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This report describes novel and efficient "one-pot" syntheses of 1-unsubstituted-3-amino-4-substituted-2- 
azetidinonea (8 and 9) involving the in situ preparation of lithium and particularly zinc enolates (5 and 6, reapectively) 
of N,N-&ubstituted glycine eaters (4) and subsequent reactions of these enolatea with (simple) imines (7). Lithium 
enolates 5 only react with activated imines that are N-substituted with an electron-withdrawing group (e.g. aryl, 
trialkylsilyl), affording cis-3-amino-2-azetidinones in excellent yields with moderate to good stereoselectivity (de 
-2%). Zinc enolatea 6 are more generally applicable since they react with activated &ea as well as unactivatd 
iminea (e.g. those which are N-substituted with an electron-donating group such as alkyl) to afford 3-amino-2- 
azetidmonea in excellent yields. The trans diastereoeelectivity of the zinc-mediated enolate-imine condensation 
can be tuned by changing the steric and electronic properties of the substituents of the reagents (i.e. both enolate 
and imine), as well as the solvent polarity. The observed stereoselectivities are explained in terms of two highly 
ordered transition states, consisting of a 2-zinc ester enolate and an E-imine. Protection of the amino function 
of the metal enolates as a 2,2,5,5-tetramethyl-l-aza-2,5-disilacyclopentane ring affords 2-azetidinone products 
that can be easily deprotected to provide a free %amino function. In this way, trans-l-benzyl-3-(protected 
amino)-4methyl-2-azetidinone (9a) and trans-34protected amino)-4[ (trimethylsiiyl)ethynyl]-2-azetidinone (9g), 
key intermediates in the syntheaie of Aztreonam (and 9g for bicyclic &lactam antibiotics as well), have been 
prepared in excellent yields (98 and 93%, respectively) with a high diaatereoaelectivity (de 82 and 94%, reapectively). 
Furthermore, depending on the reactivity of imines 7, our method is also applicable wing a catalytic amount 
(10 mol %) of ZnClz. 

Introduction 
Since the discovery of the antibiotic activity of penicillin, 

thienamycin, and, more recently, monobactams, much 
attention has been given to the development of efficient 
and selective procedures for their preparation.' Although, 
the condensation of Reformatsky-type reagents (Le. zinc 
ester enolates) and iminea to afford 2-azetidinonea was first 
reported by Gilman and Speeter in 1943; the development 
of the ester enolate-imine condensation route to 2-azeti- 
dinones has been slow. When the use of metal enolates 
became a standard synthetic procedure, the condensation 
of metal ester enolates with substrates containing an imiio 
functionality appeared to be a very useful methodology for 
the construction of the 2-azetidinone ring.a4 Since the 
reaction of a Rsformatsky reagent with an imine proceeds 
without any stereoselectivity: in most studies zinc was 
replaced by other metale (e.g. lithium, tin, zirconium, ti- 
tanium, boron, aluxhum, and magnesium) in order to gain 
stereochemical control of the reaction. This was not always 
successful, and in only a few of these studies was attention 
paid to the role of the metal cation in controlling the 
chemo- and stereoselectivity of such reactions. 

We became interested in the ester enolate-imine con- 
densation after we discovered that the reactions of EhZn 
with a-imino esters selectively afford trans-3-amino-2- 

(1) (a) Chemistry and Biology of@-Lactam Antibiotics; Morin, R. B., 
Goman, M., Ed.; Academic Prw: New York, 1982; Vola 1-3. (b) 
Koppel, 0 .  A. In Small Ring Heterocyclea-Azetidines, &Lactam, 
Diazetidim and Diorkidirw; HMlurer, A. Ed.; Wiley New York, 1982. 
(c) DCuckheimer, W.; B h b a c h ,  J.; Lattrel, R.; Scheunemann, K. H. 
Angew. Chem. 1986, 97,183. 

(2) Gilman, H.; Speeter, M. J. Am. Chem. SOC. 1943,66, 2255. 
(3) For recent literatwe review of the eater enolete-imiie condemn- 

tion: (a) Brown, M. J. Heterocycles 1989,29,2225. (b) Hart, D. J.; Ha, 
D.-C. Chem. Rev. 1989,89,1447. (c) van der S h n ,  F. H.; van Koten, G. 
Tetrahedron. In p r e ~ .  

(4) Geor G. I. In Studies in Natural Product Chemistry; Rahman, 
A-ur, Ed.; &e vier Science: Amtardam, 1988, Vol. 2. 

(5) (a) Dardoh, F.; Momu, J. L.; Gaudemu, M. Bull. Soc. Chim. Fr. 
1973,1668. (b) Dardoize, F.; Gaudemu, M. Bull. SOC. Chim. Fr. 1974, 
939. 

Scheme I 

Et + 

azetidinones in quantitative yields (Scheme I).& These 
2-azetidinones are most likely formed via intermediate zinc 
enolates (21, which result from a regioselective, intramo- 
lecular transfer of an ethyl group from zinc to the coor- 
dinated imino nitrogen in an initial diethylzinc-a-imino 
ester Complex.6b@ These zinc enolates react rapidly, by an 
aldol-like C-C bond formation reaction, with the imino 
function of complexed a-imino ester to give aldolates that 
undergo elimination of ethylzinc &oxide and ring closure 
to yield trans-l-alkyl-3-(dialkylamino)-4-(alkoxy- 
carbonyl)-2-azetidinones (3). This route to 2-azetidinones 
is not generally applicable. Firstly, it allow only a limited 
set of substituents, because only primary alkyl groups can 
be transferred with high regioeelectivity from zinc to the 
imino nitrogen of the complexed a-imino esters to form 
the intermediate zinc enolates 2.6 Secondly, these enolah 
cannot be isolated because of their immediate reaction with 
a-imino esters (complexed to EhZn) and therefore only 

(6) (a) van Vliet, M. R. P.; Jastnekki, J. T. B. H.; Klaver, W. J.; 
Goubitz, K.; van Koten, G. Recl. "rav. Chim. Pays-Bos 1987, IM, 132. 
(b) VM Wet, M. R. P. Ph.D. Theais, A", 1987. (c) van Vliet, M. 
R. P.; van Koten, G.; Buyaingh, P.; Jaetnebski, J. T. B. H.; Spek, A. L. 
Organometallics 1987,6,537. (d) van Koten, G.; Vriem, K. Recl. Trau. 
Chim. PaysYBas 1981,100,129. 
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Scheme I1 

LDA 
Et&, r.t. 

EtaN-COOEt (h) - 4 

2-azetidinones 3, with an ester function at the 4-position 
of the 2-azetidinone ring, are accessible. However, these 
results reveal the basic concept for a highly efficient and 
stereoselective route to 3-amino-2-azetidinones employing 
zinc ester enolates and imines. 

We successfully developed this concept by independ- 
ently preparing zinc enolates of N,N-disubstituted glycine 
esters by transmetalation of the lithium enolates with 
ZnClz (or any other suitable ionic zinc compound, e.g. 
ZnBr2, EtZnCl, ROZnC1) and by their further in situ re- 
action with imines to afford 2-azetidinones in high yields. 
The preliminary results of our research have been reported 
in several communications and patents.' In this paper 
we present detailed results concerning the synthesis of 
simple 3-amino-2-azetidinones via zinc enolates of N,N- 
disubstituted glycine esters and put forward a rationale 
for the role that the metal cation, solvent, and substituents 
play in the reactions of a-amino zinc ester enolates with 
imines. 

Results 
Synthesis of Zinc Enolates of N,N-Disubstituted 

Glycine Esters. Zinc ester enolates can be prepared by 
several methods: (i) reaction of activated zinc with an 
a-bromo ester (Reformatsky),&eb (ii) reaction of EtZnN- 
(i-PrI2 with an ester," or (iii) transmetalation of a pre- 
formed alkali metal ester enolate with a suitable zinc salt,8d 
e.g. ZnC12 or EtZnC1. We have chosen the latter method 
to obtain ester enolates containing a donor a-amino 
function, as is present in readily available N,N-disubsti- 
tuted glycine esters (4). These esters can be easily con- 
verted to alkali metal enolates (5) by deprotonation with 
an amide base (e.g., LDA, LTMP, NaHMDS, LiHMDS). 
Direct deprotonation of esters 4 with EtZnN(i-Pr)z affords 
pure ethylzinc enolates (2),Oa* but this method is syn- 
thetically less convenient. Detailed studies of the prop- 

(7) (a) Jastnebeki, J. T. B. H.; van der Steen, F. H.; van Koten, G. 
Recl. Z'rau. Chim. Pays-Bas 1987, 106, 616. (b) van der Steen, F. H.; 
Jmtrzekki, J. T. B. H.; van Koten, 0. Tetrahedron Lett. 1988, ZS, 2487. 
(c) van der Staen, F. H.; Kleijn, H.; Jashebski, J. T. B. H.; van Koten, 
0. Tetrahedron Lett. 1989,30,766. (d) van der Steen, F. H.; Kleijn, H.; 
Spek, A. L.; van Koten, G. J. Chem. SOC., Chem. Commun. 1990,503. 

(b) 
FQntner, A. Sunthesir 1989,673. (c) For an example of deprotonation 
of a ketone with EtZnN(i-Pr)2, see: Hansen, M. H.; Bartlett, P. A.; 
Heathcock, C. H. Organometallics 1987, 6, 2069. (d) Dekker, J.; 
Schouten, A.; Budzelaar, P. H. M.; Boer", J.; van der Kerk, G. J. M.; 
S p k ,  A. L.; Duisenberg, A. J. M. J. Orgonomet. Chem. 1987,320, 1. 

(9) (a) Whereae EtZnN(i-Pr)* only partly deprotonatee 2,2-dimethyl- 
pentanone," glycine eaters 4 are completely deprotonated because the 
presence of the a-amino nitrogen, which through intramolecular coor- 
dination to zinc, causes the protonation/deprotonation equilibrium to 
shift competely to the aide of the product en0latea.m (b) vau der Steen, 
F. H.; Boenma, J.; Spek, A. L.; van Koten, G. J. Organomet. Chem. ISSO, 
390, (221. (c) van der Steen, F. H.; Boer", J.; Spek, A. L.; van Koten, 
G. Organometallics 1991,10,2467. (d) van der Steen, F. H.; van Mier, 
G. P. M.; Spek, A. L.; Kroon, J.; van Koten, G. J. Am. Chem. SOC. 1991, 
11 3,6742. 

(8) (a) Gaudemar, M. Organometallic Rev. A 1972, 8, 184. 

c I 
PhC(H)-NMo 

hydrolysis 

EtpN H 

8r 

b' 

erties and structural features of the zinc enolates of esters 
4 have been published separately.Db*c 

Thus, deprotonation of 4a with LDA affords 5a in high 
yie1d.lo Transmetalation with either EtZnCl or ZnCl2 then 
affords the ethylzinc enolate 6a or chlorozinc enolate 6a', 
respectively, that can be isolated as stable white solids. 
Reaction of benzene solutions of 6a and 6a' with N- 
benzylidene-N-methylamine (7a) (80 OC, 30 min) affords 
trans-l-methyl-3-(diethylamino)-4phenyl-2-azetidinone 
(8a) in 95 and 98% yield, respectively (see Scheme 11). 
The high yield and trans stereoselectivity of these reactions 
encouraged us to further explore the reactions of a-amino 
zinc ester enolates with imines. 

Synthesis of l-Unsubstituted-3-amino-4-substitut- 
ed-2-azetidinones. In order to obtain 3-amino-2-azeti- 
dinones of pharmaceutical interest, e.g. intermediates for 
Aztreonam and other monobactam antibiotics, the amino 
function of the starting glycine esters 4 has to be protected 
with easily removable groups; this allows the introduction 
of appropriate side chains in later stages of the syntheses 
of j3-lactam antibiotics. Protection of the amino function 
as an amide, e.g. benzoyl, phthaloyl, or (4R)-4-phenyl-2- 
oxazolidinone, did not give satisfactory r e d *  with imine 
7a the enolates of these protected esters formed no 2-az- 
etidinone product (eq 1). 

RsN H 1. LDA 

n 
2. ZnCI, 

4. (reflux), H20 

RzNCHzCOOEt 
3. PhC(H)=NMe 

0 Ph 

We therefore shifted our attention to NJV-bis(tri- 
methylsily1)glycine ethyl ester (4b) and 2,2,5,5-tetra- 
methyl-l-aza-2,5-disilacyclopentane-l-acetic acid ethyl 
ester (4b3 because not only do these esters have more in 
common with N,N-dialkyl-substituted glycine esters but 
also, since the silyl-nitrogen bond is very susceptible to 
hydrolysis, deprotection of the 2-azetidinone products 
affords a free 3-amino function. Aldol reactions of the 
lithium enolate of 4b with aldehydes,l' and some reactions 
of the lithium enolate of 4b' with activated imines to atTord 
predominantly cis-2-azetidinones have been reported.I2 
To our knowledge nothing is known about reactions of the 

(IO) Jastrzebski, J. T. B. H.; van Koten, 0.; van de Mieroop, W. F. 

