 H, OCH3), 2.98 (s* 2 H, NH2), 
1.19 (s, 9 H, Boc), 1.15 (d. 3 H, / = 6.4 Hz, CH3). Anal. Calcd for 
C17H25O4N4: C, 60.85; H, 7.46; N1 12.53. Found: C1 60.90: H1 7.50; 
N, 12.61. 

(3S,4S )-3-Amino-l-beiizyl-4-[(S)-l-[(teit-butoxycarbonyl)aiiiiiM> 
ethyl]azetidin-2-oiie (27). The title compound was prepared from 
(35,4/?)-1 -benzyl-4- [(S)-1 - [(<ert-butoxycarbonyl)amino] ethyl]-3- [ [ 1 -
methyl-2-(methoxycarbonyl)vinyl]amino]azetidin-2-one (25) (2.08 g, 5 
mmol) following method A: yield, 1.56 g (98%); mp 163-164 0C 
(AcOEt); Ia]21D = -21.1" (c = 1.0, CH2Cl2); IR (KBr) v 3386, 3338 
(NH), 1738 (C=O, /3-lactam), 1678 (C=O) cm"1; 1H NMR (DMSO, 
90 0C) S 7.35-7.20 (m, 5 H, arom), 6.37 (d, I H , / = 8.7 Hz, NH), 4.53 
(d, I H , / = 15.6 Hz, WCH)1 4.13 (d, I H , / = 5.1 Hz, C3H), 4.10 (d, 
1 H1 / = 15.6 Hz, HCH), 3.82-3.74 (m, 1 H, CH), 3.4 (dd, I H , / = 
5.1 Hz1 / ' = 8.7 Hz, C4H)1 1.98 (sbl 2 H1 NH2), 1.38 (s, 9 H1 Boc), 1.06 
(d, 3 H, / = 6.7 Hz, CH3). Anal. Calcd for C17H23N3O3: C, 63.94; H, 
7.83; N, 13.16. Found: C, 64.02; H, 8.09; N1 12.78. 

General Procedure for the Determination of Enantiomeric Purity of 
Amino Compounds. A mixture of (+)-<*-methoxy-ar-(trifluoromethyl)-
phenylacetic acid (100 mg, 0.42 mmol) in thionyl chloride (2 mL) was 
refluxed under nitrogen for 5 h. The resulting solution was then cooled 
and evaporated under reduced pressure to dryness. The (+)-MTPA-Cl 
thus prepared was dissolved in methylene chloride (1 mL) and added 
dropwise via syringe to a solution of the corresponding amino compound 
(0.21 mmol) and triethylamine (0.12 mL, 0.84 mmol) in methylene 
chloride (5 mL) at 0 0C. The resulting mixture was stirred under ni
trogen at room temperature for 24 h. Then, water (2 mL) was added 
and stirring was resumed for an additional 1 h. The organic layer was 
separated and washed with 1 N HCl ( 2 X 5 mL) and a saturated solution 
of NaHCO3 (5 mL). The organic extract was dried (MgSO4) and the 
solvent evaporated under reduced pressure to give a residue which was 
analyzed by capillary GLC-EIMS and NMR (vide supra). In order to 
test the viability of the method, two blank assays were performed by using 
previously prepared racemic compounds 13a and 27. In those cases the 
capillary GLC analysis showed two peaks, and two sets of signals were 
obtained from 1H and 19F NMR spectra. In all subsequent assays, a 
single peak was observed in the GL chromatogram for each compound, 
and a single set of signals corresponding to the 1H and 19F NMR spectra 
was detected (see the supplementary material). 

General Procedure for the Synthesis of cis-3-[4(/?)-Phenyl-
oxazolidhi-3-yl]azetkun-2-ones 33, 35, and 36. Triethylamine (2.12 mL, 
15 mmol) was added at -78 0C to a solution of the acyl chloride 32 (2.31 
g, 10 mmol) in dichloromethane (30 mL). After 15 min, a solution of 
the imine Ic (3.5 g, 11 mmol) in toluene (15 mL) was added dropwise 
at the same temperature, and the resulting mixture was stirred under 
nitrogen at 0 0C for 2 h and at room temperature overnight. Then, the 
usual workup gave a crude oily residue which was purified by flash 
chromatography (silica gel, dichloromethane as eluent) and then by 
preparative HPLC (AcOEt as eluent). 

c/»-(3l?,4S)-l-Benzyl-3-[(J?)-2-oxo-4-phenyloxazolidin-3-yl]-4-
[(5)-3-{(ferr-l>utoxycarbonyl)amiiio]-2,2-dimethyloxazolidui-4-yl>izeti-
din-2-one (33). The title compound was prepared from the imine l'c(S) 

