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Lithium and zinc dienolates of 3-butenoic, 3-methyl-2-butenoic, 3-pentenoic, and 4-phenyl-3-butenoic 
methyl esters are reacted with imines R1C(H)-NR2[3a: R1 = 2-pyridyl, R2 = Ph; 3b: R1 = Mea- 
SiC=C; R2 = Ph; 3c: R1 = 2-pyridyl, R2 = (R)-PhCH(CHa); 3d: R1 = Me3Sic~C; R2 = (R)-PhCH- 
(CH3)l. Depending on metal counterion, temperature, and substituents, the C-C coupling occurs 
either at  the 2-position (a-coupling) or at  the 4-position (y-coupling) of the dienolate, giving /?-amino 
esters and a,/?-unsaturated esters, respectively. The a-coupling occurs at -78 "C and is reversible, 
whereas y-coupling products are formed upon warming to -20 "C. The C-C coupled products 
may undergo irreversible ring closure to /?-lactams (from p-amino esters) or 5,6-dihydropyridin-2- 
ones (from Z)-a,/?-unsaturated esters). Starting from enantiomerically pure imine 3c, high (71- 
92%) asymmetric inductions were realized in both /?-lactams and 5,6-dihydropyridin-2-ones; 
y-coupling of enolate 2a and chiral imine 3d occurred with low diastereoselectivity (15%). Four 
factors favor the formation of /?-lactams: (i) the use of zinc dienolates, (ii) 4-substitution of the 
dienolates, (iii) nonaromatic imine N-substituents, and (iv) a low reaction temperature (-78 "C). 
The product formation is discussed in terms of six-membered cyclic transition states, involving 
either zinc enolates (a-coupling) or isomeric allylzinc species (y-coupling). 

Introduction 

The /?-lactam function is a common structural feature 
of an important class of antibi0tics.l In the past decades, 
several routes for the synthesis of /?-lactams have been 
p u b l i ~ h e d . ~ , ~  Since generally only one enantiomer dis- 
plays biological activity, the development of synthetic 
methodologies that allow control of the diastereoselec- 
tivity is an important topic in /?-lactam chemistry. The 
condensation reaction of ester enolates with imines 
constitutes a versatile route to synthetic  la lac tam^.^ The 
cis-trans-selectivity of this reaction is determined pri- 
marily by the metal. We have shown recently, that zinc 
enolates afford trans /?-lactams almost exclusively.4 More- 
over, zinc enolates display a high reactivity toward 
imines, both in the C-C coupling reaction and in the 
subsequent ring closure. A convenient one-pot procedure 
for the synthesis of /?-lactams from zinc enolates and 
imines has been de~eloped.~" Asymmetric synthesis 
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employing chiral imines was accomplished with excellent 
diastere~selectivity.~~~~ 

Biologically active bicyclic trans-/?-lactams are found 
among the carbapenem~.~ Generally, they possess a 
3-alkyl substituent, e g .  PS-5, PS-6, and thienamycins, 
having an ethyl, isopropyl, and (R)-1-hydroxyethyl side 
chain at  the 3-position, respectively. This class of 
compounds is a potential target for the zinc-mediated 
ester enolate-imine condensation reaction. The (formal) 
total synthesis of carbapenems is well documented. By 
employing 3-hydroxybutyric esters6 in the lithium ester 
enolate-imine condensation, the hydroxyethyl function 
was directly introduced. However, our results with the 
corresponding chlorozinc enolate were not very promis- 
ing.7 It was considered to be advantageous to introduce 
a latent hydroxy function, to be activated at a later stage 
of the synthesis. For this reason, we selected 3-alkeno- 
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Kleijn, H.; Britovsek, G. J. P.; Jastrzebski, J. T. B. H.; van Koten, G. 
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ates as the starting esters, to produce 3-(1-alkenyl)-2- 
azetidinones,8 that can be transformed to an aldehyde 
or ketone function by o z o n o l y ~ i ~ , ~ ~ ~ ~  or to a 3-alkyl 
substituent by hydrogenation (Pd/C).8e 

Several research groups have already employed dieno- 
lates in C-C coupling reactions with electrophiles, and 
the regiochemistry of 1ithiumlO and zinc" dienolates in 
the related aldol reaction has been the subject of a 
number of synthetic and mechanistic studies. The 
formation of a- and y-coupled products was interpreted 
in terms of solvent, temperature, and substituent effects. 
Usually, the a-coupled product is the kinetic product of 
the reaction, which is isolated by quenching at  -78 "C. 
Upon raising the temperature, the thermodynamically 
more stable y-coupled products are formed. Retroal- 
dolization has been established in several cases.1° How- 
ever, to  our knowledge, only one communication on the 
direct condensation of a dienolate with imines has 
appeared in print.12J3 It is noteworthy that Lewis acid- 
mediated coupling of vinylketene silyl acetals with imines 

(7) We found that chlorozinc enolates of protected ethyl 3-hydroxy- 
butanoates eliminate alkoxy- or silyloxyzinc chloride, giving ethyl 
crotonate. 
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D. M.; Ley, S. V. J. Chem. SOC., Perkin Trans. 1 1983, 2851-2856. 
(c) Hodgson, S. T.; Hollinshead, D. M.; Ley, S. V. J. Chem. SOC., Chem. 
Commun. 1984,494-496. (d) Bose, A. K.; Krishnan, L.; Wagle, D. R.; 
Manhas, M. S. Tetrahedron Lett. 1986,27, 5955-5958. (e) Manhas, 
M. S.; Ghosh, M.; Bose, A. K. J. Org. Chem. 1990, 55, 575-580. (0 
Palomo. C.: AizDura. J. M.: LoDez. M. C.: Aurrekoetxea. N.: Oiarbide. 
M. Tetrahedron'Lett: 1990,'31,'6425-6428. (g) Georg, G. 1.1 Mashava; 
P. M.; Guan, X. Tetrahedron Lett. 1991,32, 581-584. 

(9)(a) Bailey, P. S. Ozonation in Organic Chemistry; Academic 
Press: New York, 1978, Vol. 1. 
(10) (a) Rathke, M. W.; Sullivan, D. Tetrahedron Lett. 1972, 13, 
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Trapani, G.; Umani Ronchi, A. J. Chem. SOC. Perkin Trans. 1 1973, 
400-404. (d) Kajikawa, A.; Morisaki, M.; Ikekawa, N.; Tetrahedron 
Lett. 1976,16,4135-4136. (e) Casinos, I.; Mestres, R.; J. Chem. SOC., 
Perkin Trans. 1 1978, 1651-1655. (0 Dugger, R. W.; Heathcock, C. 
H. J. Org. Chem. 1980,45, 1181-1184. (g) Johnson, P. R.; White, J. 
D. J. Org. Chem. 1984,49,4424-4429. 
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60,209-217. (b) Couffignal, R.; Gaudemar, M. J. Organomet. Chem. 
1976, 96, 149-162. (c) Bellassoued, M.; Dardoize, F.; Frangin, Y.; 
Gaudemar, M. J. Organomet. Chem. 1981,219, Cl-C4. (d) Rice, L. 
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T. J. Og. Chem. 1984,49,1845-1848. (e) Bellassoued, M.; Gaudemar, 
M.; El Borgi, A.; Baccar, B. J. Organomet. Chem. 1985,280,165-172. 
(0 Bellassoued, M.; Habbachi, F.; Gaudemar, M.; Tetrahedron 1986, 
41, 1299-1305. (g) Bellassoued, M.; Habbachi, F.; Gaudemar, M. 
Tetrahedron 1987,43, 1785-1792. 
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leads to the exclusive formation of y-coupled products (5- 
amino-2-alkenoates and 5,6-dihydropyridin-2-ones).14 