(11) Rlihlmann, K.; Kaufmann, K. D.; Ickert, K. 2. Chem. 1970,lU, 
Inorg. Chim. Acta lSS8,142,169. 

393. 
(12) (a) Overman, L. E.; Oeawa, T. J. Am. Chem. Soc. 1986,107,1698. 

(b) Andreoli, P.; Cainelli, G.; Contento, M.; Giacomini, D.; Martalli, G.; 
PanUneio, M. Tetrahedron Lett. 1986,27,1696. (c) Burnett, D. A,; Hart, 
D. J.; Liu, J. J.  Org. Chem. 1986,61, 1930. 
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Table 1. 'OnaPot" Preparation of 3-(Protected)amino-2-azetidinones (9) 
entry compd R', R' R* R* yield," W cis/trans ratiob 

1 98 -(CH2)2- CH2Ph Me 98 991 
2 9b -(CH&- Me Ph 97 892 
3 9c Me, Me Me Ph 75 <1:>99C 
4 9d -(CHz)z- t-Bu Ph =1Od - 
5 9e -(CH2)2- SiMeS/He Ph 96 14 :s  
6 9f Me, Me SiMeS/He Ph 70 <1:>99c 
7 9e -(CHz)z- SiMeS/He C4SiMeS 93 3:97 

Yields of the isolated crude products. *Determined by 'H NMR integration of the characteristic proton signals of the crude products. 
Cis isomer not detected with 'H NMR spectroscopy. In the 'H NMR spectrum of the isolated material the presence of a small amount of 
trans-9d could be identified. 'Replaced by a proton upon hydrolysis. 

Sb or Sb' 

2. ZnCh 

.. I 

.I 

6b or 6b' 

j4,$C-.". 3. R~C(H)=NR~ 

H2N H (R1I&Si),N H 

".t"';;(w 7 H + / W  H pr R3 
0 0 *(HI 

10 9 

corresponding zinc enolates. 
We have now carried out reactions of therm~labile'~ 

(lithium) and zinc enolatea of esters 4b and 4b' with imines 
at -78 O C  to afford 3-amino-2-azetidinones in a facile 
'one-pot" procedure (Scheme 111): (i) addition of n-BuLi 
to a solution of i-Pr2NH in diethyl ether, (ii) addition of 
1 equiv of ester 4b or 4b', (iii) addition of 1 equiv of an- 
hydrous ZnC12,'6 (iv) addition of 1 equiv of an appropriate 
imine and then stirring until the reaction is completed, (v) 
aqueous workup to remove the inorganic salts and isolation 

(13) The stabdity of zinc enolate of N,N-dieuhtituted glycine eaten, 
b correlated to the stren h of the intramolecular Zn-N coordination 
bond.* Because of the defhhation of electron density by the two silyl 
suktituenta on the amino nitrogen atom in these enolatee the L e e  
basicity of this nitrogen b low. Therefore the stabilizing effect of the 
intramoleceular Zn-N coordination wil l  be miniial and consequently 
wlf-condensation of the enolatar (ref 14) is likely. 

(14) (a) Vaughan, W. R.; Bemebin, S. C.; Lorber, M. E. J. Org. Chem. 
1966, So, 1790. (b) Vaughan, W. EL, Knoe~, H. P. J. Org. Chem. 1970,35, 
2394. (c) Sullivan, D. F.; Woodbury, R. P.; h u e ,  M. W. J.  Org. Chem. 
1977,42,2038. 

(15) It ie important to use abeolutaly dry ZnCL otherwise lower yields 
and a different stereoselectivity of the reactions will result. Therefore 
either commercially available ZnC12 was dehydrated with refluxing 
SOCl," or, even better, ZnC12 was prepared in a dry and oxygen-free 
nitrogen atmosphere from dry HCl and metallic zinc in diethyl ether, 
according to a modified procedure of Hamilton and Butler (see the Ex- 
perimental Section).'" The clamic method of fusing commercially 
available ZnCls under high vacuum& doee not produce material of ac- 
ceptable quality. 

(16) (a) House, H. 0.; Crumrine, D. 5.; Teranishi, A. Y.; Olmetead, H. 
D. J.  Am. Chem. SOC. 1972,96,3310. (b) Hamilton, R. T.; Butler, J. A. 
V. J. Chem. SOC. 1912,2283. 

Table 11. Synthesis of 2-Azetidinone 9b Using a Catalytic 
Amount of Zinc Dichloride 

entry Y (equiv) yieldo (%) cis/trans ratio* 
1 2.0 65 1090 
2 1.0 98 892 
3 0.5 95 496 
4 0.25 99 2:98 
5 0.1 80 2:98 
6 0.0 0 - 

'Yields of the isolated crude product. bDetermined by 'H NMR 
integration of the characteristic proton signals of the crude prod- 
uct. 

of the products by extraction. The crude products were 
purified by either crystallization or flash chromatography. 

Following this procedure, several tram-l-(unsubstitut- 
ed)-3-(protected amino)-4-substituted-2-azetidinones (9) 
have been prepared in high yields (see Table I), though 
surprisingly the yield of 2-azetidinone 9d was low (entry 
4). The yields of 2-azetidinones 9c and 9f starting from 
ester 4b are lower than the yields of 9b and 9e starting 
from 4b'. This is most likely caused by the lower stability 
of the intermediate enolates 5b and 6b compared to eno- 
lates 5b' and 6b'. The yields of 9c and 9f appear to depend 
on the period between addition of ZnC1, (to form the zinc 
enolate) and subsequent addition of imine. A short period 
(5 min) leads to reasonable yields (70-75%), whereas a 
longer period (1 h) invariably results in low yields (<25%). 
Such an effect was not observed for the reactions starting 
from 4b', and we think that enolates 5b' and 6b' are 
slightly stabilized due to a favorable entropy effect of the 
l-aza-2,5-disilacyclopentane ring. 

The diastereoselectivity of the reactions of zinc enolates 
6b and 6b' with simple imines 7 is good to excellent (de 
72-9970). Although the reactions of zinc enolate 6b show 
a slightly better stereoselectivity than those of zinc enolate 
6b', for practical purposes it is advisable to start from 
glycine ester 4b', which is more readily available than 4b 
and which usually provides higher yields of the 2-azeti- 
dinone products. 

The polarity of the solvent has a marked influence on 
the stereoselectivity of the reactions. In polar solvents, 
more of the cis-2-azetidinones 9 are formed. For example, 
reaction of 6b' with 7a in THF afforded 2-azetidinone 9b 
in 90% yield (cis:trans ratio = 6040). This solvent effect 
was not further pursued for reactions of zinc enolates 6b 
and 6b' but wil l  be discussed for reactions of zinc enolates 
of N,N-disubstituted glycine esters 4 (vide infra). 

The protecting silyl substituents on the amino nitrogen 
are easily removed by acid-catalyzed hydrolysis to afford 
3-amino-2-azetidinones (10) in high yields (Scheme 111). 
tram-2-Azetidinones loa and log, which may serve as 
intermediates for the synthesis of known @-lactam anti- 
biotics, can be prepared in high yields with an excellent 
diastereoselectivity. The l-benzyl group in 10s is readily 
removed by reductive cleavage with sodium or lithium in 
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Scheme IV 

p p i h @ 2  
Me, ..Me 1. LDA M@i-N Ph 

[:;NCH2CmEt THF, -78 'C -> r u t  
2. PhC(H)=NSiMg (7d) H I 

O H  

yield 99 96 
cis:tfans-96:4 

Me* *Me 4b' 3.Hfl gr 

yield 91 % 
Cis : trans = 84 : 16 

liquid NH3/THF,I7 affording a key intermediate in the 
synthesis of Aztreonam. The 4-[(trimethylsilyl)ethynyl] 
group of 1Og can be easily converted to an acetoxy group 
by known chemistry.l8 This acetoxy group can be readily 
displaced by a wide variety of nucleophiles, and numerous 
syntheses of monocyclic and bicyclic B-lactam antibiotics 
starting from 4-acetoxy-2-azetidinones are k n ~ w n . ~ * ~  

Synthesis of l-Unsubstituted-3-amino-2-azetidi- 
nones with a Catalytic Amount of Added Zinc Di- 
chloride. For practical reasons (lees waste material, easier 
workup, lower cost, etc.) it would be more attractive if the 
present reactions could be performed using a catalytic 
amount of ZnClz. Therefore the reaction of the lithium 
enolate 5b' derived from 4b' with imine 7a was carried out 
in the presence of varying amounts of ZnC1, (eq 2). These 
experiments provide some quite remarkable results (see 
Table 11). When 2 equiv of ZnCl, is added the yield of 

c p i M e 2  
1. LDA Me2Si-N H Mew 

t$CH2COOEl 2. yZnCb 

-78 'C 3 r.t JL 4b' 
Me 

4. H& Ob 

9b is considerably lower while the stereoselectivity of the 
reaction is only slightly lower (entry 1) than in the stoi- 
chiometric standard reaction (entry 2). When less than 
1 equiv of ZnCl, is added, the yields of 9b remain high and 
the stereoselectivity of the reaction even improves (entries 
3 and 4). Even with only 10 mol % of ZnC12 the yield of 
9b is still 80% (entry 5),  the slightly lower yield being the 
result of a slow decomposition of the lithium enolate 5b'. 
Without ZnCl, no 2-azetidinone 9b is formed, indicating 
that the zinc enolate 6b' is more reactive toward imines 
that the corresponding lithium enolate 5b'. 

When the reactions were followed by 'H NMR spec- 
troscopy, several interesting aspects were uncovered. At 
-78 OC a fast reaction affords 2-azetidinone 9b in amounts, 
which correspond well with the amount of zinc-bound 
chlorine atoms initially available in solution. There is no 
further reaction at -78 OC (8 h). However, when the re- 
action mixture is warmed up to room temperature a slow 
reaction to 2-azetidinone 9b occurs (see Discussion). 

Further experiments have been carried out to determine 
whether the process using a catalytic amount of ZnCl, is 
generally applicable. First, we examined a few reactions 
of the lithium enolate 5b' with imines 7, because catalytic 

(17) Shibaanki, M.; Ishida, Y.; Iwaanki, G.; Iimori, T. J. Org. Chem. 

(18) Chiba, T.; Nagabuma, M.; Nakai, T. Chem. Lett. ISM, 1927. 
1987,52,3488. 

Scheme V 

C S ' * 2  
1. LDA MqSi-N H - H H l M e  
2.0.25 eq. ZnCh 

Mes.w 

[ S p H 2 C O M t  
3. MeC(H)=NCHzPh (7b ) 0 'CH2Ph 

9a Mi'*Me 4b' E@, -78 'C -> r.t. 
4. H& 

yield 90 % 
cis: trans= e 5 : > 95 

1. LDA E12N H 
2.0.25 eq. ZnCb 

THF, 1 h reflux 
3. PhC(H)=NMe pa) 

c ": 0 & 

Et2NCH2COOEt 

40 
4. H2O 

yield 91 % 
cis : trans = 27 : 73 

Table 111. "One-Pot" Preparation of 
3-(Diethyldno)-2-azetidinoner (8) 

cis/trans 
entrv c o m d  R' Rz yielda (%) ratiob 

1 8a Me Ph 98 2371 
2 8b CHzPh Ph 
3 8~ t-Bu Ph 0 

98 694 - 
4 8d SiMe8/He Ph 93 <1:>99d 
5 8e SiMes/Hc C+Ph 98 <1:>99d 
6 8f SiMe8/Hc C+SiMes 97 <1:>99d 
'Yields of the isolated crude products. *Determined by 'H 

NMR integration of the characteristic proton signals of the crude 
products. eReplaced by a proton upon hydrolysis. Cis isomer not 
detected with 'H NMR spectroscopy. 

reactions of zinc enolates 6 may be obscured by competitive 
reactions of lithium enolate 5b' with 7. As expected, 
lithium enolates 5 of glycine esters 4 do react with acti- 
vated imines 7 to selectively afford cis-2-azetidinones 9 in 
excellent yields (see Scheme IV). Hence, the use of cat- 
alytic amounts of ZnCl, in the synthesis of trans-2-azeti- 
dinones is limited to unreactive imines, i.e. N-alkyl-sub- 
stituted ones, that afford l-alkyl-3-amino-2-azetidinones, 
which are of little pharmaceutical value but are academ- 
ically interesting. Therefore, for these catalytic reactions 
only a few combinations of glycine esters 4 and imines 7 
were tested (see Scheme V). Reaction of lithium enolate 
5b' with imine 7b in the presence of 0.25 equiv of ZnClz 
affords trans-2-azetidinone 9a in 90% yield. Reaction of 
lithium enolate 5a with ?a in the presence of 0.25 equiv 
of ZnCl, is not catalytic when performed in benzene (only 
25% of 2-metidinone 8a is formed after 16 h of reflux), 
but in THF this reaction leads to 8a in 91% yield. Also 
in this case, the use of a catalytic amount of ZnClz resulted 
in the enhancement of the trans stereoselectivity (cktrans 
ratio = 27:73) compared with the nonstereoselective 
stoichiometric reaction (cis:trans ratio = 5842; entry 4 of 
Table IV). 