(3.18 g, 10 mmol) and purified by crystallization in methanol: yield, 2.56 
g (54%); mp 180-182 "C (MeOH); [a]i5

D = -107.0° (c = 1.00, 
CH2Cl2); IR (KBr) v 1757, 1754,1690 (C=O) cm"1; 1H NMR (DMSO, 
90 0C) S 7.47-7.08 (m, 10 H, arom), 5.01 (dd, I H , / = 3.6 Hz, / ' -
8.7 Hz, HCPh), 4.77 (d, 1 H, / - 15.1 Hz1 WCHPh)14.68 (t, I H , / = 
8.7 Hz, WCHOCO), 4.43 (d, I H , / = 5.3 Hz, C3H), 4.34 (dd, 1 H, / 
= 5.3 Hz, / ' = 10.0 Hz, C4H), 4.11 (dd, I H , / = 3.6 Hz, / ' = 8.7 Hz, 
HCWOCO), 3.96 (dd, I H , / = 5.4 Hz, / ' = 9.3 Hz, WCH), 3.87 (d, 
1 H, / = 15.1 Hz, HCWPh), 3.72 (d, I H , / = 9.3 Hz, HCW), 3.57 (dd, 
I H , / = 5.4 Hz, / ' = 10.0 Hz, CH), 1.51 (s, 9 H, Boc), 1.44 (s, 3 H, 
CH3), 1.18 (s, 3 H, CH3). Anal. Calcd for C29H35N3O6: C, 66.78; H1 

6.76; N1 8.06. Found: C, 66.51; H, 6.66; N, 8.10. 
cis-l-Benzyl-3-[(/? )-2-oxo-4-pnenyloxazolidin-3-yl>4-{(J? )-3-[(ferr-

butoxycartoiryl)ajiimo>2^-diiDethyk>xazofch^ 35 and 
36. The title compounds were prepared from the imine Ic(I?) (3.5 g, 11 
mmol). The procedure described above gave compounds 35 and 36 as 
a 60:40 mixture, which was separated by preparative HPLC. 

(35,41?) Isomer 35: yield, 2.00 g (38%); white, low-melting solid; 
purified by preparative HPLC (AcOEt as eluant, 10 mL/min, retention 
time 15.23 min); [a]23

D - -26.2° (c = 1.00, CH2Cl2); IR (KBr) v 1757, 
1550 (C=O) cm"1; 1H NMR (DMSO, 90 8C) 6 7.46-7.10 (m, 10 H, 
arom), 4.95 (dd, I H , / = 6.2 Hz, / ' = 8.7 Hz, HCPh), 4.81 (d, 1 H, 
/ = 5.4 Hz, C3H), 4.75 (d, 1 H, / = 15.4 Hz, WCHPh), 4.74 (t, 1 H1 

/ - 8.7 Hz, WCHOCO), 4.54 (dd, 1 H, / = 5.4 Hz, / ' = 9.9 Hz, C4H), 
4.31 (dd, I H , / = 6.2 Hz, / ' = 8.7 Hz, HCWOCO), 3.83 (d, I H , / = 
15.4 Hz, HCWPh)1 3.71 (dd, I H , / = 5.3 Hz, / ' = 9 . 4 Hz, WCH), 3.40 
(dd, I H , / = 5.3 Hz, / ' = 9.9 Hz, CH), 2.83-2.81 (m, 1 H, HCW)11.51 
()s, 9 H, Boc), 1.38 (s, 3 H, CH3), 1.10 (s, 3 H, CH3). Anal. Calcd for 
C29H35N3O6: C, 66.78; H, 6.76; N, 8.06. Found: C, 66.75; H, 6.54; N, 
8.00. 

(3J?,45) Isomer 36: yield, 0.57 g (11%); white low-melting solid; 
purified by preparative HPLC (AcOEt as eluant, 10 mL/min, retention 
time 10.23 min); [a]v

D = -31.90° (c = 1.00, CH2Ci2); IR (KBr) v 1758, 
1658 (C=O) cm"1; 1H NMR (DMSO, 90 0C) S 7.46-7.17 (m, 10 H1 

arom), 4.99 (dd, I H , / = 5.7 Hz, / ' = 8.8 Hz, HCPh), 4.78 (t, 1 H, / 
= 8.8 Hz, WCHOCO), 4.70 (d, 1 H, / = 15.5 Hz, WCHPh), 4.37 (d, 
I H , / = 5.5 Hz, C3H), 4.21-4.08 (m, 4 H1WCH1 HCWPh1 HCWOCO1 

C4H)1 3.92-3.90 (m, 1 H1 HCW)1 3.86-3.81 (m, 1 H1 CH)1 1.44 (s, 3 
H1 CH3), 1.42 (s, 9 H, Boc), 1.41 (s, 3 H, CH3). Anal. Calcd for 
C29H35N3O6: C, 66.78; H, 6.76; N, 8.06. Found: C, 66.62; H, 6.54; N, 
8.01. 