Results 

Under the previously described reaction and workup 
conditions"-" (see Experimental Section), lithium (la- 
d) and chlorozinc dienolates (2a-d) of methyl 3-al- 
kenoates were reacted with N-(2-pyridylmethylidene)- 
aniline (3a), N-(3-( trimethylsilyl)-2-propynylidene)aniline 
(3b), (R)-[1-(N-[2-pyridylmethylidenelamino)ethyllbenzene 
(3~1, and (R)-[l-(N-[3-(trimethylsilyl)-2-propynylidenel- 
amino)ethyllbenzene (3d). In a typical one-pot procedure, 
the dienolates were generated by deprotonation of the 
ester15 with 1 equiv of LDA in THF at -78 "C,16 followed 
by transmetalation with ZnClz (Scheme 1). After addi- 
tion of the appropriate imine and reacting for 1 h at -78 
"C, the kinetic products were obtained by quenching the 
reaction mixture with saturated aqueous NH&l. Alter- 
natively, the reaction mixture was stirred for 1 h at  -20 
"C, in order to obtain the thermodynamic products. Two 
reaction pathways were operative (Scheme 1): coupling 
at  the a-position, affording p-amino esters as the kinetic 
products, and y-coupling, leading to both (2)- and (E)& 
aminoalkenoates as the thermodynamic products. De- 
pending on the reaction conditions, the p-amino esters 
and the (2)-alkenoates may undergo cyclization to ,&lac- 
tams and 5,6-dihydropyridin-2-ones, respectively. The 
influence of the metal, the temperature (-78 or -20 "C) 
and the substituents (at the 3- and 4-position of the 
dienolate) on the outcome of the reactions were investi- 
gated. The lithium enolates reacted only with N-phenyl 
imines 3a and 3b. 

The reactions were monitored by quenching small 
samples and analyzing their composition by 'H NMR and 
GCMS (EI, 70 eV). Products were purified after quench- 

(13) We have attempted to perform the reactions with N-alkyl 
imines described in ref 12 via our standard procedure. However, no 
reaction occurred at -20 "C; the zinc dienolate decomposed above room 
temperature. Clearly, the generation of short-lived, reactive zinc 
dienolates using Reformatsky-type reaction conditions (refluxing 
benzene or toluene) is not comparable to our methods. Moreover, the 
thermal stability of many imines is a problem at such high tempera- 
tures. 
(14) (a) Brandstadter, S. M.; Ojima, L.; Hirai, K. Tetrahedron Lett. 

1987,28,613-616. (b) Midland, M. M.; Mchughlin, J. L. Tetrahedron 
Lett. 1988,29, 4653-4656. (c) Midland, M. M.; Koops, R. W. J. Org. 
Chem. 1992,57, 1158-1161. (d) Waldmann, H.; Braun, M.; Drager, 
M. Tetrahedron Asymm. 1991, 2, 1231-1246. (e) Waldmann, H.; 
Braun, M. J. Org. Chem. 1992,57,4444-4451. 
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Scheme 2 

,.M 1)3a-d 

l a  M=Li  
2a M=ZnCI 5d 

a: R3 = 2-pyridyl, R2 = Ph 

C: R3 = 2-pyridyl, R2 = (R)-PhCH(Me) 
b: R3 = TMS-CsC, R2 = Ph 

d: R3 = TMS-CSC, R2 = (fl)-PhCH(Me) 

Table 1. Reactions of Unsubs t i tu ted  Zinc and Li th ium 
Dienolates with Imines  3a-d at -78 "C 

y :  a- 
enolate imine ester coupling syn:anti couplinp deb 

2a(Zn) 3a Me 4a  (60)" 30:70 5a (40)" - 
l a ( L i )  3a Me (0) 5a(>98Id - 
2a(Zn) 3b Me 4b  ('98) 20530 (OF 
l a (Li )  3b Me 4b  (>98) 50:50 (OF 
2a(Zn) 3c Me (0) - 6 ~ ( > 9 8 ) e  92 
2a(Zn) 3d Me (0) - Sd(298F  15 
2e(ZnY 3a (-)- (0) - 5e (94) 0 

2e(Zn) 3b (-)- 4f (72) 11:W (0) 
menthyl 

menthyl 

Conversions (%) determined by integration of 'H NMR signals. 
b Asymmetric Induction. After standing overnight at -20 "C, Sa  
is obtained quantitatively. Completely polymerized after 1 h at 
-20 "C. e Partially polymerized after 1 h at -20 "C. f Stirred for 
2 h at -20 "C to complete the reaction. 8 de of anti-4f: 42%. 

ing the reaction mixture by crystallization or HPLC. New 
compounds were fully characterized by 'H and 13C NMR, 
IR, GCMS, and elemental analysis. In the mass spectra, 
the /3-amino esters and 5-aminoalkenoates displayed 
molecular peaks with very low intensity (<0.5%). Their 
major fragmentation originated from cleavage of the C-C 
bond that was formed in the reaction, giving the [imine + HI+ ion (mlz = 183 [3a + HI+, 202 [3b + HI+, 211 [3c + HI+, and 230 [3d + HI+). The /3-lactams also display 
a very low molecular ion peak. The major peaks are due 
to loss of an isocyanate via cleavage of C(2)-C(3) and 
N-C(4) (9b and 13b,c).17 3-Phenylethenyl /3-lactam l6c 
is not volatile enough to be analyzed by GCMS. Only 
the 5,6-dihydropyridin-2-ones show significant molecular 
ion peaks (5-68%). 

Unsubstituted Dienolates 2a and 2e. The reaction 
of zinc dienolate 2a with imine 3a resulted in the 
quantitative formation of a 60:40 mixture of a-coupled 
product 4a and y-coupled product Sa (Scheme 2, Table 
1). By quenching after 1 h at -78 "C, p-amino ester 4a 
was obtained as a 30:70 mixture of syn and anti diaster- 
eoisomers, from which the major one was isolated by 

(15) Recently, a convenient, general synthesis of j3,y-unsubstituted 
carboxylic acids from allylic barium reagents has been published. 
Yanagisawa, A.; Yasue, K.; Yamamoto, H. Synth. Lett. 1992, 593- 
594. 

(16) Alternatively, dienolates might be generated by deprotonation 
of u,B-unsaturated esters with LDA in THF containing 23% (v/v) 
HMPA.loasd Because of the high toxicity of this additive, we did not 
consider this possibility. The lithium enolate 2b was generated from 
methyl 3-methyl-2-butenoate by deprotonation at  the 4-position with 
LDA in THF. Michael addition of LDA was not observed. 