Synthesis of l-Unsubstituted-3-(disubstituted am- 
ino)-4-substituted-2-azetidinones. Solvent and Sub- 
stituent Effects. In order to determine the factors that 
influence the stereochemical course of the reactions of zinc 
enolates 6 with imines 7 a detailed study of these reactions 
under thermodynamically controlled conditions was un- 
dertaken. These experiments require a-amino zinc ester 
enolates that are stable at elevated temperatures; this is 
the case for zinc enolates of NJV-ddkyl-substituted glycine 
esters, most of which are stable up to 80 0C.9b*c 

We determined the influence of the imine substituenta 
by reacting the in situ prepared zinc enolate 6a' with 
different imines (eq 3; see Table 111). Except for 7c, 
reactions of 6a' with imines 7 afforded 2-azetidinones 8 in 
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Scheme VI 
2. ZnC12 

C6H6, r.t. 
EhNCHpCOOEt - 

48 

68' 7 8 

excellent yields with a moderate to excellent trans ste- 
reoselectivity (de 56-9970). When the amino nitrogen of 
the imine is protected with a trimethylsilyl group, excellent 
diastereoselectivities are found (entries 443). This pro- 
tecting group is easily removed by aqueous (or slightly 
acidic) workup, resulting in 2-azetidinone product with a 
secondary amido function that is suitable for further de- 
rivatization. Removal of the trimethylsilyl substituent of 
the ethynyl group in 8f is accomplished in high yield (91%) 
by reaction with KOH in methanol. The resulting 2-az- 
etidinone 8f' is a useful starting material for construction 
of bicyclic 2-azetidinone systems via cyclization reactions. 

The influence of the substituents on the nitrogen atom 
of the a-amino zinc ester enolatea 6 on the stereochemistry 
of their reactions with imines was subsequently studied 
(eq 4; see Table IV). The yields of 2-azetidinones 8 are 

1. LDA 
2. ZnCh 

A ' R ~ N C ~ C O O R  - 
R = Et THF, r.t. 

c6b or 

4 

s 7 8 

good to excellent and generally somewhat lower in THF 
than in benzene. The diastereoeelectivity of the reactions 
varies from none to excellent and is dependent on both the 
starting esters 4 and the solvent. With increasing bulk of 
the amino substituents (R1 and R2) more of the trans 
isomer of 8 is produced and the electronic effede of these 
substituents also influence the reaction stereoselectivity. 
With N-methyl-N-phenylglycine ethyl ester 4g, the only 
ester containing an electron-withdrawing substituent, the 
highest de's are obtained. Furthermore, the solvent plays 
an important role, and a change from apolar benzene to 
(weakly) polar THF1* results in an increased yield of cis- 
2-azetidinones 8. 

The stereoselectivity of the reactions of zinc enolates 
with imines is also influenced by the imine N-substituent. 
With activated imines, i.e. imines substituted with a group 
capable of stabilizing a negative charge on the imino ni- 
trogen (e.g. aryl, silyl), there is a remarkable increase in 
trans stereoselectivity (see Table V, eq 4, and entries 2-5 
in Table m). In contrast to the nonstereoeelective reaction 
of zinc enolate 6c with imine 7a, the reactions of 6c with 
imines 71 and 7h proceed with an excellent trans stereo- 
selectivity (entries 1 and 2). Even in THF, exclusively 
trans-2-azetidinone 81 is formed. 

The Possible Occurrence of Retro-Aldolization 
during the Synthesis of 3-Amino-2-azetidinones. 

(19) For a clauification of wlventa on bath of polarity, we: (a) 
Jack", L. M.; Lange, B. C.  Tetrahedron 1977, s9,2737. (b) Soluente 
and Solwnt Effccta in Organic Chemistry; Reichdt, C., Ed.; Weinheii: 
B w l ,  1988. 

1. LDA 
2. ZnC12 

4. 4 days at 40 'C 
3. PhC(H)-NPh (7h) Me2N 

Ph 

M~NCH&OOCBU 
4c' 

eqfhrell three1 1 I 1.LDA 
2. ZnCb 

4.2 h reflux 
3. PhC(H)=NR 

. .. .. I 

tram8 cis-8 

Kagan et al. and Gaudemar et al. have shown that for 
Reformatsky reactions with imines, the initial stereose- 
lectivity of the C-C bond formation may be lost during the 
ring closure to a 2-azetidinone as a result of retro-aldoli- 
zation!," We have conducted several experiments to find 
out if this reaction also occurs in our synthesis of 3- 
amino-2-azetidinones. The general idea is outlined in 
Scheme VI. When the reaction of an ester enolate with 
an imine is stopped prior to ring closure to a 2-azetidinone, 
aldolates 11 are isolated. If retro-aldolization occurs, 
different 2-azetidinone products should be isolated when 
these aldolates are subjected to ring-closure conditions in 
the presence of another imine.s 

Reaction of the in situ prepared zinc enolate of N,N- 
dimethylglycine tert-butyl ester (4c') with N- 
benzylidene-N-phenylamine (7h) at 40 O C  in a mixture of 
benzene and EhO (41  v/v) afforded aldolate 11 in 89% 
yield (erythro:threo = 90:10)21a along with 11% of trans- 
l-phenyl-3-(dimethylamino)-4-phenyl-2-azetidinone, 8m?lb 
Pure erythro-aldolate 11 was obtained in 80% yield after 
recrystallization from hot hexane. This aldolate was 
subjected to ring-closure conditions in the presence of 
imines 7a and 7i. The results of these reactions are given 
in Table VI. In the presence of imines 7a and 7i no traces 
of 2-azetidinones 8g and 8p were found. The reactions are 
not clean, since 2-azetidinone 8m is formed in moderate 
yields and considerable amounts of starting imine 7h were 
isolated. This may be the consequence of the use of strong 
bases for deprotonationn that can induce side reactions. 

(20) (a) Kagan, H. B.; Bnawlier, J. J.; Luche, J. L. Tetrahedron Lett. 
1964,16,941. (b) Luche, J. L.; Kagan, H. B. Bull. SOC. Chim. Fr. 1969, 
3500. (c) Luche, J. L.; Kagan, H. B. Bull. SOC. Chim. Fr. 1971, 1971. 

(21) (a) The t a m  erythro and threo are in thin cane equivalent with 
eyn and anti, respectively. (b) The reaction starting from NJV-di- 
methylgbche methyl wtar (IC) afforded tRm8-h  in 76% yield along 
with 20% of the noncyclieed aldolata 11'. 

(22) The synthesis of 2-azetidmonea by cyclization of @-amino enten 
ia well-known, and mild banes like Grignarde, trialkylaluminum, or trif- 
labe in combination with CaCO are commonly ueed. See for example: 
(a) Mukerjea, A K.; Srivaetava, k. C. Synthesis 1978,327. (b) Momu, 
J. L.; Gaudemar, M. Bull. SOC. Chim. Fr. 1976, 1211. (c) Shono, T.; 
Teubata, K.; Okmaya, N. J. Org. Chem. 1984,49,1058. (d) Woodward, 
R. B.; Heueker, K.; Gaetati, J.; Naegeti, P.; Oppoleer, W.; Ramage, R.; 
Rangamthan, S.; Vorbdiggen, H. J.  Am. Chem. Soc. 1966,88,852. (e) 
Cainelli, G.; Contanto, M.; Dwiani, A.; Panwio, M. J. Chem. SOC., 
Chem. Commun. 1986,240. (0 Maeamune, 5.; Kamata, 5.; ScUing, W. 
J.  Am. Chem. Soc. 1976,97,3515. (B) Miyachi, N.; Kanda, F.; S h i W ,  
M. J.  Org. Chem. 1989,54,3511. 
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Table IV. Reactions of in Situ Prepared Zinc Enolates (6) of N,N-disubstituted Glycine Esters (4) with Imine 7a 
(R* = Ph, R' = Me) 

reaction timea (h) product, yieldb (W) cie/trans ratioC 
entry enolate R' R* C& (THW C& (THF) C& (THF) 

1 6c Me Me 6 (8) 8e, 91 (80) 47 (70):53 (30) 
2 6d -(CH2)4)- 3.5 (8) 8h, 87 (77) 57 (73):43 (27) 
3 6e CHzPh CH2Ph 8 (8) 8i, 80 (75) 33 (50):67 (50) 
4 6a Et Et 0.5 (1.5) 8a, 98 (88) 23 (58):77 (42) 
5 6f t-Bu Me 20 (40) 8j, 90 (72) 16 (25):84 (75) 
6 6g Ph Me 4 (4) 8k, 94 (80) 2 (18):98 (82) 

a Reflux time, not optimized. Yielde of the isolated crude products. Determined by 'H NMR integration of the characteristic proton 
signals of the crude products. 

Table V. Reactions of in Situ Prepared Zinc Enolater (6) of 
N,N-Disubstituted Glycine Alkyl Erterr with Activated Iminer 

(7) (in C O ~ )  
product, 
yield' cis/trans 

entry enolate imine RB R' ($6) ratiob 

2 6c 7h Ph Ph Em, 81 991 
3 6g 71 CiCSiMea SiMea/Hd En, 99 <1:>W 
4 6e 7d Ph SiMeS/Hd 80,94 <1:>W 

OYields of the isolated crude products. *Determined by 'H NMR 
integration of the characteristic proton signals of the crude products. 
O I n  THF, exclusively tram-81 is formed in 60% yield. dRaplaced by a 
proton upon hydrolysis. 'Cis ieomer not detected with 'H NMR epec- 
troecopy. 

Furthermore, the prolonged heating required for the 
ring-closure reaction may cause partial decomposition of 
the organic products. 

Despite the use of pure erythro- 11 as starting material, 
mixtures of cis- and trans-2-azetidinone 8m were formed 
(entries 1 and 2). However, this loss of stereochemistry 
is probably caused by the deprotonation conditions; when 
deprotonation was carried out at low temperatures (entry 
3) no loss of stereochemistry was found. When pure er- 
ythro-aldolate 11 was dissolved in methanol-d,, containing 
10% of NaOMe-d3, at room temperature all N-H protons 
were instantaneously exchanged by deuterium. After 2 
days at room temperature, 15% of the Cu-protons were 
exchanged by deuterium. After 4 h at 60 OC, 80% of the 
Cu-protons were exchanged. Furthermore, pure erythro-1 1 
was convertad to a erythrolthreo mixture (80:20). Hence, 
under thermodynamically controlled conditions, and in the 
presence of a (strong) base and a proton donor, loss of 
stereochemistry can occur. However, this is not the result 
of retro-aldolization but of deprotonation/protonation of 
the acidic Cu-protons. 

We believe that the formation of mixtures of cis- and 
trans-2-azetidinones described in this paper is not caused 
by loss of stereochemistry via retro-aldolization, but is the 
result of other factors (vide infra). 

Discussion 
The Mechanism of the 2-Azetidinone Formation. 

The mechanism of the 2-azetidinone formation from 
enolates and imines is outlined in Scheme VII. It is 
analogous to the well-known aldol condensation, but in- 
cludes an additional ring-closure step. We have evidence 
that the first step of the reaction is activation of the in- 
coming imine by coordination of the imino nitrogen to the 
metal atom of the enolaka This coordination makes the 
C=N bond more polarized and the carbon becomes a 

le 6c 71 M s i M e 8  Sihh8/Hd 81, 90 < k > W  

(23) .IH NMR Btudiee on pure zinc and aluminum enolatee of N,N- 
dieubsbtuted glycme alkyl estsre showed initial complexation of the imine 
to the metal. Detailed studies on the preparation and reactions of these 
pure enolates will be presented in forthcoming papers.w 

Scheme VI1 

N.R" 

R"' + I '  s+ 
1 

- R'OML" 

better electrophilic center. A second function of the metal 
cation is to bring the reactants in close proximity to each 
other and thus enhance the rate of the reaction. The next 
step is a nucleophilic attack of the enolate anion on the 
electrophilic carbon of the imine. During this C-C bond 
formation two new chiral centers are formed and the 
stereochemistry of the final 2-azetidinone product is de- 
termined. Several authors have shown that this step may 
be an equilibrium, since loss of stereoselectivity via re- 
tro-aldolization has been 0bserved.m However, our resulta 
with pufe erythro-aldolate 11 show that retro-aldolization 
during our synthesis of 3-amino-2-azetidinones is unlikely. 
The aldolates react further by an intramolecular nucleo- 
philic attack of the amide nitrogen on the ester function 
and subsequent elimination of metal alkoxide leads to the 
2-azetidinone product. The driving force for this ring 
closure is the elimination of metal &oxide, which releases 
enough energy to compensate for that required to make 
the 2-azetidinone ring. 

Aspects of the Stereoselectivity of the Ester Eno- 
late-Imine Condensation. I. General. In the literature 
several transition states for aldol-type reactions have been 
proposed, including both closed, rigid cyclic transition 
states and open, noncyclic transition states.% Because we 
feel that the first step in our reactions is coordination of 
the imine by ita nitrogen atom to the metal cation, then 
in our case the reactions are likely to proceed through rigid 
cyclic chair- or boattype transition states, as first proposed 
by Zimmerman and Traxler.ud The structures of these 
transition states are dependent on the configuration (E or 
2) of both the enolate and the imine. 