General Procedure for the Synthesis of 4-(Hydroxymethyl)azetidro-2-
ones 34 and 37. A solution of the /3-lactam 33, 35, or 36 (5.24 g, 10 
mmol) in methanol (20 mL) and 3 N HCl (20 mL) was refluxed for 2 
h. Then, the resulting mixture was concentrated under reduced pressure 
and the residue was diluted with ethyl acetate (25 mL) and water (25 
mL). The biphasic mixture was vigorously stirred and basified at 0 0C 
with 40% NaOH. The organic layer was separated and the aqueous 
phase was extracted with ethyl acetate (2 X 25 mL). The organic layers 
were combined and dried (Na2SO4). Evaporation of the solvent under 
reduced pressure gave an oily residue which was dissolved in acetone (90 
mL) and water (10 mL). NaIO4 (7.6 g, 35.22 mmol) was added in one 
portion, and the resulting suspension was stirred at room temperature for 
24 h. Then the precipitated salts were filtered off, and the filtrate was 
concentrated in vacuo. The residue was diluted with dichloromethane 
and washed with water (20 mL). The aqueous phase was extracted with 
dichloromethane (2 X 10 mL). The organic extracts were combined, 
washed with 3 N HCl (20 mL), and dried (Na2SO4). Evaporation of the 
solvents gave a residue which was dissolved in methanol (30 mL). The 
solution was cooled at 0 0C, and sodium borohydride (0.29 g, 7.95 mmol) 
was added. The resulting mixture was stirred at room temperature for 
45 min. Then, the reaction mixture was poured into water (40 mL). The 
mixture was acidified with concentrated HCl and extracted with di
chloromethane (3 X 20 mL). Evaporation of the solvent under reduced 
pressure gave the corresponding 4-(hydroxymethyl)azetidin-2-one in 71% 
overall yield after purification. 

c/«-(31?,45)-l-BenzyI-4-(hydroxymethyl)-3-[(J?)-2-oxo-4-phenyl-
oxazolidin-3-yl}azetidin-2-one (34). The title compound was prepared 
as above starting from the /3-lactams 33 or 36: yield, 2.42 g (71%). The 
physical and spectroscopic properties of this compound were coincident 
with those previously reported.35 

c/s-(35,45)-l-Benzyl-4-(hydroxymethyl)-3-[(l?)-2-oxo-4-phenyI-
oxazoUdu-3-yl]azerldin-2-one (37). The title compound was prepared 
as above starting from the /3-lactam 35 and purified by column chro
matography (silica gel 70-230 mesh, CH2Cl2 as eluent) and preparative 
HPLC (AcOEt as eluent, 10 mL/min, retention time 16.55 min): yield, 
2.06 g (61%); white, low-melting solid; [a]25

D = -33.0° (c = 1.00, 
CH2Cl2); IR (KBr) v 3584 (OH), 1761, 1760 (C=O) cm"1,1H NMR 
(CDCl3) & 7.44-7.25 (m, 10 H, arom), 4.99 (dd, I H , / = 7.2 Hz, / ' = 
8.6 Hz, HCPh), 4.72 (t, I H , / = 8.6 Hz, WCHOCO), 4.65 (d, 1 H, / 
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= 15.0 Hz, HCHPh), 4.39 (d, I H , / = 5.1 Hz, C,H), 4.30 (d, 1 H, / 
= 15.0 Hz, HCHPh), 4.26 (dd, I H , / = 7.2 Hz, / ' = 8.6 Hz, HCHO-
CO), 3.86 (dd, I H , ; = 5.0 Hz, J' = 12.3 Hz, HCHOH), 3.68 (dd, 1 
H, J = 5.0 Hz, / ' = 12.3 Hz, HCHOH), 3.56-3.51 (m, 1 H, C4H), 3.17 
(St, 1 H, OH). Anal. Calcd for C19HMN2O4: C, 67.05; H, 5.92; N, 8.23. 
Found: C, 67.00; H, 5.88; N, 8.12. 
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Introduction 
Several lines of evidence now support the intermediacy of 