(17) For a more detailed discussion of j3-lactam mass spectra, see: 
Fetter, J.; Giang, L. T.; Czuppon, T.; Lempert, K.; Kajtsr-Peredy, M.; 
Czira, G. Tetrahedron 1994,50, 4185-4200. 
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Scheme 3 

-2O'C 

M = ZnCI; 1 
M = H after hydrolysis R2x N*M 

crystallization. Quenching the reaction after stirring for 
1 h at -20 "C afforded no p-lactam. Instead, a#- 
unsaturated ester Sa was obtained as the only product 
in quantitative yield. The reaction of lithium dienolate 
l a  with imine 3a, when quenched at  -78 "C, afforded 
y-coupled product Sa quantitatively. However, warming 
the reaction mixture to -20 "C before quenching resulted 
in polymerization of the product. 

Evidently, in the zinc-mediated reaction the /3-amino 
ester 4a is formed under kinetic control. At higher 
temperatures it equilibrates to the thermodynamic prod- 
uct Sa, uia a retro enolate-imine condensation (Scheme 
3). The reversibility of the initial C-C coupling reaction 
was clearly demonstrated by deprotonation of recrystal- 
lized a-coupled product 4a with LDA and transmetala- 
tion with ZnClp in THF at -78 "C. After warming to -20 
"C, the thermodynamically more stable y-coupled product 
Sa was obtained, together with a small amount of the 
imine 3a. Due to the low boiling point, the ester itself 
was not recovered. 

Imine 3b afforded exclusively the a-coupled product 
4b (syn:anti 20:80) in the reaction with zinc dienolate 
2a at -78 "C. However, at -20 "C only polymeric 
products were observed. Presumably, the retro enolate- 
imine condensation produces the y-coupled product Sb 
(not observed), which undergoes a rapid (Lewis acid- 
mediated) polymerization. The analogous reaction of the 
lithium dienolate l a  afforded Sb at -78 "C, and poly- 
meric products at -20 "C. 

The reaction of zinc dienolate 2a with the chiral imines 
3c and 3d afforded exclusively the y-coupled products 
Sc,d in a quantitative yield at -78 "C. In both cases, 
warming to -20 "C resulted in polymerization. Whereas 
the formation of Sc was highly diastereoselective (de = 
92%), Sd was formed with a poor asymmetric induction 
(de = 15%). This low diastereoselectivity is consistent 
with earlier results from reactions of imine 3d with zinc 
enolates. Whereas most aldimines exist exclusively in 
the (E)-configuration,ls imine 3d is present in solution 
as an (E)-(Z) mixture (70:30 by 'H NMR). 

An alternative approach to asymmetric synthesis is to 
use chiral esters in this rea~ti0n.l~ Thus, the zinc enolate 
2e of (-)-menthyl 3-butenoate was reacted with imines 
3a and 3b (Scheme 4, table 11, to study the influence on 
y- and a-coupling, respectively. The reaction with imine 
3a was quenched after stirring for 2 h at -20 "C, 
affording the expected y-coupled product Se in 94% 

(18) Generally, aldimines are present in the (E)-configuration: (a) 
Fraser, R. R Banville, J.; Akiyama, F.; Chuaqui-Offermanns, N. Can. 
J. Chem. 1981,59,705-709. (b) De Kimpe, N.; Verhe, R.; De Buyck, 
L; Schamp, N. Can. J. Chem. 1984,62, 1812-1816. 

(19) We have previously (ref 4b) used menthyl esters in the reactions 
of zinc enolates, giving poor diastereoselectivity. However, in reactions 
of lithium enolates stereogenic ester groups effected good asymmetric 
induction: Ojima, I.; Habus, L. Tetrahedron Lett. 1990,31,4289-4292. 
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Scheme 4 

20: M = ZnCl y;:0 41 
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Ea: R = Ph 
8 ~ :  R z (R)-PhCH(Me). 
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I x" Qb 

conversion (based on recovered imine), as a 1:l mixture 
of the two diastereoisomers. Reaction of 2e with imine 
3b for 1 h at  -78 "C afforded the a-coupled product 4f 
in 72% conversion, on the basis of the integrals of ester 
and imine signals in the lH NMR spectrum. The dia- 
stereoselectivity is slightly better than the corresponding 
reaction with the methyl ester: an 11:89 mixture of syn 
and anti diastereoisomers was obtained. However, the 
asymmetric induction (de 42%) was poor. 

3-Substituted Dienolate 2b. The methyl 3-methyl- 
3-butenoate zinc dienolate 2b (Scheme 5 ,  Table 2) reacted 
with the pyridyl-substituted imine 3a at the y-position 
only. The cyclization to the 5,6-dihydropyridin-2-one 8a 
is rapid a t  -78 "C. By quenching at  this temperature 
only 8a and the (E)-a,P-unsaturated ester 7a are obtained 
in a 58:42 ratio. This ratio had not changed significantly 
when the reaction was performed for 1 h at  room 
temperature. After 14 days at room temperature, a 75: 
25 ratio of 8a:7a was observed, which demonstrates that 
the y-coupling is also reversible, although the retroreac- 
tion is very slow. The lithium-mediated reaction afforded 
the same products in a slightly different ratio, together 
with 5% of the noncyclized (Z)-a,p-unsaturated ester. 
Apparently the lithium-mediated ring closure is slow. 

A diastereoselective y-coupling (de 80%) was observed 
in the reaction of the chiral pyridyl-substituted imine 3c 

van Maanen et al. 

with zinc dienolate 2b at -78 "C, affording exclusively 
the 5,6-dihydropyridin-2-one 8c. However, the (trimeth- 
ylsilyllethynyl imine 3b afforded the a-coupled product 
6b quantitatively (syn:anti 18:82). Upon warming to -20 
"C, only a minor amount of ring closure to  the p-lactam 
9b is observed. Furthermore, the a-coupling is readily 
reversible, resulting in the formation of y-coupled prod- 
ucts upon warming. The product mixture consisted 
mainly of four compounds: 5,6-dihydropyridin-2-one 8b, 
(E)-a,p-unsaturated ester 7b, p-lactam 9b (only the trans- 
diastereoisomer was observed), and ,!?-amino ester 6b, 
together with some polymeric material. Reaction of 
lithium dienolate lb with imine 3b resulted in complete 
polymerization a t  -78 "C. 

4-Substituted Dienolates 2c and 2d. The products 
of the reactions of zinc dienolates 2c (R = Me) and 2d (R 
= Ph) with the imines 3a-c (Scheme 6, Tables 3 and 4) 
almost exclusively resulted from coupling at  the a-posi- 
tion of the dienolate. Reaction with the N-phenyl imines 
3a,b (-78 "C, 1 h) afforded a-coupled products 10a,b and 
14a,b with low syn-anti-selectivity. In the reactions of 
zinc enolate 2c, double bond isomerization resulted in 
the formation of p-amino esters with a (2)-1-propenyl side 
chain ((Z)-lOa: 9%) (Z)-lOb: 21%) with the same de as 
the (E)-isomer. The corresponding reaction of lithium 
enolate IC with imine 3b afforded only the (E)-isomer; 
no isomerization of the side chain was observed. 

Upon warming the reaction mixtures to -20 "C, the 
initially formed p-amino esters completely disappeared. 
Zinc dienolate 2c (R = Me) afforded mainly y-coupled 
products. A small amount (11%) of p-lactam 13b was 
observed, but determination of the diastereoselectivity 
was impossible due to  the presence of signals of polymeric 
products. Polymerization products were also found in the 
reaction of zinc dienolate 2d with N-phenyl imines 3a,b 
(1 h at  -20 "C), although lH NMR of the reaction mixture 
showed that the y-coupled product 15b was formed in 
80% conversion (de 33%). 