Our recent studies on the properties and structures of 
pure a-amino (0rgano)zinc ester enolates have shown that, 

(24) (a) Evans, D. A.; Nelson, J. V.; Taber, T. R. In Topics in Stere- 
ochemistry; Allinger, N. L., EM, E. L., Wilen, S. H., Eds.; Wiley-Inter- 
science: New York, 1982; Vol. 13, p 1. (b) Heathcock, C. H. In Asym- 
metric Synthesis; Morrison, J. D., Ed.; Academic Preas: New York, 1983; 
Vol. 3, pp 154-161. (c) Li, Y.; Paddow-Row, M. N.; Houk, K. N. J. Org. 
Chem. 1990,56,481. (d) Zimmennan, H. E, M e r ,  M. D. J. Am. Chem. 
SOC. 1957, 79, 1920. 
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Table VI. Product Distributions (%) for the Ring-Closure Reactions of Aldolate 11 in the Presence of Different Imines 7" 
entry 8m cie:trana 7h 11 ervthro:threo 4c' other products 

<Y unidentified, =5d l* 42 7 9 3  40 20 >98<2' 
r 52 27:73 8 23 955 <Y 7a,15 
3f 53 <2:>9V 40 5 >98<2C <Y 7i, 9 5  unidentified, =lad 

a Determined by 'H NMR integration of the characteristic proton signals of the isolated crude products. * n-BuLi/ZnCl, at room tem- 
perature; 20 h of reflux. 'Not detected with 'H NMR epectroecopy. dThe proton signals indicate that this or these products contain a 
n-butyl group that most likely has been transferred from lithium to an organic fragment. *LDA/ZnCl,/PhC(H)=NMe (7a) at room tem- 
perature; 20 h of reflux. In-BuLilZnCl, at -50 OC; PhC(H)==N-p.CgH40Me (7i) at room temperature; 20 h of reflux. 

61 
A 

B Cl 

Figure 1. Proposed transition states for the reaction of zinc 
enolates (6) with imines (7). (A) Erythro C-C bond formation; 
ring closure leads to t M n s - 3 - e " 2 - a .  (B) Three Gc 
bond formation: ring closure leads to cis-3-amino-2-azetidinones. 

with the exception of 6b and 6b', these enolates have ex- 
clusively the 2 configuration both in solution and in the 
solid state.* Furthermore, the configuration of the in situ 
prepared zinc enolates was also determined to be Z; this 
configuration is imposed by intramolecular Zn-N coor- 
dination, which is also responsible for the stability of these 
compounds. The absence of such intramolecular Zn-N 
coordination in 6b and 6b' has two effects: (i) in solution 
only a small fraction of the molecules has a 2 Configuration, 
and (ii) these enolates have poor stability; even at -30 OC 
there is decomposition to self-condensation products.gc 
Because the configuration of the zinc enolates 6b and 6b' 
is predominantly E, the trans stereoselectivity observed 
for their reactions with imines 7 cannot, therefore, be the 
result of thermodynamic control, as for the reactions of 
the other zinc enolates (vide infra), but must result from 
kinetic control. This is consistent with our expectations 
since there is evidence that the 2 isomers of enolates 6b 
and 6b' are more reactive than the E isomers,% and that 
there is a rapid equilibrium between the E and 2 isomers 
of enolate 6b'.& Therefore, we conclude that in all zinc- 
mediated reactions shown in this paper, the configuration 
of the reactive intermediate zinc enolates is 2. This enolate 
confiiation, combined with the E configuration of most 
imines,% enables construction of two different transition 
states, A and B, which we can use to explain the formation 
of truns- and cis-2-azetidinone8, respectively (see Figure 
1). The energy difference between A and B will be in- 
fluenced by steric and electronic effeds of both the reac- 
tant substituents and the solvent; a large energy difference 
will result in a high stereoselectivity for the C-C bond 
formation. 

Lithium enolates Sb' and 58 have almost exclusively the 
E con€iiation,* and therefore, their reactions with imines 
7 proceed mainly via a chairlike transition state that leads 
to the formation of ~is-2-azetidinones.~ 

(26) Examination of the '"c chemical shifta of the trimethylailyl enol 
ethers of 6b' showed that the electron density and hence the nucleo- 
philicity of the a-cllrbon atom of the 2 isomer h higher (cauaing an 
upfleld rhift) than that of the E isomerah 

(26) (a) Patai, 5. In The Chembtry of the Carbon-Nitrogen Double 
Bond; Patai, S.,  Ed.; Interecience: London, 1970; pp 383-407. (b) Bur- 
nett, D. A.; Hart, D.; Liu, J. J.  Org. Chem. 1986,51,1930. 

11. Substituent Effects. The results given in Table 
IV indicate that the energy difference between A and B 
is mainly determined by steric factors. Going from two 
small methyl groups (entry 1) to a large tertiary butyl 
group on the amino nitrogen (entry 5),  the diastereose- 
lectivity of the reaction with imine 7a increases from zero 
to fairly good. Surprisingly, with imine 7a the reaction of 
zinc enolate 6g (R' = Ph) shows an even higher stereose- 
lectivity (entry 6) than that of zinc enolate 6f (R' = t-Bu; 
entry 51, even though a phenyl group is sterically less 
demanding than a tertiary butyl group. The explanation 
for this is that, through delocalization of electron density 
by the phenyl group in 6g, the amino nitrogen becomes 
less basic, resulting in a longer Zn-N coordination bond. 
This longer bond results in a destabilization of transition 
state B (the R' and R2 substituents come closer to R3), 
while transition state A is more stabilized (the R' and R2 
substituents move further away from R4). As a conse- 
quence, the formation of truns-2-azetidinone 8k via A is 
more favored than cis-8k via B. 

The large enhancement of the trans stereoselectivity 
found for reactions of zinc enolates 6 with activated imines 
cannot be explained by steric factors alone. Compare, for 
example, entry 1 of Table N with enties 1 and 2 of Table 
V; the change from a methyl group to a trimethylsilyl or 
phenyl group (R4 in Figure 1) should not result in better 
stabilization of transition state A over B. A likely expla- 
nation is that the electron-withdrawing effect of the group 
attached to the imino nitrogen (e.g., silyl, phenyl) results 
in more polarization of the C-N bond (Le. the carbon 
becomes more electrophilic) and thus less activation 
through Zn-(imiie)N interaction is required. On this h i s  
it is to be expected that the Zn-N coordination bond is 
longer for activated imines, and as a result, the repulsions 
between R4 and R1/R2 in transition state A are decreased. 
Therefore, transition state A is the more stabilized and 
consequently more trans-2-azetidinone is formed. This 
explanation concerning the imine effect also rationalizes 
why the lithium enolatea are unreactive toward unactivated 
N-alkylimines. For sufficient activation of the imine strong 
Li-(imine)N interaction is necessary, i.e. a short Li-N 
distance, and this would cause severe steric strain between 
the substituents on the imines and enolates. This rea- 
soning is supported by the fact that the transition state 
in the reaction between zinc enolates 6a' and 6b' and 
unactivated imine 7c, which is N-substituted with a bulky 
tertiary butyl group, is also sterically strained and poor 
yields of the 2-azetidinone products are obtained. 

111. Solvent Effects. Because of ita strong donor 
properties, THF will compete with an imine for a coor- 
dination site at the zinc center and, therefore, rates of 
reaction are lower in THF than in benzene. The lower 
yields of 2-azetidinones 8 obtained in these reactions are 
due to partial decomposition of the enolates at higher 
temperatures.28 Furthermore, on going from benzene to 

(27) The formation of trons-2-azetidinonee etarting from E-enolatm 
is sterically almost impossible. 
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Scheme VIII 
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THF one observes an increase in the amount of cis-2-az- 
etidinone formed; thus the relative energies of transition 
states A and B are slightly different in these two solvents. 
From our studies on the properties of a-amino (0rgano)zinc 
ester enolates we know that their configuration is not 
solvent-dependent and that their reactions are chelation- 
controlled.” Therefore, changes in the stereoselectivity 
of the reactions in different solvents must be caused by 
slight alterations of the conformations of the transition 
states A and B as a result of the presence or absence of 
coordinated THF molecules. 

Mechanism of the Reactions with Catalytic 
Amounts of Zinc Dichloride. In order to explain the 
results for the reactions of lithium enolates 5 with imines 
7 in the presence of catalytic amounts of ZnClz, we propose 
the mechanism in Scheme VIII. Reaction of the chloro- 
zinc enolate 6b’ (formed in the initial step from ZnClz and 
lithium enolate) with imine 7a results in the fast formation 
of 2-azetidinone 9b and ClZnOEt. The latter can then 
react with a second equivalent of lithium enolate Sb’ to 
give LiCl and ethoxyzinc enolate 6b”, which immediately 
reacts with imine 7a to afford 2-azetidinone 9b and Zn- 
(OEt),. At low temperatures the rate of transmetalation 
of lithium enolate Sb’ with Zn(OEtIz to generate LiOEt 
and ethoxyzinc enolate 6b” is assumed to be slow. 
Transmetalation occurs at room temperature to generate 
a small concentration of ethoxyzinc enolate 6b” and this 
reacts, as outlined above, with imine 7a to afford 9b and 
Zn(OEt)z, which is available for a subsequent cycle. The 
enhancement of the steretmelectivity when using a catalytic 
amount of ZnClz is most likely the result of a better kinetic 
control, because of the low concentration of zinc enolate 
6b” that is available for reaction with imine 7a. 

Additional experiments which help confirm the cor- 
rectness of this proposed mechanism include the following: 
(i) When the reaction of lithium enolate bb’ with imine 7a 
is performed in the presence of Zn(OEQz, there is no ob- 
servable reaction at -78 OC (1 h). However, when the 
reaction mixture is gradually warmed up to room tem- 
perature a conversion of ca. 50% to trans-2-azetidinone 
9b is found after 4 h, and the conversion rises to 80% after 
24 h. (ii) In the presence of EbZn a slow reaction to 

(28) At higher temperaturea the amino nitrogen metal coordiition in 
very weak or wen a h n t  and the otabllidng effect of the intramolecular 
CQOrdihation b lo& Therefore the enohta are prone to self-condensation 
reactionr, an observed for eater enoh- that do not contain an intra- 
molecularly coordinating a-rultituent (see ref 14). 

(29) Djuric, S.; Venit, J.; Magnun, P. T e t M m n  Lett. 1981,22,1787. 
(30) RtM~nann, K.; Kuhrt, C. Angew. Chem. 1968,80,797. 

trans-Bazetidinone 9b is observed; after 2 days at room 
temperature 9b is isolated in 40% yield. From these two 
experiments it is obvious that with decreasing electro- 
negativity of groups X initially attached to the zinc atom, 
i.e. C1> OEt > Et, the transmetalation reaction of the 
lithium enolate Sb’ with ZnXz becomes slower because the 
driving force, formation of LiX, diminishes. 

Our proposed mechanism provides a simple explanation 
for the fact that the reactions are not catalytic in apolar, 
noncoordinating solvents. Whereas in THF a homoge- 
neous solution is obtained and the transmetalation be- 
tween lithium enolate Sa and ClZnOEt or Zn(OEt)z is 
rather easy, in benzene the insolubility of the inorganic 
salts (e.g. LiCl, Zn(OEt)z) causes the equilibria shown in 
Scheme VIII to lie completely to the side of the lithium 
enolate 5a. 

Concluding Remarks 
The condensation of in situ prepared a-amino metal 

ester enolates with imines is a very useful route for the 
synthesis of 3-amino-2-azetidinone8, since it combines high 
yields with high diastereoselectivities. Lithium enolates 
react only with activated imines, affording selectively 
cis-3-amino-2-azetidinones in excellent yields. Zinc eno- 
lates react with both activated and unactivated imines, 
affording (selectively) tram-3-amino-2-azetidinones in good 
to excellent yields. The diastereoselectivity of the zinc- 
mediated reactions can be tuned by changing the sub- 
stituents of the reagents as well as the polarity of the 
solvent in which the reactions are performed. 

Bulky and electron-withdrawing groups attached to the 
a-amino nitrogen of the enolate generally induce a high 
trans stereoselectivity in these reactions, whereas small and 
electron-donating groups provide almost no stereoselec- 
tivity. Eledron-withdrawing groups attached to the imino 
nitrogen are generally attended with an increased trans 
stereoselectivity. When the reactions are carried out in 
polar solvents (e.g. THF), more of the cis-2-azetidinones 
are formed than in apolar solvents (e.g. benzene). 

Furthermore, for unactivated imines, the zinc-mediated 
ester enolateimine condensation is applicable using cat- 
alytic amounts of ZnClz, provided that the reaction is 
carried out in coordinating solvents (e.g. EbO, THF). The 
use of catalytic amounts of ZnClz also enhances the 
diastereoselectivity of the reactions. 