1,4-biradicals as a common feature in the mechanism of action 
of the class of natural antitumor antibiotics comprising neo-
carzinostatin, calichemicin, esperamicin, and, most recently, dy-
nemicin (the enediyne antibiotics).1 These biradical intermediates 
are proposed to arise by electrocyclization of highly unsaturated 
precursors, formed from the native antibiotic as the result of a 
prior chemical "activation" step.1 In the case of the natural 
products calichemicin, esperamicin, and dynemicin, cyclization 
may be generally represented by the transformation of the 
(Z)-enediyne 1 to the dehydrobenzene derivative 2 (eq 1) and is 
recognized to be a cyclic version of a hydrocarbon thermal re
arrangement studied extensively by Bergman and co-workers (3 
—• 4, eq 2), now known as the Bergman reaction.2 

(1) Neocarzinostatin: (a) Myers, A. G. Tetrahedron Lett. 1987, 28, 4493. 
(b) Myers, A. G.; Proteau, P. J.; Handel, T. M. / . Am. Chem. Soc. 1988, UO, 
7212. (c) Myers, A. G.; Proteau, P. J. / . Am. Chem. Soc. 1989, Ul, 1146. 
Calichemicin: (d) Lee, M. D.; Dunne, T. S.; Siegel, M. M.; Chang, C. C; 
Morton, G. O.; Borders, D. B. J. Am. Chem. Soc. 1987,109, 3464. (e) Lee, 
M. D.; Dunne, T. S.; Chang, C. C; Ellestad, G. A.; Siegel, M. M.; Morton, 
G. O.; McGahren, W. J.; Borders, D. B. J. Am. Chem. Soc. 1987,109, 3466. 
Esperamicin: (f) Golik, J.; Clardy, J.; Dubay, G.; Groenewold, G.; Kawag-
uchi, H.; Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.-i.; Doyle, T. W. 
J. Am. Chem. Soc. 1987,109, 3461. (g) Golik, J.; Dubay, G.; Groenewold, 
G.; Kawaguchi, H.; Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.-i.; 
Doyle, T. W. J. Am. Chem. Soc. 1987,109, 3462. Dynemicin: (h) Konishi, 
M.; Ohkuma, H.; Tsuno, T.; Oki, T.; VanDuyne, G. D.; Clardy, J. / . Am. 
Chem. Soc. 1990, 112, 3715. Review: (i) Nicolaou, K. C; Dai, W.-M. 
Angew. Chem., Int. Ed. Engl. 1991, 30, 1387. 

(2) (a) Jones, R. R.; Bergman, R. G. / . Am. Chem. Soc. 1972, 94, 660. 
(b) Lockhart, T. P.; Comita, P. B.; Bergman, R. G. / . Am. Chem. Soc. 1981, 
103,4082. (c) Lockhart, T. P.; Bergman, R. G. J. Am. Chem. Soc. 1981,103, 
4091. 
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H"^~^s~i\S^ H'^7<Cy 

3 4 

Cyclization of the (Z)-cumulene-ene-yne 5 to form the bi
radical 6 (eq 3) is proposed as the key step in the mechanism of 
action of the antitumor agent neocarzinostatin.la_c This reaction 

X ^ — M X p t 5 - H (3) 

H 5 6 

H 7 8 

shares many features of reactions 1 and 2 but lacks precedent in 
known hydrocarbon thermal rearrangements. These factors led 
us to consider the feasibility of the related rearrangement of the 
acyclic hydrocarbon 7 to the biradical 8 (eq 4).3,4 Though inspired 

(3) Myers, A. G.; Kuo, E. Y.; Finney, N. S. J. Am. Chem. Soc. 1989, Ul, 
8057. 
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Abstract: (Z)-l,2,4-Heptatrien-6-yne and compounds that contain the (Z)-allene-ene-yne functional group or that form it 
in a serial reaction sequence were prepared and shown to undergo a mild thermal reaction to form aromatic products. All 
observations suggest that the initial step in the formation of these products is an electrocyclization reaction that forms 
a,3-dehydrotoluene in the parent case or the corresponding a,3-dehydroalkylbenzene in other examples. These dehydroaromatic 
intermediates are not observed directly but react to form products conventionally ascribed to both free radical and polar species. 
For example, (Z)-l,2,4-heptatrien-6-yne forms both 2-phenylethanol and phenyl methyl ether when heated in methanol. 
Mechanistic studies suggest that both products arise from a common intermediate, the so-called a,3-dehydrotoluene, that is 
best described as a singlet <r,w-biradical with substantial polar character. The partitioning between polar and free radical 
reaction pathways is influenced by biradical substitution and by the reaction medium in which the intermediate is generated. 
These results are discussed with reference to electrocyclization reactions occurring within the enediyne family of natural antitumor 
agents. The possibility that an a,3-dehydrotoluene intermediate might function as a DNA damaging agent and criteria for 
the design of molecules to implement such a strategy are discussed. 