The reaction of the chiral N-(1-phenylethyl) imine 3c 
with zinc dienolates 2c,d a t  -78 "C afforded trans$- 
lactams 13c (go%, de 88%) and 16c (97%) de 92%)) 
respectively. Apart from p-lactam 13c, the reaction of 
zinc dienolate 2c with imine 3c afforded also a small 
amount of 5,6-dihydropyridin-2-one 12c (lo%, de 80%). 
These data demonstrate that 4-substitution of the dieno- 
late favors a- over y-coupling. The ring closure of the 
intermediate N-( 1-phenylethy1)-substituted p-amino es- 
ters to the trans-p-lactams is fast at  -78 "C, thus 
blocking the retroreaction. The N-phenyl-substituted 
p-amino esters are isolated by quenching a t  -78 "C. 
Because ring closure to the p-lactam is slow, y-coupled 
products (which polymerize slowly under the reaction 
conditions) are formed upon warming to -20 "C. 

Stereochemistry. To ascertain the relative stereo- 
chemistry of the a-coupled products, a crystal structure 
determination was performed. Both diastereoisomers of 
6b (see Scheme 5 )  crystallize from EtzO, the major one 
as colourless feather-shaped crystals, the minor one as 
orange disk-shaped crystals. The latter crystals were 
suitable for X-ray analysis. The molecular structure of 
the minor diastereoisomer, together with the adopted 
numbering scheme, is depicted in Figure 1. As the space 
group (P21/c) is nonchiral, both enantiomers are present 
in the unit cell, interrelated by an inversion center. The 
molecules are arranged in chains of one enantiomer, 
interconnected via an intermolecular C=O-H-N hydro- 
gen bridge. The relative stereochemistry of the minor 
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Table 2. Reactions of 3-Substituted Lithium (lb) and Zinc (2b) Dienolate with Imines 3a-c 
~ ~ ~ ~~~~ 

a-coupling y -coupling 

enolate imine T ("C) conP a :  y-ratio ester /3-lactam ester pyridinone 

2b (Zn) 3a b =- 98 0: 100 (0) (0) 7a (42) 8a (58) 
lb (Li) 3a -20 >98 0 : lOO (0) (0) 7a (32) 8a (68Ic 

-20 -85 23:77 6b (4) Bb (19P 7b (25) 8b (52) 2b (Zn) 3b 
l b  (Li) 3b -78 
2b (Zn) 3c b 298 0:lOO (0) (0) (0) 8c (100)s 

a Conversions (%I, determined by integration of IH NMR signals. Identical results at -78 and -20 "C. 5% was present as noncyclized 

2b (Zn) 3b -78 >98 1oo:o 6b (loold (0) (0) (0) 

- (0) (0) (OY (0) 

(Z)-a,P-unsaturated ester. * syn:anti 18:82. e &:trans 18:82. f Completely polymerized de 77%. 

Scheme 6 

10a,b: R' = Me 
14a,b: R1 = Ph 

2c: R' = Me 
2d: R ' =  Ph . 1) 3a,b 

13c: R' =Me 
16c: R' = Ph 12c: R' = Me 

l l a :  R' =Me 
l i b :  R '=Me 

diastereoisomer of 6b is syn (relative orientation of the 
isopropenyl and PhNH group), which upon ring closure 
affords a cis-p-lactam. Thus, the major diastereoisomer 
has the anti-configuration, corresponding to the trans- 
P-lactam. 

The formation of anti-l)-amino esters and trans+ 
lactams is in accordance with our previous results in the 
C-C coupling reactions of imines and zinc enolates4 
under kinetic control. The stereochemical interpretation 
is further substantiated by the coupling constants of the 
protons attached to C(3) and C(4) ( 3 J ~ - ~  - 2 Hz) of trans- 
P-lactams 9b, 13b, 13c, and 16c. In the reactions of 
enolates 2a-d with N-phenyl substituted imines 3b at 
-78 "C both syn- and anti-p-amino esters were obtained. 
The ratios of the two diastereoisomers were determined 
by integration of characteristic IH NMR signals. The 
similar IH NMR spectra of the major and minor diaster- 
eoisomers of the B-amino esters strongly suggest that in 
all cases the same diastereoisomer (anti) is the predomi- 
nant one. 

The y-coupled products derived from 4-substituted 
enolates 2c and 2d did not afford crystals suitable for 
molecular structure determination. The relative stere- 
ochemistry of the 5,6-dihydropyridin-2-one 12c is de- 
duced from its IH NMR. The coupling constants of the 
protons attached to C(5) and C(6) is very small (-0 Hz), 
indicating a HCCH torsion angle of -go", and thus a 
trans-arrangement. Notably, the six-membered ring is 
not in a chair conformation, since the C=C-C(=O)-N 
bonds of the a,b-unsaturated amide are nearly coplanar. 
Rotation around the C(5)-C(6) bond is therefore very 
limited. 

Discussion 

In the past decades, reactions of metal enolates with 
electrophiles have been the subject of many mechanistic 
studies. Especially for the aldol condensation the reac- 
tion mechanism has been well established.20 The ster- 
eochemistry of the products has been described in terms 
of six-membered cyclic transition states. The results of 
the closely related enolate-imine condensation reaction 
has been rationalized via analogous cyclic transition 
states.21 Moreover, this mechanistic interpretation is 
also applicable to the reactions of allylmetal reagents22 
with aldehydes and imines. 

Zinc enolates are not present in solution as well-defined 
species. Apart from aggregation equilibria, 0- and 
C-metalated species are in e q u i l i b r i ~ m . ~ ~  This has been 
clearly demonstrated in the crystal structure of the 
Reformatsky reagent [BrZnCH&OOR12,23b which is an 
intermediate between 0- and C-metalation. Moreover, 
we have recently observed (E)-(Z) isomerization of zinc 
enolates in the absence of a proton source, suggesting 
the intermediacy of C-metalated species in solution. In 
the reactions of the zinc dienolates, the C-metalated 
isomer actually is an allylzinc species, that also reacts 
with the substrate. 

Previously, we have d e m o n ~ t r a t e d ~ ~  that the excellent 
trans-selectivity of the zinc-mediated ester enolate-imine 
condensation is accounted for by a six-membered chair 
transition state 17, involving an (,??)-imine and a (2)- 
enolate (Scheme 7). Transition state 18, involving an (E)- 
enolate and an (E)-imine, is destabilized by a gauche 
interaction of R1 and R3. Products resulting from (E)- 
enolates have only been observed when R1 or R3 are 
small, or when the reactions were performed in polar 
solvents ( e g .  mixtures of THF and HMPA). Since the 
asymmetric induction using a menthyl ester is poor, the 
1,3-diaxial interaction of the ester group with R3 is not 
substantial. 

a-Coupling. The outcome of the a-coupling reactions 
of zinc dienolates and imines is determined by the 
relative stabilities of transition states 17 and 18 (Scheme 
7). Although their conformation has not been estab- 
lished, the preferential formation of trans-p-lactams 
suggests that zinc dienolates also react mainly in the (Z)- 