Previous studies on the structures of the intermediate 
enolates have shown that a-amino zinc ester enolates have 
a 2 configuration, whereas the lithium enolates generally 
have an E configuration.sb* Thus, the zinc-mediated re- 
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actions are chelation-controlled, whereas the lithium-me- 
diated reactions are (in most cases) not. On the basis of 
this knowledge, we propose two highly ordered transition 
states that can be used to explain the stereoselectivities 
observed thusfar in the zinc-mediated reactions. 

On the basis of the results and proposed mechanistic 
scheme reported herein we have recently developed a 
highly enantiomlective synthesis of 3-amine2-azatidhone43, 
which are key intermediatea for the synthesis of monocylic 
as well as bicyclic p-lactam a n t i b i o t i c ~ . 7 ~ * ~ ~  

Experimental Section 
General Data. All manipulations with air-sensitive reagenta 

were carried out in a dry, oxygen-free, nitrogen atmosphere using 
standard Schlenk techniques. Solvents were dried and distilled 
from eodium/benzophenone prior to use. All standard chemicals 
were purchased from Aldrich Chemical Co. or Jansaen Chimica. 
The N,N-dieubetituted glycine esters 4 were prepared via a simple 
condensation of a secondary amine with an appropriate alkyl 
bromoacetate." 2,2,5,5-Tetramethyl-l-aza-2,5-disilacyclopen- 
tane-1-acetic acid ethyl ester (4b') and NJV-bis(trimethylsily1)- 
glycine ethyl ester (4b) were prepared according to literature 
procedures.Pg* Imines 7 were prepared by standard methods.a 
'H and 'F NMR spectra were recorded on a Bruker AC-200 or 
a Varian EM-360 NMR spectrometer in chloroform-d or benz- 
en& using TMS aa an external standard (0.0 ppm). All coupling 
constants are presented in hertz (Hz). Boiling and melting points 
are uncorrected. Preparative HPLC waa performed on a Phil- 
ips-4100 system using a Supelcosil PLC-18 column. Elemental 
analysea were performed by the Institute of Applied Chemistry 
(TNO), Zeist, The Netherlands. 

Synthesis of Dry Zinc Dichloride. Ae described above, it 
is very important to use extremely dry ZnC12 for the reactions. 
Since commercially available ZnClz always contains a significant 
amount of HZO,lb we here present a detailed experimental pro- 
cedure, based on a modified literature procedure.leb 
Two moles (130.76 g) of pure zinc metal piecea (purchased from 

BDH Chemicals Ltd, Poole, England) were placed in a 2-L 
three-necked flask equipped with a reflux condensor, a large 
magnetic stirring bar, a gas-inlet tube connected to an HCl gas 
cylinder and a nitrogen system, and a stopper. On the zinc piecea 
was placed 1 L of EhO, and then dry HCl was passed through 
the solution until it  waa saturated. The HCl flow was stopped, 
while a small nitrogen pressure was maintained. When the di- 
hydrogen evolution had stopped, the etheral layer was again 
saturated with hydrogen chloride. This procedure waa repeated 
until all zinc metal had disappeared. This usually took 2-3 days. 

A two-layer system was formed, the lower containing ZnC12. 
xEhOmyHC1. The solvent was removed in vacuo (0.1 mmHg; 50 
"C), reaulting in a white solid. This solid was powdered and heated 
in vacuo (0.01 mmHg; 150 OC) for several houra to remove com- 
plexed &O and HC1. FinaUy a f i e ,  white powder of pure ZnClz 
waa obtained that could be redissolved in E a 0  to obtain stock 
solutions of up to 3.0 M concentrations. 

Synthesis of EtZnO(EtO)C==C(H)NEt2*LiCI (68). To a 
stirred solution containii 2.02 g (20 "01) of i-PrzNH in 30 mL 
of EgO was added 20 mmol of n-BuLi (13.33 mL of a 1.5 M 
solution in hexanes). The resulting solution wm stirred for 10 
min, and then 3.18 g (20 m o l )  of Nfl-diethylglycine ethyl ester 
(4a) waa added at  room temperature to form a white suspension 
of the lithium enolate (Sa). This suspension was stirred for 30 
min and then cooled to -35 OC. At this temperature, a solution 
containing 2.60 g (20 mmol) of EtZnCP in 15 mL of EbO was 
added with stirring, resulting in the formation of a heavy pre- 
cipitate in a colorless solution. This suspension was stirred for 
30 min at -35 OC and then allowed to warm to room temperature 
and stirred for another 30 min. The clear solution was then 
decanted from the precipitate, which waa washed three times with 
15-mL portions of n-pentane. Finally the product was dried in 
vacuo at  ambient temperature, yielding 4.50 g (76%) of 6a as an 

(31) Van der Steon, F. H.; Kleijn, H.; Bribwk, G. J. P.; Jaatmhki, 

(32) Boonma, J.; Noltea, J. G. Tetrahedron Lett. 1966,18, 1621. 
J. T. B. H.; van Kobn, G. J. Or#. Chem., in preea. 
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air-sensitive white solid 'H NMR (Cad :  8 3.70 (8, 1 H, H W ) ,  
3.60 (m, 2 H, OCH2CHs), 2.65 (m, 4 H, NCH2CHs), 1.55 (t, 3 H, 
ZnCH2CHS), 1.15 (m, 9 H, NCH2CHS and OCH2CH&, 0.50 (m, 
2 H, ZnCHzCH8). Anal. Calcd for Cl&21NOzZnLiCl: C, 40.70; 
H, 7.17; N, 4.74fZn, 22.16. Found C, 40.56, H, 7.68, N, 4.65; Zn, 
22.09. 

synthesis of CIZnO(EtO)C=C(H)NEtz~'/zLiCl (Sa'). To 
a stirred suspension of 1.65 g (10 "01) of LiO(EtO)C=C(H)NEt, 
(Sa) in 25 mL of EhO was added 10 mmol(lO.0 mL of a 1.0 M 
solution in EhO) of ZnC12 at  room temperature. A slightly 
exothermic reaction occurred. The reaction mixture waa stirred 
for 1 h at room temperature, resulting in a pale yellow solution 
containiig some white precipitated material (LiC1). The solid 
was removed by filtration and extracted with two 20-mL portions 
of diethyl ether. The combined etheral extracts were concentrated 
in vacuo affording a pale yellow foamy solid. This waa washed 
with two 30-mL portions of n-pentane. Finally the product waa 
dried in vacuo, yielding 2.26 g (75%) of 6a' aa an air-sensitive pale 
yellow solid. The 'H NMR spectrum unfortunately showed only 
broad signals (from -80 to 80 "C) but showed the presence of 
complexed EBO. Hydrolysis of the compound affords only the 
starting glycine ester 48, indicating that no side products are 
formed. The lSC NMR spectrum showed broad resonances, but 
the enolate structure is clear: 'Bc NMR ( C a d :  8 162.99 

for C ~ l ~ O z Z n C L ~ ' / z L i C 1 ~ l / ~ E ~ O :  C, 36.17; H, 6.24; N, 4.69; 
C1,17.80, Li, 1.16; Zn, 21.88. Found C, 35.19; H, 6.28; N, 4.49; 
C1, 17.72; Li, 1.20; Zn, 21.47. 

General Procedure for the (One-Pot) Synthesis of 3- 
(Disubstituted amino)-2-azetldlnones (8). To a stirred solution 
containing 1.01 g (10 mmol) of i-Pr2NH in 30 mL of solvent 
(benzene, toluene, or THF) waa added 10 mmol of n-BuLi (6.67 
mL of a 1.5 M solution in hexanes). The resulting solution waa 
stirred for 10 min, and then 10 mmol of a N,N-disubstituted 
glycine ester was added at  room temperature. The reaction 
mixture was stirred for an additional 15 min, and then 10 m o l  
of ZnC12 (10.0 mL of a 1.0 M solution in EhO) waa added. After 
the mixture was stirred for 30 min, 10 mmol of an appropriate 
imine waa added. Then the reaction mixture was refluxed until 
no further formation of 2-azetidinone 8 could be detected by 'H 
NMR. The reaction mixture was allowed to cool to room tem- 
perature and then quenched with 20 mL of a saturated aqueous 
NH&1 solution. The precipitated salts were filtered off through 
a s in te red-gh  fritt. The aqueous layer was separated and ex- 
tracted with two 30-mL portions of EhO. The combined organic 
extracts were dried over Na&O, and concentrated in vacuo to 
afford the crude 2-azetidinone products. The composition of these 
crude producta waa examined with 'H NMR, before performing 
any purification step. The crude producta were purified by re- 
crystallization, flash chromatography, or preparative HPLC 
techniques. 

trams-l-Methyl-3-(N~~-diethylamino)-4-phenyl-2-a~ti- 
dinone (88). Pale yellow solid, 2.27 g (98%). The 'H NMR 
spectrum revealed that the product was a mixture of cis and tram 
isomere (cis/trane ratio 2377). 'H NMR (Cad :  trans, b 7.15-6.88 
(m, 5 H, ArH), 4.10 (d, 1 H, J = 1.7, NCHCHPh), 3.86 (br 8, 1 
H, NCHCHPh), 2.59 (m,4 H,NCH2CHs), 2.34 (s,3 H,NCHs), 

4.02 (d, 1 H, J = 4.6, NCHCHPh), 2.43 (s,3 H, NCHS), 2.43 (m, 

trans, 6 168.12 (CIO), 136.66,128.28,127.47,125.47 (Arc), 80.69 

(NCHg), 11.69 (NCHzCHs); cis, b 168.40 (C=O), 135.08, 127.56, 
127.35, 125.65 (Arc), 74.09 (NCHCHPh), 62.97 (NCHCHPh), 
44.11 (NCHzCH,), 26.32 (NCHs), 11.81 (NCHzCHs). The pure 
trans isomer waa obtained as colorless crystals after one crye- 
tallization from hot hexane, mp 70-71 OC. Anal. Calcd for 

N, 11.73. 
trans -l-Benzyl-3-(N~-diethylamino)-4-phenyl-2-a~eti- 

dinone (8b). Pale yellow oil, 3.02 g (98%). The 'H NMR 
spectrum revealed that the product was a mixture of cis and trans 
isomers (cis/trans ratio 694). 'H NMR (CDCIs): trans, 6 7.40 
(m, 10 H, ArH), 5.10 (d, 1 H, J = 15.0, NCH2Ph), 4.60 (d, 1 H, 
J = 1.5, NCHCHPh), 4.20 (d, 1 H, J = 1.5, NCHCHPh), 3.90 (d, 

(HC-C(O)OEt), 85.21 (HC--C(O)OEt), 63.19 (OCHZCHJ, 52.17 
(NCHZCHS), 14.68 (OCHZCHJ, 10.50 (NCHZCHS). Anal. Calcd 

0.89 (t, 6 H, NCHzCH& cis, 6 4.11 (d, 1 H, J = 4.6, NCHCHPh), 

4 H, NCHzCHg), 0.64 (t, 6 H, NCH2CHs). "C NMR (CDClS): 

(NCHCHPh), 60.36 (NCHCHPh), 43.31 (NCHZCHs), 25.73 

C14HpN20 C, 72.38; H, 8.68; N, 12.06. Found C, 72.13; H, 8.80; 
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1 H, J - 15.0, NCHzPh), 2.90 (m, 4 H, NCH&H3), 1.20 (t, 6 H, 
NCHzCH3); cis, 6 7.45 (m, 10 H, ArH), 5.09 (d, 1 H, J = 14.8, 

4.7, NCHCHPh), 3.89 (d, 1 H, J = 14.8, NCHzPh), 2.62 (m, 4 H, 
NCHzCH3), 0.88 (t, 6 H, NCH2CH3). 13C NMR (CDCI,): trans, 
6 168.57 (C=O), 136.83, 135.23, 128.62, 128.33, 128.16, 127.85, 
127.32, 126.08 (Arc), 80.53 (NCHCHPh), 58.25 (NCHCHPh), 
43.74 (NCH,Ph), 43.50 (NCHgHS), 12.08 (NCHzCHS). The pure 
trans isomer was obtained as a colorless oil after separation using 
preparative HPLC techniques (eluent MeOH/HzO (80:20 v/v)). 