(20) (a) Evans, D. A.; Nelson, J. V.; Taber, T. R. Top. Stereochem. 
1982, 13, 1-115. (b) Heathcock, C.  H. Science 1981, 214, 395-400. 
(c) Dubois, J. E.; Fort, J. F. Tetrahedron 1972, 28, 1653-1657. (d) 
Heathcock, C. H.; Buse, C. T.; Kleschick, W. A.; Pirrung, M. C.; Sohn, 
J. E.; Lampe, J. J .  Org. Chem. 1980,45, 1066-1081. 
(21) (a) Reference 4e. (b) Iwasaki, G.; Shibasaki, M. Tetrahedron 

Lett. 1987,28, 3257-3260. 
(22) Yamamoto, Y. Ace. Chen. Res. 1987,20,243-249. 
(23) (a) Dekker, J.; Schouten, A. B.; Budzelaar, P. H. M.; Boersma, 

J.; van der Kerk, G. J. M.; Spek, A. L.; Duisenberg, A. J. M.; J .  
Organomet. Chen. 1987,320, 1-12. (b) Dekker, J.; Boersma, J.; van 
der Kerk, G. J. M. J .  Chen. SOC., Chem. Commun. 1983,553-555. (c) 
Orsini, F.; Pelizzoni, F.; Ricca, G. Tetrahedron Lett. 1982,23, 3945- 
3948. 
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Table 3. Reactions of 4-Methyl-Substituted Lithium (IC) and Zinc (2c) Dienolate with Imines 3a-c 
a-coupled products y-coupled products 

enolate imine T("C) cone  a:y-ratio ester 8-lactam ester DVridinone 

l e  (LiY 3a -78 83 0 100 (0) (0 )  lla(100Y ( 0 )  
2e (Zn) 3b -78 >98 96 4 lob ( 9 6 P  ( 0 )  l l b  (4) (0) 
2c (Zn) 3b -20 51 29 71 lob (18F 13b(11) l l b  ( 7 0  ( 0 )  
1c (LiP 3b -78 96 100 0 10b (1OOY ( 0 )  ( 0 )  ( 0 )  
2c (Zn) 3c k > 98 90 10 0 13c (9OY ( 0 )  12c (lop 
le (Li) 3c k 0 - 0 ( 0 )  ( 0 )  ( 0 )  - 

Conversions (%), determined by integration of 'H NMR signals. Me(CH)=C(H)- fragment was present in (E)- (82%) and (Z)-(9%) 
conformation, syn:anti 4357. syn:anti 3070. e Completely polymerized at -20 "C. fsyn:anti 5050.8 MeC(H)=C(H)- fragment was present 
in (E)- (75%) and (Z)- (21%) conformation. * syn:anti 4555. Partially polymerized. J syn:anti 5941. Identical results at -78 and -20 
"C. ' Exclusively trans, de 88%. de 80%. 

Table 4. Reactions of 4-Phenyl-Substituted Lithium (Id)  and Zinc (2d) Dienolate with Imines 3a-c 
enolate imine T PC) cone a:y-ratio @-amino ester syn:anti trans-@-lactam deb 
2d (ZnY 3a -78 96 1000 14a (100) 3961 (0) 

(0) Id  (Li) 3a -78 10 1000 14a (100) - 
Id  (Li) 3a -20 90 1000 14a (100) 55:45 (0) 
2d (Zn) 3b -78 90 1000 14b (100) 45:55 (0) 
2d (Zn) 3b -20 80 01ood (0 )  ( 0 )  
Id  (Li) 3b -78 12  1000 14b (100) nd ( 0 )  
2d (Zn) 3e e 97 1000 ( 0 )  16c (100) 92 
Id (Li) 3c e 0 - (0 )  (0)  

Conversions (%), determined by integration of 'H NMR signals. Asymmetric induction. E Completely polymerized at -20 'C. (E)- 
a,,B-Unsaturated ester 15b formed with 33% de. - Identical results at -78 and -20 "C. 

Figure 1. Molecular structure of syn-6b. 

conformation. The alkenyl substituents (vinyl, isopro- 
penyl, 1-propenyl, and styryl) are coplanar with the 
enolate double bond and thus sterically not very demand- 
ing. Therefore, the energy differences of competing 
transition states 17 and 18, leading to anti- and syn-fi- 
amino esters respectively, are relatively small. 

In the reactions of methyl 3-pentenoate enolate 2c with 
N-phenyl imines 3a,b significant amounts of a-coupled 
products having a (Z)-1-propenyl side chain were formed, 
which cannot be explained by this mechanism. However, 
an equilibrium between the zinc dienolate 2c and iso- 
meric allylzinc species (uide infra) accounts for this 
unexpected double bond isomerization. As only minor 
amounts of y-coupled products are observed in the 
reactions of 4-substituted zinc dienolates with imines at 
-78 "C, the 0-metalated intermediate is the kinetically 
active species 

Scheme 7 
o-ZnCI O,ZnCI 

6 O M e  
R' 

- 
R ' d O M e  - 

(.+nolate 

R3CH=NR2 1 

I 

-MeOZnCI I 
cis 

y-Coupling. The diastereoseledive y-C-C coupling 
reactions of the dienolates with the cbiral N-(phenylethyl) 
imine 3c suggest that a highly ordered transition state 
is operative. The formation of y-coupled products is 
rationalized uia a six-membered cyclic transition state 
involving an allylzinc species 19, which is in equilibrium 
with the zinc enolate. The stereochemistry of the prod- 
ucts is determined by the conformation of the allylzinc 
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intermediate and the spatial arrangement of the reagents 
in the transition state complex. 

The reactions of allylic organometallic compounds with 
aldehydes generally involve open or cyclic chair transition 
states.22 However, the (E)-conformation of the imine 
forces both R2 and R3 in an axial position, introducing 
1,3-diaxial interactions. Under such circumstances, a 
boat transition state may be more stable.22 In both the 
chair and the boat transition state (Scheme 81, the ester 
function will be in an equatorial position to minimize the 
steric interaction with R2. Unsubstituted dienolates 2a 
and 2e, which afforded the (E)-5-aminoalkenoates (see 
Table 1) as the only y-coupling product, react exclusively 
via the chair transition state 20. However, 3-substituted 
dienolate 2b afforded both (E)-5-aminoalkenoates and 
5,6-dihydropyridin-2-ones (see Table 2). As chair transi- 
tion state 20 is destabilized by the 1,3-diaxial interaction 
of the dienolate substituent and imine C-substituent R3, 
the reaction proceeds primarily via boat transition state 
21. The resulting (2)-5-aminoalkenoate undergoes ring 
closure to the 5,6-dihydropyridin-2-one. The relative 

anti 

energies of the transition states are reflected in the 
product distribution, as equilibration via the reverse 
reaction is very slow (tllz > 14 days). 

The situation for the 4-substituted dienolates 2c,d is 
more complicated. Evidently, the preferential formation 
of a-coupling products (especially for 2d) is due to steric 
hindrance of the 4-substituent in the y-coupling transi- 
tion states. However, under thermodynamic control 
y-coupling is observed. Reaction of allylzinc intermediate 
24 (Scheme 9) via boat transition state 26 results in the 
formation of trans-5,6-dihydropyridin-2-ones, whereas 
chair transition state 26 affords a,P-unsaturated esters, 
having a syn-relationship between the C(4)-substituent 
and the amine. The low diastereoselectivity in the 
formation of the a,P-unsaturated esters requires that an 
alternative reaction path is available. Isomerization 
around the C(3)-C(4) bond of the allylzinc intermediate 
generates 22, which reacts via chair transition state 23 
to the anti-a,P-unsaturated ester. In the reaction of 
dienolate 2c with imines 3a and 3b, a-coupled products 
having a cis-1-propenyl side chain were formed in sig- 
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nificant amounts (vide supra), which strongly suggests 
the intermediacy of the isomerized allylzinc species 22. 
A boat transition state involving this intermediate is 
unlikely, as this would place the 4-substituent in an axial 
position. Therefore, the 5,6-dihydropyridin-2-ones are 
formed with excellent diastereoselectivity. 

Analogous to the 3-substituted allylzinc species, the 
product distribution reflects the relative stabilities of the 
transition states 23, 25, and 26. In the reactions of 
dienolates 2c and 2d with imines 3a,b at -20 "C the 
major products are a,p-unsaturated esters. Thus, for the 
4-substituted dienolates the y-C-C coupling reaction 
proceeds mainly via the chair transition states 23 and 
25, affording a$-unsaturated esters, whereas the 3-sub- 
stituted dienolate 2b reacts mainly via boat transition 
state 21, giving 5,6-dihydropyridin-2-ones, because the 
alternative chair transition state 20 is destabilized by a 
1,3-diaxial interaction involving R3. 

van Maanen et al. 

Conclusions 

Zinc dienolates derived from 3-alkenoates react with 
imines to yield a- and y-coupled products, depending on 
temperature and substituents. The C-C coupling reac- 
tion a t  the 2-position of the dienolate was shown to be 
reversible, leading to y-coupled products upon warming 
to -20 "C. N-Phenyl imines 3a and 3b afforded no 
synthetically useful amounts of B-lactams. Whereas 
3-substituted dienolate 2b reacted primarily a t  the 
y-position, the 4-substituted dienolates 2c and 2d af- 
forded mainly a-coupled products. In the reaction of 2c 
and 2d with N-phenyl imines, the intermediate (meta- 
lated) p-amino esters do not cyclize at -78 "C, leading 
to y-coupling products (and polymers) upon warming to 
-20 "C. The analogous reactions with N-(l-phenylethyll- 
substituted imine 3c afforded trans-/3-lactams 13c and 
16c in excellent yields and with good asymmetric induc- 
tion. Lithium enolates la-d reacted with activated 
N-phenyl imines 3a,b to a- or y-coupled products, but 
with low diastereoselectivity. Unactivated imines 3c,d 
did not react with lithium enolates. 

Whereas the lithium-mediated C-C coupling reaction 
of dienolates and imines often results in the formation 
of polymeric materials, the zinc-mediated reaction en- 
ables the synthesis of 5-amino-2-pentenoates without 
polymerization. These compounds are promising precur- 
sors for functionalized polymers. The diastereoselective 
synthesis of 5-amino-2-pentenoate 6c might give access 
to chiral polymers. 

The formation of y-coupled products is rationalized via 
competing chair and boat transition states involving (E)- 
imines and allylzinc intermediates 19, 22, and 24. For 
the 4-substituted dienolates, the major pathway at  -78 
"C is a-coupling, because the presence of a substituent 
a t  the 4-position destabilizes the y-coupling transition 
states 23, 25, and 26. Rapid, irreversible ring closure 
leads to trans-p-lactams. The formation of p-lactams is 
favored by four factors: (i) zinc as the counterion, (ii) 
4-substitution of the dienolates, (iii) nonaromatic imine-N 
substituents, and (iv) a low reaction temperature (-78 
"0. 

The p-lactams 13c and 16c possess promising 3-sub- 
stituents, that might be functionalized by oxidative 
cleavage (03), epoxidation, or reduction. The synthesis 
of useful intermediates for carbapenems via this ap- 
proach requires the use of imine substituents4g that can 
later be used for formation of the fused ring system. 

Experimental SectionM 

Standard Procedure for the C-C Coupling Reaction 
of Dienolates and Imines. To a solution of 5.0 mmol of 
diisopropylamine in 50 mL THF, cooled to -78 "C, was added 
5.0 mmol of n-butyllithium (3.2 mL of a 1.6 M solution in 
hexanes). After 5 min the appropriate ester was added, and 
10 min later the enolate was transmetalated by addition of 
5.0 mmol of ZnClz (4.1 mL of a 1.23 M solution in EtzO), 
followed by another 10 min stirring. Next, 5.0 mmol of the 
appropriate imine 3a-d was added. Stirring was continued 
for 1 h at -78 "C and optionally for 1 h at -20 "C. The 
reaction was quenched by addition of 10 mL of a saturated 
aqueous NH&1 solution. After filtration, the organic layer was 
separated. The aqueous layer was extracted twice with 10 mL 
of EbO, and the combined organic layers were dried on MgS04, 
filtered, and carefully evaporated to  yield the products. 

Methyl 24 (Phenylamino)(2-pyridyl)methyll-3-buteno- 
ate (4a). The product was obtained as a white crystalline solid 
by recrystallization from EtzO. Mp 124 "C. Yield: 0.55 g 
(39%) 'H NMR (CDC13): 6 8.58 (m, 1H); 7.56 (m, 1H); 7.24 
(m, 1H); 7.1-7.2 (m, 3H); 6.7 (m, 3H); 5.86 (m, 1H); 5.1 (m, 
3H); 4.94 (br d, J = 6.6, 1H); 3.80 (dd, J = 6.7, 8.6, 1H); 3.66 

129.2,122.4, 122.2, 118.0, 114.0, 132.6, 119.5, 60.6,55.2,52.0. 
IR (KBr, cm-l): 3277 (NH); 1727 (C=O); 3089,997 (HC=CH2). 
Anal. Calcd for Cl,H18Nz02: C 72.32, H 6.43, N 9.92. Found: 
C 72.22, H 6.46, N 9.86. GCMS: mlz 282 (<0.5), 183 (100). 

Methyl 3-(phenylamino)-5-(trimethylsilyl)-2-vinyl-4- 
pentynoate (4b). The product was obtained as a pale yellow 
solid (80:20 anti:syn mixture). Yield: 1.13 g (82%). The major 
diastereoisomer was enriched up to 84% de by recrystallization 
from pentane. 'H NMR (CDC13): 6 7.22 (m, 2H); 6.7-6.8 (m, 
3H); 6.04 (m, 1H); 5.2-5.4 (m, 2H); 4.63 (d, lH,  J = 6.1); 4.02 
(br s, 1H); 3.74 (s, 3H); 3.44 (dd, lH,  J = 6.1, 8.9); 0.12 (s, 
9H). 13C NMR (CDC13): 6 171.6, 145.8, 129.2, 119.0, 114.7, 
131.6, 120.2, 103.1, 89.7, 54.5, 52.2, 48.2, -0.14. IR (KBr, 
em-'): 3357 (NH); 2163 (CIC); 1727 (C=O); 3083,1002,918 
(HC=CHz). Anal. Calcd for C17H23NOzSi: C 67.73, H 7.69, 
N 4.65, Si 9.32. Found: C 67.83, H 7.74, N 4.73, Si 9.22. 
GCMS: mlz 301 (<0.5), 202 (100). 