~~-3-(NJV-Methylamin0)-4-phenyl-2-a~ti~one (Sa). 
Pale yellow solid, 2.03 g (93%). The cis isomer was not detected 
by 'H NMR spectroscopy. 'H NMR (CDCl,): trans, 6 7.33-7.24 
(m, 5 H, ArH), 6.76 (br a, 1 H, NH), 4.63 (d, 1 H, J = 2.0, 
NCHCHPh), 3.95 (d, 1 H, J = 2.0, NCHCHPh), 2.72 (dq, 4 H, 

(C-O), 139.65,128.83,127.96,125.68 (Arc), 81.76 (NCHCHPh), 
55.92 (NCHCHPh), 44.10 (NCH,CH3), 12.61 (NCHzCH3). The 
product was purified by crystallization from hot hexane to afford 
colorless crystals, mp 128-130 "C. Anal. Calcd for C13HlaNz0 
C, 71.53; H, 8.31; N, 12.83. Found: C, 71.29; H, 8.39; N, 12.79. 

tram -3-(NJV-Diet hylamino)-4-(phenylet hynyl)-tazeti- 
dinone (88). Pale brown solid, 2.49 g (98%). The cis isomer was 
not detectad by 'H NMR spectroscopy. 'H NMR (CDClS): trans, 
6 7.42-7.24 (m, 5 H, ArH), 6.48 (br a, 1 H, NH), 4.42 (m, 2 H, 

'8c NMR (CDClS): 6 169.10 (c--O),131.69,128.67,128.38 (Arc), 
122.21 (CsCPh), 86.43 ( W P h ) ,  81.39 (NCHCHCd!), 43.83 
(NCHzCH3), 42.79 (NCHCHC=C), 12.39 (NCH,CH,). The 
product was purified by crystallization from hot hexane to afford 
pale yellow crystals, mp 116117 OC. Anal. Calcd for C&$I2O 
C, 74.35; H, 7.49; N, 11.56. Found: C, 74.29; H, 7.56; N, 11.57. 

trans -3-(N ,N-Diethylamino)-a-[  (trimethylsily1)- 
ethynylI-2-azetidinone (80. Pale brown solid, 2.31 g (97%). 
The cis isomer was not detected by 'H NMR spectroscopy. 'H 
NMR (Cad :  trans, 6 6.34 (br a, 1 H, NH), 4.30 (d, 1 H, J = 2.2, 
N C H C H W ) ,  3.86 (d, 1 H, J = 2.2, NCHCHC=C), 2.49 (m, 4 
H, NCHzCH3), 0.89 (t, 6 H, NCHzCH3), 0.15 (a, 9 H, Si(CH3),). 
'9C NMR (CDCI,): 6 169.19 (C-O), 102.95 (WSiMe, ) ,  91.00 
(C=CSiMe3), 81.26 (NCHCHC=C), 43.77 (NCHZCH,), 42.60 
( N C H C H M ) ,  12.28 (NCH&HS), 4 .23 (Si(CHS)S). The product 
was purified by crystallization from hot hexane to afford colorless 
crystals, mp 108-109 "C. Anal. Calcd for C I ~ H ~ N ~ O S ~ :  C, 60.46; 
H, 9.30; N, 11.75. Found C, 60.07; H, 9.16; N, 11.67. 

~~-3.(NJV-Methylamino)-kethyny1-2-azetidin (8f'). 
To a stirred solution of 5.40 g (22.6 mmol) of 8f in 100 mL of 
MeOH was added 1.3 g (23 m o l )  of KOH in 8 mL of HzO. The 
reaction mixture was stirred for 1 h at room temperature, after 
which all volatile material was removed in vacuo. The white 
residue was dissolved in 50 mL of -0 and washed with two small 
portions of HzO. The Eta0 was dried over NazSO, and concen- 
trated in vacuo to afford 3.40 g (91%) of pure 8P as an off-white 
solid, mp 92-93 "C. 'H NMR (CDCl,): 6 6.84 (bra, 1 H, NH), 
4.30 (d, 1 H, J = 2.1, NCHCHCM!), 4.15 (dd, 1 H, J = 2.1 and 
2.0, NCHCHCW), 2.66 (m, 4 H, NCH2CH3), 2.45 (d, 1 H, J = 

(C-O), 81.40 ( W H ) ,  80.98 (NCHCHCM!), 74.06 (C=CH), 

Calcd for C&i1,N20 C, 65.03; H, 8.49; N, 16.85. Found C, 64.37; 
H, 8.48; N, 16.68. 

l-M&hyl-3-( NJV-dimethylamino)-4-phenyl-2-a~tidinone 
(8g). Pale yellow oil, 1.85 g (91%). The 'H NMR spectrum 
revealed that the product was a mixture of cis and trans isomers 
(cis/trans ratio 47:53). 'H NMR (CsD6): trans, 6 7.15-6.94 (m, 
5 H, ArH), 4.19 (d, J = 2.1, 1 H, NCHCHPh), 3.43 (bra, 1 H, 
NCHCHPh), 2.34 (8, 3 H, NCH,), 2.20 (s,6 H, N(CH,),); cis, 6 
7.15-7.07 (m, 5 H, ArH), 3.90 (d, J = 4.6,l H, NCHCHPW, 3.37 

N(CH,)Z). '*C NMR (CDCl,): trans 6 166.97 (C=O), 138.45, 
129.21, 127.58, 126.55 (Arc), 84.15 (NCHCHPh), 60.36 

134.71, 128.49, 128.32, 128.21 (Arc), 77.19 (NCHCHPh), 62.40 
(NCHCHPh), 43.60 (N(CH3),), 26.51 (NCH,). The isomers were 
separated by flash chromatography (A1203/5% H,O; eluent 
CHCla). The pure cis isomer was obtained as pale yellow crystals 
after crystallization from EhO, mp 82-83 OC. Anal. Calcd for 

NCHzPh), 4.62 (d, 1 H, J =  4.7, NCHCHPh), 4.46 (d, 1 H, J =  

NCHZCHS), 0.98 (t, 6 H, NCHZCHS). '9C NMR (CDCIS): 6 170.50 

N C H C H M ) ,  2.74 (dq, 4 H, NCHZCHS), 1.09 (t, 6 H, NCHZCHS). 

2.0, D C H ) ,  1.02 (t, 6 H, NCHZCHS). '9C NMR (CDClS): 6 169.21 

44.71 (NCHZCHS), 41.85 (NCHCHW),  12.29 (NCH2CHS). Anal. 

(d, J =  4.6, 1 H, NCHCHPh), 2.27 ( ~ , 3  H, NCH,), 1.97 (e, 6 H, 

(NCHCHPh), 42.69 (N(CHS)2), 26.14 (NCH,); cis, 6 167.66 (-1, 

van der Steen et  al. 

C12H16N20 C, 70.56, H, 7.90; N, 13.71. Found C, 69.79; H, 7.86; 
N, 13.54. 

1-Met hyl-34 l-pyrrolidyl)-4-phenyl-2-azetidinone (8h). 
Pale yellow oil, 1.99 g (87%). The 'H NMR spectrum revealed 
that the product was a mixture of cis and trans isomers (cis/trans 
ratio 57:43). 'H NMR (Cad :  trans, 6 7.14-6.93 (m, 5 H, ArH), 
4.15 (d, 1 H, J = 2.1, NCHCHPh), 3.62 (d, 1 H, J 2.1, 
NCHCHPh), 2.35 (a, 3 H, NCH,), 2.63-2.21 (m, 4 H, 
NCH2CHzCH2CHz), 1.53-1.27 (m, 4 H, NCHzCHzCHzCH2); cis, 
6 3.98 (d, 1 H, J = 4.6, NCHCHPh), 3.61 (d, 1 H, J = 4.6, 
NCHCHPh), 2.32 (a, 3 H, NCH,). 13C NMR (CDCl,): trans, 6 
161.98 (C-0), 134.01, 128.58, 127.72, 127.45 (Arc), 79.74 

26.28 (NCH,), 23.08 (NCHzCHzCHzCH2); cis, 6 167.40 (C=O), 
134.61, 127.89, 127.57, 125.76 (Arc), 75.07 (NCHCHPh), 61.73 

(NCH2CH2CH2CH2). The diastereomers could not be separated 
by crystallization or chromatography. 

trans - 1 -Met hyl-3- (NJV-diben zylamino)-4-phenyl-2-azet- 
idinone (8i). Pale yellow oil, 2.85 g (80%). The 'H NMR 
spectrum revealed that the product was a mixture of cis and trans 
isomers (cis/trans ratio 3367). 'H NMR (Cad:  trans, 6 7.31-6.74 
(m, 15 H, ArH), 4.11 (d, 1 H, J = 1.9 Hz, NCHCHPh), 4.03 (br 

J = 5.0, NCHCHPh), 3.76 (d, 1 H, J = 5.0, NCHCHPh), 3.75 (d, 

(a, 3 H, NCHS). '% NMR (Cad :  trans, 6 168.02 (C-O), 138.68, 
138.16, 129.44,129.05,128.56, 128.16,127.50,126.58 (Arc), 80.61 

The pure trans isomer was obtained as white crystals after two 
recrystallizations from EhO/pentane (1:l v/v), mp 108 "C. Anal. 
Calcd for CarHuNzO C, 80.87; H, 6.79; N, 7.86. Found C, 80.84; 
H, 6.82; N, 7.99. 

trans -l-Methyl-3-(N-tert -butyl-N-methylamino)-4- 
phenyl-2-azetidinone (8j). Pale yellow oil, 2.22 g (90%). The 
'H NMR spectrum revealed that the product was a mixture of 
cis and trans isomers (cis/trans ratio 1684). 'H NMR (c6D6): 
trans, 6 7.19-6.91 (m, 5 H, ArH), 4.23 (br a, 1 H, NCHCHPh), 

(9, 3 H, NCHs), 0.85 (s,9 H, N(C(CHs),)CH3); cis, 6 4.31 (d, 1 H, 
J = 5.2, NCHCHPh), 3.94 (d, 1 H , J  = 5.2, NCHCHPh), 2.51 (a, 

(CHS)S)CH,). 13C NMR (CDCIS): trans, 6 170.27 (C=O), 137.01, 
128.97, 128.21, 126.55 (Arc), 78.70 (NCHCHPh), 60.00 

HJJ, 26.55 (NCH,); cis, 6 169.03 (C--O), 136.36, 128.57,127.97, 

(CHS)S), 33.04 (NO-Bu)CHJ, 26.89 (C(CHJ3). The diastereomers 
were separated using HPLC techniques (eluent: MeOH/HzO 
(7525 v/v)). Anal. Calcd for Cl6HZ2N20: C, 73.13; H, 9.00; N, 
11.37. Found C, 71.73; H, 9.26; N, 11.07. 

tram - 1 -Met hyl-3- (N-met hyl-N-phenylamino)-4-phenyl- 
2-azetidinone (8k). Pale brown solid, 2.50 g (94%). The 'H 
NMR spectrum revealed that the product was a mixture of cis 
and trans isomers (cis/trans ratio 2:98). lH NMR ( C a d :  trans, 
6 7.12-6.36 (m, 10 H, ArH), 4.66 (bra, 1 H, NCHCHPh), 4.00 (d, 
1 H, J = 1.8, NCHCHPh), 2.91 (a, 3 H, N(Ph)CHS), 2.31 (a, 3 H, 
NCH,); cis, 6 4.87 (d, 1 H, J = 4.6, NCHCHPh), 4.02 (d, 1 H, J 
= 4.6, NCHCHPh), 2.64 (a, 3 H, N(Ph)CHJ, 2.46 (a, 3 H, NCHS). 
'% NMR (CDCla): trans, 6 167.76 (C=O), 149.26,137.12,129.75, 
129.64, 129.20, 126.86,119.22, 114.91 (Arc), 78.35 (NCHCHPh), 
63.51 (NCHCHPh), 35.42 (N(Ph)CHJ, 27.35 (NCH,). The pure 
trans isomer was obtained as colorless crystals after one recrys- 
tallieation from EqO, mp 84 OC. Anal. Calcd for C17Hl~N20: C, 
76.66; H, 6.81; N, 10.52. Found: C, 76.33; H, 6.91; N, 10.35. The 
pure cis isomer crystallized from the mother liquor as brown 
crystals, mp 137 OC. 

trans -3-(N,N-Dimethylamino)-4-[ (trimethylsily1)- 
ethynyl]-2-azetidinone (81). Pale brown oil, 1.89 g (90%). The 
cis isomer was not detected by 'H NMR spectroscopy. 'H NMR 

(NCHCHPh), 60.76 (NCHCHPh), 50.66 (NCH2CH&HzCH2), 

(NCHCHPh), 51.62 (NCH2CHzCH2CHz), 26.10 (NCHJ, 22.96 

8, 1 H, NCHCHPh), 3.90 (d, 2 H, J = 13.6, NCHzPh), 3.57 (d, 
2 H, J = 13.6, NCHZPh), 2.29 ( ~ , 3  H, NCH,); cis, 6 4.19 (d, 1 H, 

2 H, J = 13.6, NCHZPh), 3.51 (d, 2 H, J = 13.6, NCHzPh), 2.37 

(NCHCHPh), 60.87 (NCHCHPh), 55.45 (CHZPh), 26.14 (NCHJ. 