Methyl Q-S-(Phenylamino)-S-(2-pyridyl)-2-pentenoate 
(Sa). Compound Sa was obtained as a pale yellow solid after 
recrystallization from EtzO. Mp 79.5 "C. Yield: 1.40 g (99%). 
1H NMR (CDC13): 6 8.59 (m, 1H); 7.62 (m, 1H); 7.29 (m, 1H); 
7.1-7.2 (m, 3H); 6.92 (dt, J = 6.5, 15.6, 1H); 6.69 (m, 1H); 
6.57 (d, 2H, J = 3.8); 5.88 (d, J = 15.6 1H); 4.66 (br t, J = 6.5, 
1H); 4.43 (br s, 1H); 3.70 (s, 3H); 2.7-2.9 (m, 2H). I3C NMR 

117.9, 113.6, 144.7, 122.4, 57.9, 51.5, 39.1. IR (KBr, cm-l): 
3284 (NH); 1715 (C=O); 1603, 989 (trans HC=CH). Anal. 
Calcd for C1,H18N202: C 72.32, H 6.43, N 9.92. Found: C 
72.18, H 6.53, N 9.83. GCMS: mlz 282 (C0.51, 183 (100). 

Methyl (j%')-B-[(R)-[( l-Phenylethyl)aminoll-S-(2-pyridyl)- 
2-pentenoate (Sc). The product was obtained as a colorless 
oil. The lH NMR spectrum revealed that the product was a 
mixture of two diastereoisomers (de 92%, [aIz0~ = +28.1 (c = 
0.6, EtOH)). Yield: 1.25 g (95%). All data refer to  the major 
diastereoisomer. 'H NMR (CDC13): 6 8.52 (m, 1H); 7.52 
(m, 1H); 7.1-7.3 (M, 7H); 6.84 (dt, lH,  J = 7.3, 15.6); 5.77 
(d, lH,  J = 15.6); 3.87 (t, lH,  J = 6.5); 3.74 (4, lH, J = 6.5); 

(24) All synthetic manipulations with air-sensitive reagents were 
carried out under a dry, inert Nz atmosphere using standard Schlenk 
techniques. Solvents were dried and distilled from sodiudbenzophe- 
none prior to use. Diisopropylamine was distilled at atmospheric 
pressure and stored over molecular sieves (3 A). Dry zinc chloride,& 
esters, and imines 3a-dZ6 were prepared according to literature 
procedures. 'H and 13C NMR spectra were recorded on a Bruker WP 
200 and a Bruker WP 300 spectrometer in chloroform -d or benzene- 
ds. AU coupling constants are presented in hertz (Hz). IR spectra were 
recorded on a Mattson Galaxy FTIR 5000 spectrometer. Mass spectra 
were recorded on a Unicam 610 Automass GCMS system. Melting 
points and boiling points are uncorrected. Elemental analyses were 
performed by Dornis und Kolbe Mikroanalytisches Laboratorium, 
Mtdheim d d  Ruhr, Germany. 

(25) Dayagi, S.; Degani, Y. In The Chemistry of the Carbon-Nitrogen 
Double Bond, Patai, S . ,  Ed., Interscience: London, 1970; pp 61-148. 

(8, 3H). 13C NMR (CDC13): 6 172.8, 159.4, 149.4, 1463,136.4, 

(CDCl3): 6 166.5, 161.0, 149.5, 146.6,136.9, 129.2, 123.8, 121.3, 
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3.65 (s, 3H); 2.5-2.7 (m, 2H); 2.18 (br s, 1H); 1.34 (s, 3H, J = 

126.9, 126.7, 123.0, 122.1, 145.9, 122.7, 60.2, 55.4, 51.3, 38.7, 
23.3. IR (KBr, cm-l): 3316 (NH); 1723 (C=O); 3026, 1656 
(trans HC=CH). Anal. Calcd for C19HzzNzOz: C 73.52, H 7.14, 
N 9.03. Found: C 73.36, H 7.10, N 9.10. GCMS (mlz): 295 
(l), 211 (loo), 107 (81), 105 (62). 

Methyl (E)-6-[(R)-[(1-Phenylethyl)aminoll-7-(trimeth- 
ylsilyl)hept-2-en-6-ynoate (Sd). The product, obtained as 
a yellow oil, was a 1:l mixture of diastereoisomers. Yield 1.23 
g (100%). lH NMR (CDC13): 6 7.28 (m, 5H); 6.96 (m, 1H); 5.91/ 
5.89 (d, J = 15.8, 1H); 4.10l4.04 (9, lH, J = 6.6l6.5); 3.72 (s, 
3H); 3.62 (m, 1H); 2.47 (m, 2H); 1.341.32 (d, J = 6.6l6.5); 0.191 

128.5/128.4,127.1/127.2,127.0/126.8,123.5,106.2/106.5,88.9, 
55.2l55.7, 51.5, 47.4147.2, 38.4l38.8, 22.U25.0, 0.1. IR (KBr, 
cm-l): 3325 (NH); 2160 (C=C); 1726 (C=O); 1603,984 (C=C). 
GCMS: 314 (<1), 230 (loo), 126 (80), 105 (93). 

Methyl 2-Isopropenyl-3-(phenylamino)-S-(tri"thyl- 
silyl)-4-pentynoate (6b). The crude material was an 82:18 
anti-syn mixture. The major isomer was obtained as white 
feather-shaped crystals by crystallization from pentane. Mp 
73 "C. Yield: 1.20 g (95%). IH NMR (CDC13): 6 7.2 (m, 2H); 
6.8 (m, 3H); 5.05 (br s, 2H); 4.62 (d, lH, J =  8.7); 3.70 (s,3H); 
3.43 (d, J = 8.7, 1H); 1.90 (s, 3H); 0.10 ( 8 ,  9H). 13C NMR 

89.2, 58.1, 52.1, 47.9, 21.1, -0.2. IR (KBr, cm-I): 3368 (NH); 
2164 (C=C); 1734 (C=O); 1643,898 (C=C). GCMS: mlz 315 
( 1 0 3 ,  202 (100). 

The minor isomer was also crystallized from pentane, 
affording pale orange needles. Mp 100 "C. 'H NMR (CDC13): 
6 5.06 (br s, 2H); 4.46 (d, lH, J = 9.3); 3.75 (s, 3H); 3.53 (d, 
1H, J = 9.3); 1.78 (s, 3H); 0.09 (9, 9H). 13C NMR (CDCl3): 6 
171.0, 146.3, 139.4, 129.1,118.8,117.3,114.3,104.5,88.6,58.8, 
52.1,46.4, 19.5, -0.2. Anal. Calcd for ClsHz5NSiOz: C 68.53, 
H 7.99, N 4.44. Found: C 68.48, H 8.08, N 4.54. GCMS: mlz 
315 (<0.5), 202 (100). 

X-ray Structure Determination of ~ y n - 6 b . ~ ~  Data were 
obtained at  150 K using a n  Enraf-Nonius CAD4-Turbo dif- 
fractometer with rotating anode (Mo &, CUHZ~NOZS~,  M, = 
315.49, space oup P2Jc, a = 10.1370(7) A, b = 9.4817(7) A, 
c = 19.653(2) r/? = 94.623(8)", 2 = 4, d, = 1.113 g ~ m - ~ ,  V = 
1882.8(3) A3. The 5364 reflections collected were corrected for 
linear decay, Lp, and absorption (DIFABS), and processed to 
give 4304 unique reflections (Rht = 0.08). The structure was 
solved with DIRDIF-92 and refined on F using SHELXL-93. 
All reflections were considered observed. Final R1 = 0.0788 
(2210 Fo > 4a(Fo) with hydrogen atoms included at calculated 
positions, Full details may be obtained from one of the authors 
(A.L.S.). 