4.16 (d, 1 H, J = 1.8, NCHCHPh), 2.37 ( ~ , 3  H, N(t-Bu)CHS), 2.35 

3 H, N(t-Bu)CH,), 2.10 (8, 3 H, NCHJ, 0.86 (8, 9 H, N(C- 

(NCHCHPh), 53.96 (C(CHS)J, 30.39 (N(t-Bu)CHJ, 27.27 (C(C- 

126.68 (Arc), 72.35 (NCHCHPh), 65.42 (NCHCHPh), 51.29 (C- 

(Cell6): trans, 6 6.30 (br-a, 1 H, NH), 3.97-ibr 8, 1 H, 
NCHCHCzC) ,  3.89 (d, 1 H, J = 2.1, NCHCHCW), 2.09 (a, 6 
H. NCH,),). 0.14 (8.9 H. Si(CH4,). '% NMR (CDCM: 6 167.66 
(Cd), l%.& (C&SiMe,), (CsCSiMe;), 82.h (NCHC- 
H W ) ,  41.77 (N(CHS)&, 40.77 ( N C H C H W ) ,  4-24  (Si(CHS)a). 
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The product was purified by crystallization from EgO/hexane 
(1:l v/v) to afford colorless crystals, mp 115 "C. Anal. Calcd 
for Cl&I18NzOSi: C, 57.10; H, 8.63; N, 13.32. Found C, 56.64; 
H, 8.48; N, 13.50. 

trpas -l-Phenyl-3-(N~-dhylamino)-4-phenyl-2-azet- 
idinone (8m). Pale yellow solid, 2.15 g (81%). The 'H NMR 
spectrum revealed that the product was a mixture of cie and trans 
isomers (&/trans ratio 991). 'H NMR (CDCW: trans, 6 7.41-7.01 
(m, 10 H, ArH), 5.03 (d, 1 H, J = 2.1, NCHCHPh), 3.84 (d, 1 H, 
J = 2.1, NCHCHPh), 2.49 (s,6 H, N(CHSI2); cis, 6 5.13 (d, 1 H, 
J = 5.2, NCHCHph), 4.01 (d, 1 H, J = 5.2, NCHCHph). '9c NMR 
(CDCl,): trans, d 165.25 (C=0),137.49, 137.26, 129.25, 129.08, 
128.32,128.22,125.68,124.12,117.38 (Arc), 82.54 (NCHCHPh), 
58.05 (NCHCHPh), 42.39 (N(CH,),); cis, 6 75.93 (NCHCHPh), 
60.89 (NCHCHPh), 43.45 (N(CH,)J. The pure trans isomer was 
obtained as off-white crystals after one recrystallization from hot 
hexane, mp 107 "C. Anal. Calcd for C1,H18N20 C, 76.66; H, 
6.81; N, 10.52. Found: C, 76.53; H, 6.75; N, 10.58. 

trans -3-(N-Methyl-N-phenylamino)-4-[ (trimethyleily1)- 
ethynyl]-2-azetidinone (8n). Brown solid, 2.70 g (99%). The 
cis isomer was not detected by 'H NMR spectroscopy. 'H NMR 
(C&Ds): trans, 6 7.15 (m, 2 H, ArH), 6.80 (m, 3 H, ArH), 5.98 (br 
8, 1 H, NH), 4.96 (br 8 , l  H, NCHCHGC), 3.62 (d, 1 H, J = 2.2, 
NCHCHC=C), 2.61 (8, 3 H, NCH,), 0.16 (s,9 H, Si(CH,),). '9c 

(Arc), 103.72 (CbCSieS) ,  91.54 (OCSiMeS), 78.04 (NCHCH- 
W), 44.51 (N(CH,)J, 34.59 (NCHCH(=--"-C), 4.20 (Si(CH,),). 
The product was purified by crystallization from EhO/pentane 
(1:l v/v) to afford colorless crystals, mp 136 "C. Anal. Calcd 
for C1&,NZOSi: C, 66.13; H, 7.40; N, 10.28. Found C, 65.59; 
H, 7.66, N, 10.21. 
trane-3-(N~-Dibenzylamino)-dphenyl-2-a~~one (80). 

Pale yellow solid, 3.22 g (94%). The cis isomer was not detected 
by 'H NMR spectroscopy. 'H NMR (CDCl,): trans, 6 7.40-7.23 
(m, 15 H, ArH), 6.20 (br s, 1 H, NH), 4.75 (d, 1 H, J = 2.1, 
NCHCHPh), 4.08 (d, 1 H, J = 2.1, NCHCHPh), 3.96 (d, 2 H, J 

(CDCld: trans, 6 169.91 (C--O), 139.36,138.03,128.93, 128.82, 
128.30, 128.06, 127.27, 125.62 (Arc), 80.21 (NCHCHPh), 55.35 
(NCHCHPh), 55.06 (NCHzPh). The pure trans isomer was ob- 
tained as colorless crystale after one crystallization from E h 0 /  
THF (1:l v/v), mp 150 "C. Anal. Calcd for CBHaNZO C, 80.67; 
H, 6.48; N, 8.18. Found C, 80.00; H, 6.37; N, 8.18. 

cis -3- (N~-Dibenzylamino)-4-phenyl-2-azetidinone (80). 
The reaction was carried out in THF as described in the general 
procedure, but without addition of ZnC1, Pale yellow solid, 3.11 
g (91%). The 'H NMR spectrum revealed that the product was 
a mixture of cia and trans isomers (&/trans ratio W.16). 'H NMR 
(CDCl,): cis, 6 7.43-7.00 (m, 15 H, ArH), 6.52 (br 8, 1 H, NH), 
4.78 (d, 1 H, J = 5.3, NCHCHPh), 4.54 (dd, 1 H, J = 5.3 and J 

H, J = 13.6, NCHzPh). 'gC NMR (CDClJ: cis, 6 170.42 (MI, 
138.56,137.40,128.91,128.52,128.12,127.79,127.13,127.07 (Arc), 
73.69 (NCHCHPB), 58.31 (NCHCHPh), 55.53 (NCHzPh). The 
pure cis isomer was obtained as colorless crystals, containing 
enclosed diethyl ether, after one recrystallization from Ego, mp 
80 "C. Anal. Calcd for CzaHzzNzOJ/zEgO: C, 79.12; H, 7.17; 
N, 7.38. Found C, 79.14; H, 7.15; N, 7.43. 

General Procedure for the (One-Pot) Synthesis of 3- 
(Silyl-protected amino)-2-azetidinones (9). To a stirred so- 
lution Containing 1.01 g (10 "01) of i-PrzNH in 30 mL of solvent 
(Ego or THF) at -78 "C was added 10 mmol of n-BuLi (6.67 mL 
of a 1.5 M solution in hexanes). The solution was stirred for 10 
min at -78 OC and then 10 mmol of 4b or 4b' was added. The 
reaction mixture was stirred for an additional 15 min at -78 "C, 
and then 10 mmol of ZnCls (10.0 mL of a 1.0 M solution in EhO) 
wae added and after stirring for 30 min 10 mmol of an appropriate 
imiie was added at -78 "C. Then the reaction mixture was stirred 
for 1 h at -78 "C, after which the reaction mixture was allowed 
to warm to room temperature and quenched with 20 mL of a 
saturated aqueous NH&l solution. The precipitated salts were 
filtered off through a sintered-glass fritt. The aqueous layer was 
separated and extzaded with two portions of h0. The combined 
organic extracts were dried over N@O, and concentrated in vacuo 
to afford the crude 2-azetidinone products 9. The composition 
of these crude products were examined with 'H NMR before 

NMR (C&& S 166.45 (C-O), 148.99, 129.44, 119.54, 115.26 

= 13.6, NCHzPh), 3.73 (d, 2 H, J = 13.6, NCHzPh). "C NMR 

1.8, NCHCHPh), 3.67 (d, 2 H, J 13.6, NCHZPh), 3.51 (d, 2 
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performing any purification step. Whenever possible, the crude 
products were purified by recrystallization or flash chromatog- 
raphy.= 

trans - 1 -Benzyl-3- (2,2,S,S-tetramet hyl- l-aea-2,s-dirila- 
cyclopentyl)-4-methyl-2-azetidinone (9a). Pale yellow oil, 3.25 
g (98%). The 'H NMR spectrum revealed that the product was 
a mixture of cia and trans isomers (cis/trans ratio 991). 'H NMR 
(CDCIJ: trans, 6 7.28 (m, 5 H, ArH), 4.62 (d, 1 H, J = 14.9, 

NCHCHMe), 3.21 (dq, 1 H, J = 1.9 and 6.1, NCHCHMe), 1.19 
(d, 3 H, J = 6.1, CH,), 0.68 (m, 4 H, SiCHzCH#i), 0.07,0.02 (e, 
6 H, Si(CH,),); cis, 6 4.57 (d, 1 H, J = 14.9, NCHzPh), 4.42 (d, 
1 H , J  = 4.6,NCHCHMe),4.07 (d, 1 H , J  = 14.9, NCHPh), 3.64 
(dq, 1 H , J  * 4.6 and6.2,NCHCHMe),0.99 (d,3 H , J  = 6.2,CHs). 
'% NMR (CDClS): trans, 6 168.79, (M), 138.87,128.40,128.01, 
127.38 (Arc), 68.46 (NCHCHMe), 58.67 (NCHCHMe), 43.73 
(NCHgh), 16.40 (CHs), 7.80 (SiCHzC'H#i), 0.32,0.05 (Si(CHJ2). 
The diastereomers could not be separated by crystalliition or 
flash chromatography. Attempts to obtain analytically pure 
material failad because of partial hydrolysis of the protecting diailyl 
moiety during the process of purification.89 

trans - l-Methyl-3-(2,2,6,S-tetramethyl-l-ata-2,S-disila- 
cyclopentyl)-4-phenyl-2-azetidinone (9b). Pale yellow solid, 
3.09 g (97%). The 'H NMR spectrum revealed that the product 
was a mixture of cis and trans isomers (cis/trans ratio 892). 'H 
NMR (CDCl,): trans, 6 7.44-7.17 (m, 5 H, ArH), 4.10 (d, 1 H, 
J = 1.8, NCHCHPh), 4.05 (m, 1 H, NCHCHPh), 2.75 (br s ,3  H, 
NCH,), 0.85463 (m, 4 H, SiCHZCHfii), 0.12 (s,6 H, Si(CH,)J, 
0.04 (s,6 H, Si(CH&; cis, 6 4.74 (d, 1 H, J = 5.6, NCHCHPh), 
4.50 (d, 1 H, J = 5.6, NCHCHPh). lSC NMR (CDCl,): trans, 6 
170.23 (C-0), 137.03, 128.83, 128.25, 126.18 (ArC), 72.92 
(NCHCHPh), 68.63 (NCHCHPh), 26.58 (NCHS), 7.94 (SiCHzC- 
Hfii), 0.59.0.10 (Si(CH,)J. The pure trans isomer was obtained 
as colorlese crystals after one crystallization from EgO/pentane 
(1:l v/v), mp 91 "C. Anal. Calcd for CIEHzaNzOSiz: C, 60.33; 
H, 8.23; N, 8.79; Si, 17.63. Found C, 60.33; H, 8.46; N, 8.54; Si, 
17.45. 

trams -l-Methyl-3-[N,N-bis(trimethylsilyI)amino]-4- 
phenyl-2-amtidinone (9c). Pale yellow oil, 2.41 g (75%). The 
cis isomer was not detected by 'H NMR spectroscopy. 'H NMR 
(CDClS): trans, 6 7.37-7.14 (m, 5 H, ArH), 4.08 (d, 1 H, J = 1.9, 
NCHCHPh), 3.99 (m, 1 H, NCHCHPh), 2.68 (br s ,3  H, NCH,), 
0.04 (s,18 H, Si(CH& 'SC NMR (CDCls): trans, 6 171.73 (MI, 
136.92, 128.86, 128.17, 125.80 (Arc), 75.29 (NCHCHPh), 68.63 
(NCHCHPh), 26.68 (NCH,), 2.43 (Si(CHS),). Recrystallization 
from EgO afforded the pure trans isomer as off-white crystals, 
mp 103 "C. Anal. Calcd for CIJ-IH,NzOSi,: C, 59.95; H, 8.80; N, 
8.74; Si, 17.52. Found C, 57.61; H, 8.12; N, 9.10; Si, 15.57.89 

trans -3-(2,2,5,5-Tetramethyl-l-aza-2,6-disilacyclo- 
pentyl)-4-phenyl-2-azetidinone (90). Pale yellow oil that 
cry~taUizes upon standing, 2.91 g (96%). The 'H NMR spectrum 
revealed that the product was a mixture of cis and trans isomers 
(cis/trans ratio 1486). 'H NMR (CDCI,): trans, 6 7.12 (m, 5 H, 
ArH), 6.29 (br 8, 1 H, NH), 4.23 (d, 1 H, J = 2.1, NCHCHPh), 
3.92 (d, 1 H, J = 2.1, NCHCHPh), 0.70 (s,4 H, SiCHzCH&), 0.13, 
0.05 (Si(CHS)J. '9c NMR (CDClS): trans, 6 171.65 (c-O),139.34, 
128.76, 128.13, 125.51 (Arc), 73.61 (NCHCHPh), 62.76 
(NCHCHPh), 7.97 (SiCHzCHzSi), 0.45 (Si(CHS),). Recrystalli- 
zation from hot hexane afforded the pure tram isomer as off-white 
crystals, mp 101 "C. 

cis -3-(2~~~-Tetramethyl-l-aza-2,5-di~ilacyclopentyl)-4- 
phenyl-Zazetidinone (9e). The reaction was carried out in THF 
as described in the general procedure, but without addition of 
ZnCL Pale yellow oil that cryatallha upon standing, 3.00 g (99%). 
The lH NMR spectrum revealed that the product was a mixture 
of cis and trans isomers (&/trans ratio 96.4). 'H NMR (CDCld: 
cis, 6 7.41-7.22 (m, 5 H, ArH), 6.67 (br 8, 1 H, NH), 4.81 (dd, 1 
H, J = 5.0 and J = 1.6, NCHCHPh), 4.77 (d, 1 H, J = 5.0, 
NCHCHPh), 0.62-0.50 (m, 4 H, SiCHzCHzSi), 4.02, -0.15 (Si- 

NCHzPh), 4.01 (d, 1 H, J = 14.9, NCHzPh), 3.79 (d, 1 H, J 1.9, 

(33) Because the protecting disilyl moiety is very susceptible to hy- 
drolysis, the separation by chromatographic technique8 was usually ac- 
companied by partial deprotection of the amine function. Therefore, it 
was not alwaya possible to obtain analytically pure samples. Furthennore, 
elemental analyses of azetidinones 9 proved difficult becam of partial 
hydrolysis during sampling. 
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(CHB)J. '42 NMR (CDCg): cis, 6 171.58 (MI, 137.08,128.19, 
127.90 (Arc), 68.34 (NCHCHPh), 59.62 (NCHCHPh), 8.09 (Si- 
CH2CH,si), 0.50, -0.18 (Si(CHa)J. Recrystallization from EhO 
afforded the pure cis isomer as off-white crystale, mp 136.5 "C. 
AnaL Calcd for C1&,N20Sio: C, 59.16; H, 7.94, N, 9.20. Found 
C, 57.47; H, 7.99; N, 9.37. 

trans -3-[NJV-Bis( trimethylsilyl)pmin0]-4-phenyl-2-a~- 
etidinone (91). Pale yellow oil, 2.32 g (70%). The cis isomer 
was not detected by 'H NMR spectroscopy. 'H NMR (CDCld: 
trana, 6 7.10 (m, 5 H, ArH), 6.25 (br 8, 1 H, NH), 4.25 (d, 1 H, 
J = 2.0, NCHCHPh), 3.98 (d, 1 H, J = 2.0, NCHCHPh), 0.19 (e, 
18 H, Si(CH&); authentic cis, 6 4.64 (d, 1 H, 5.2, NCHCHPh), 
4.46 (d, 1 H, J = 5.2, NCHCHPh). Is NMR (CDCla): trans, 6 
173.51 (Cd)), 138.97, 128.58, 127.89, 125.19 (Arc), 75.67 
(NCHCHPh), 63.11 (NCHCHPh), 2.48 (Si(CHs),). Recrystalli- 
zation from hot hexane afforded the pure trans isomer as off-white 
crystals, mp 111 "C. Anal. Calcd for C1&&OSi2: C, 58.77; 
H, 8.55; N, 9.14. Fobnd: C, 58.34; H, 8.51; N, 9.08. 

trams -34 2,2,S,S-Tetramet hyl- 1-aea-2,s-disilac yclo- 
pentyl)-&[ (trimethylsilyl)ethynrl]-2-aeetidinone (99). Pale 
yellow oil, 3.03 g (93%). The 'H NMR spectrum revealed that 
the product vm a mixture of cia and trans isomera (&/trans ratio 
397). 'H NMR (CDCla): trans, 6 6.47 (br 8, 1 H, NH), 4.35 (d, 
1 H , J  = 2.2,NCHCHW),3.77 (d, 1 H , J =  2.2,NCHCHC=C), 
0.73-0.68 (m, 4 H, SiCH2CH#i), 0.09 (br 8, 12 H, Si(CHa)J, 0.05 
(e, 9 H, Si(CHa)a). 'W NMR (CDCl,): trans, 6 170.08 (Cd)), 
102.74 CbCSiMea), 91.40 (CaCSiMea), 72.53 (NCHCHCEC), 
50.07 (NCHCHCEC), 5.42 (SiCH9CH&), 0.60, -0.10 (Si(CHa)J, 
-0.29 (Si(CHa)a). Attempts to obtain solid material by recrys- 
tallization invariably resulted in partial hydrolysis of the protecting 
diailyl moiety. Complete deprotection of Sg gave pure lOg as an 
off-white solid (vide infra). 

General Procedure for the Deprotection of 3-(2,2,5,6- 
T e t r a m e t h y l - l - a a o - Z I o ~ n ~ l ) - 2 - ~ ~ ~ .  The 
2-azetidinones 9 can be easily deprotected by acid-catalyzed 
hydrolysis in MeOH. However, in order to isolate the pure 2- 
azetidinonea 10, a rather tedious chromatographically eeparation 
is neceeeary to remove the 1,2-bis(methoxydimethyl~ilyl)ethane 
that is formed. A more convenient procedure is as follow: 10 
mmol of a protected 2-azetidinone 9 ia dissolved in 50 mL of Ek@. 
To this solution is added 20 mL of a 1.0 M solution of HCl in 
water. This twrjlayer system is well-stirred for 1 h, and then the 
etheral layer is separated and the water layer is extracted with 
another 10 mL of EhO. The water layer ia then brought to pH 
= 8 with a 1.0 M solution of KOH in water and extracted with 
three portions of CH2ClP After drying with Na804  the CH2C12 
layer is concentrated in vacuo to afford the pure 2-azetidinone 
10. 

trea.-l-Benzyl-&o"ethrl-2azetidino (loa). Pale 
yellow oil, 1.79 g (94%). The 'H NMR spectrum revealed that 
the product was a mixture of cia and trans isomers (&/trans ratio 
991). 'H NMR (CDCl,): trans, 6 7.26 (m, 5 H, ArH), 4.54 (d, 
1 H, J = 15.2, CH,Hph), 4.05 (d, 1 H, J - 15.2, CHJI,Ph), 3.63 

NCHCHCH,), 1.59 (br s,2 H, NH2),1.18 (d, 3 H, NCHCHCHd. 
truas-l-Methyl-3-omino-4-phenyl-2-azetidinone (lob). 

Colorleee oil, 1.60 g (91%). The 'H NMR spectrum revealed that 
the product was a mixture of cie and trans isomers (&/trans ratio 
892). 'H NMR (CDCla): trans, d 7.31 (m, 5 H, ArH), 4.19 (d, 
1 H, J = 1.8, NCHCHPh), 3.91 (m, 1 H, NCHCHPh), 2.76 (br 
s,3 H, NCH,), 1.91 (br s,2 H, NHJ; cis, S 4.75 (d, 1 H, J = 4.9, 
NCHCHPh), 4.47 (d, 1 H, J = 5.2, NCHCHPh), 2.83 (s, 3 H, 
NCHB). 'BC NMR (CDClJ: trans, 6 170.33 (W), 136.59,1!28.67, 
128.16, 125.89 (Arc), 70.23 (NCHCHPh), 67.28 (NCHCHPh), 
28.53 (NCHS); cia, 6 64.60 (NCHCHPh), 63.60 (NCHCHPh). The 
pure trans isomer waa obtained in 91% yield as a colorless solid 
when started from pure trans-9b, mp 51.5 "C. Anal. Calcd for 

N, 15.47. 
trpas-3-Amino-4-phenyl-2-azetidinone (1Oe). Pale yellow 

solid, 1.20 g (75%). The 'H NMR spectrum revealed that the 
product waa a mixture of cis and trans isomers (cis/trans ratio 
14:86). 'H NMR (CDC18): trans, 6 7.36 (m, 5 H, ArH), 6.51 (br 
8, 1 H, NH), 4.37 (d, 1 H, J = 2.1, NCHCHPh), 3.94 (d, 1 H, J 

(d, 1 H, J = 1.9, NCHCHCH,), 3.23 (dq, 1 H, J 1.9 and 6.2, 

C&~NZ$ C, 68.16; H, 6.88; N, 15.90. Found C, 66.66; H, 7.04; 

van der Steen et  al. 

= 2.1, NCHCHPh), 1.25 (br s ,2  H, NHJ; cis, 6 4.89 (d, 1 H, J 
= 5.2,NCHCHPh),4.50(d,lH,J = 5.2,NCHCHPh). 'W NMR 
(CDCI,): trans, 6 171.69 (C--O), 138.97, 128.84, 128.27, 125.54 
(Arc), 71.12 (NCHCHPh), 62.76 (NCHCHPh). The dieetereomem 
could not be separated by crystallization or chromatography. 

trans -3-Amino-44 (trimethybilyl)ethl]-2-azetidinone 
(log). Because of the suspected sensitivity of the acetylenic p u p  
toward strong acidic media, deprdection of Sg waa accomplished 
by stirring overnight in THF/H20 (21 v/v). The water layer was 
extracted with two portions of CH2Clo and the combined organic 
extracts were dried with Nafi04 and concentrated in vacuo to 
afford crude lOg aa a pale brown solid. The product was purified 
by washing with two small portions of cold (-30 "C) EhO and 
after drying in vacuo 1.37 g (75%) of pure 10s was obtained as 
an off-white solid, mp 122 "C. 'H NMR (CDCI,): trans, 6 6.62 
(bra, 1 H, NH), 4.23 (d, 1 H, J = 2.2, NCHCHC*), 3.92 (d, 1 
H, J = 2.2, NCHCHC+), 1.97 (br s, 2 H, NH2), 0.15 (8, 9 H, 
Si(CH&J. 'Bc NMFt (CDCk): 170.33 (C--o),102.04 (MSMe& 
91.47 (C=CSiMes), 70.25 (NCHCHGC), 49.74 (NCHCHGC), 
-0.27 (Si(CHJJ. Anal. Calcd for C&N20SI: C, 52.71; H, 7.74; 
N, 15.37. Found C, 50.91; H, 7.W; N, 14.36." 

Synthesis of erytbro -NJV-Dimethyl-3-(phenylamino)- 
phenylalanine tertButy1 Ester (11). To a stirred solution 
containing 20 mmol of LDA in 50 mL of a 4 1  mixture of benzene 
and EhO was added 20 mmol(3.18 g) of NJV-dimethylglycine 
tert-butyl ester at 0 OC. The resulting white suspension WBB stirred 
for 30 min at room temperature. Then 20 mmol of ZnC12 (20.0 
mL of a 1.0 M solution in -0) was added, and after the mixture 
was stirred for 30 min 20 mmol (3.62 g) of N-benzylidene-N- 
phenylamine was added. The resulting pale yellow suspension 
was stirred for 4 days at 40 "C and then quenched with 25 mL 
of a saturated aqueous NH4Cl solution. The precipitated salts 
were fiitered off through a sintered-glass fritt. The aqueous layer 
was separated and extracted twice with 50 mL of EhO. The 
combined extracts were dried over Na804  and concentrated in 
vacuo, affording 6.81 g of a pale yellow oil, which solidified upon 
standing. The 'H NMR spectrum revealed that the product was 
a mixture of imine 7h, 2-azetidinone 8m, and 11 (erythro:threo 
= %lo) in a ratio of 101090. Recrystallization from hot hexane 
afforded 5.44 g (80%) of the pure erythro isomer as an off-white 
solid. 'H NMR (CDC18): erythro, 6 7.39-7.05 (m, 7 H, ArH), 
6.676.51 (m, 3 H, ArH), 5.28 (br s, 1 H, NH), 4.67 (br d, 1 H, 

threo, 6 7.39-7.05 (m, 7 H, ArH), 6.67-6.51 (m, 3 H, ArH), 5.28 
(br s, 1 H, NH), 4.47 (d, 1 H, J = 11.7, NCH(CO0t-Bu)CHPh), 

6 170.21 (C=O), 147.20, 139.56, 128.96, 128.32, 127.25, 127.03, 
116.98, 113.04 (Arc), 82.47 (C(CH,),), 74.91 (NCH(CO0t-Bu)- 

(C(CH&); threo, 6 168.13 (-1, 150.67,145.16, 128.91, 128.54, 

J = 5.7, NCH(CO0t-Bu)CHPh), 3.11 (d, 1 H, J 5.7, NCH- 
(COOt-Bu)CHPh), 2.35 (8,6 H, N(CHS)J, 1.23 ( ~ , 9  H, C(CHa)& 

3.24 (d, 1 H, J = 11.7, NCH(CO0t-Bu)CHPh), 2.42 (8, 6 H, 
N(CH8)2), 1.29 ( ~ , 9  H, C(CHg)a). 'gC NMR (CDCla): erythro, 

CHPh), 57.10 (NCH(CO0t-Bu)CHPh), 43.11 (N(CH&), 27.69 

127.93, 127.35, 117.64, 114.05 (Arc), 83.21 (C(CH8)3), 75.65 
(NCH(CO0t-Bu)CHPh), 58.34 (NCH(CO0t-Bu)CHPh), 41.04 
(N(CH,),), 28.16 (C(CH&). 
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(34) (a) The valuea of the elemental andm indicate that the 3- 
amincl.2-azetidinoneenes 10 most likely contain complexed water. An X-ray 
structure determination of pure crystalline 3-amino-2-azetidinone 10b 
revealed that both the 3-amino hydrogens and the amido oxygen am 
involved in a strong three-dimensional network of hydrogen bond.%* 
Therefore it is plausible that the compound b rather hygKwlcopic and 
incorporation of water is likely to OCCUT upon standing in air. (b) van der 
Steen, F. H.; Spek, A. L.; van Koten, G. Acta Crystallogr. C, in p w .  