Methyl (E)  3-Methyl-S-(phenylamino)-5-(2-pyridyl)-2- 
pentenoate (7a) and 4-Methyl-l-phenyl-6-(2-pyridyl)-5,6- 
dihydropyridin-2-one (8a). A mixture of a,/?-unsaturated 
ester 7a (42%) and pyridin-2-one 8a (58%) was obtained. 
Yield: 1.30 g (95%). Compound 7a, contaminated with 6% of 
the 5,6-dihydropyridin-2-one 8a, was obtained by crystalliza- 
tion from EtzO. Mp 95-101 "C. lH NMR (CDC13): 6 8.59 (d, 
J = 3.0, 1H); 7.61 (m, 1H); 6.67 (t, J = 7.2, 1H); 6.55 (d, J = 
7.8,2H); 5.71 (br s, 1H); 4.71 (dd, J =  5.7, 8.6, 1H); 4.42 (br s, 
1H); 3.67 (s, 3H); 2.81 (dd, J = 5.7, 13.8, 1H); 2.60 (dd, J = 
8.6, 13.8, 1H); 2.19 (9, 3H). 13C NMR (CDC13) 6 166.6, 161.7, 
155.9, 149.4, 146.7, 137.0, 129.2, 121.2, 118.3, 117.9, 113.6, 
122.4, 57.1, 50.9, 48.0, 18.5. GCMS: mlz 296 (31, 183 (100). 

The pyridin-2-one 8a was purified by recrystallization from 

7.64 (m, 1H); 7.1-7.3 (m, 6H); 5.90 (br s, 1H); 5.16 (dd, lH, J 
=1.9,7.0);3.16(dd,J=7.0,17.6,1H);2.85(dd,J=1.9,17.6, 

142.0, 136.8,128.8,125.8,125.1,122.4,121.5,121.1,63.4,36.1, 
22.9. IR (KBr, cm-I): 1662 (C=O); 1624 (C=C). Anal. Calcd 

6.5). 13C NMR (CDC13): 6 166.6, 162.0, 149.4, 136.2, 128.3, 

0.17 (s, 9H). 13C NMR (CDCl3): 6 166.7, 144.9, 144.5l145.5, 

(CDCl3): 6 171.7,146.4,129.1,119.1,115.1,139.4,116.4,104.1, 

EtzO. Mp: 134 "C. 'H NMR (CDCl3): 6 8.55 (d, J = 4.5, 1H); 

1H); 1.79 (9, 3H). 13C NMR (CDC13) 6 164.6, 160.2, 149.4, 

~ ~ ~~~~~~~~ ~~~ 

(26) The author has deposited atomic coordinates for this structure 
with the Cambridge Crystallographic Data Centre. The coordinates 
can be obtained, on request, from the Director, Cambridge Crystal- 
lographic Data Centre, 12 Union Road, Cambridge, CB2 lEZ, UK 
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for C17H16NZO: C 77.25, H 6.10, N 10.60. Found: C 77.16, H 
6.19, N 10.55. GCMS: mlz 264 (37), 186 (loo), 144 (42), 77 
(80). 

4-Methyl-1-[ (R)-l-phenylethyl]-6-(2-pyridyl)-S,6-dihy- 
dropyridin-2-one (8c). The crude material 1.23 g was a 
mixture of two diastereoisomers (de 77%). The major diaster- 
eoisomer was obtained by crystallization from EhOlpentane 
as a white crystalline solid. Mp 86 "C. [aIz0~ 90" (c 0.17, 
EtOH). lH NMR (CDCl3): 6 8.47 (m, 1H); 7.58 (m, 1H); 7.2- 
7.3 (m, 6H); 7.11 (m, 1H); 6.15 (q, 1H, J = 7.2); 5.84 (br s, 
1H); 4.50 (d, lH, J = 7.0); 2.60 (dd, 1H, J = 7.0, 7.5); 2.32 (d, 
lH, J = 7.5); 1.61 (s, 3H); 1.17 (d, 3H, J = 7.2). 13C NMR 

127.1, 122.0, 121.0, 55.7, 50.3, 36.3, 22.7, 16.3. IR: (KBr, 
cm-1): 1664 (C=O); 1620 (C=C). Anal. Calcd for 
C19Hz&Tz0: C 78.05, H 6.90, N 9.58. Found C 78.18, H 6.98, 
N 9.51. GCMS: mlz 292 (9), 173 (loo), 144 (781, 105 (61). 

Methyl 24 (Phenylamino)(2-pyridyl)methyll-3-penteno- 
ate (loa). A 57:43 antilsyn mixture was obtained by quench- 
ing the reaction mixture at -78 "C. Crystallization from EtzOl 
hexane yielded a 1:l mixture of the two. Major diastereoiso- 
mer. lH NMR (CDC13): 6 8.57 (d, J = 3.0, 1H); 7.55 (m, 1H); 
7.31 (d, J = 7.8, 2H); 7.1 (m, 3H); 6.6-6.7 (m, 3H); 5.5-5.7 
(m, 2H); 4.86 (d, lH, J = 6.4); 4.66 (br s, 1H); 3.64 (m, 1H); 

160.2, 149.3, 147.1, 136.4, 130.6, 129.2, 125.1, 122.3, 122.2, 
118.0, 114.0, 61.0, 55.0, 51.8, 18.1. GCMS: mlz 282 P0.51, 
183 (100). 

Minor diastereoisomer. IH NMR (CDC13): 6 8.57 (d, J = 
3.0, 1H); 7.55 (m, 1H); 7.17 (d, J =  7.8, 2H); 7.1 (m, 3H); 6.6- 
6.7 (m, 3H); 5.47-5.68 (m, 2H); 5.07 (br s, 1H); 4.86 (d, lH, J 
= 6.4); 3.71 (m, 1H); 3.62 (s, 3H); 1.59 (d, 3H, J = 4.5). 13C 

122.3, 117.8, 114.0, 130.6, 122.3, 61.0, 54.4, 51.8, 18.0. IR 
(KBr, cm-I): 3287 (NH); 1728 (C=O); 1603, 976 ( ( 2 4 ) .  
GCMS: mlz 282 (<0.5), 183 (100). 

Methyl (E)-2-( l-Propeny1)-3-(phenylamino)-S-(trimeth- 
ylsilyl)-4-pentynoate (lob). A 5545 mixture of two diaster- 
eoisomers was obtained by quenching the reaction mixture. 
The major isomer was obtained as a white solid by crystal- 
lization from EtzOhexane (80:20). Yield: 1.20 g (96%). Mp 
80 "C. IH NMR (CDC13): 6 7.2-7.3 (m, 2H); 6.7-6.8 (m, 3H); 
5.6-5.7 (m, 2H); 4.55 (d, lH, J = 6.4); 3.72 (s, 3H); 3.38 (m, 
1H); 4.0 (br s, 1H); 1.76 (d, 3H, J = 4.4); 0.12 (s, 9H). 13C 

103.6,89.4, 53.8,52.1,48.5, 18.1, -0.1. IR(KBr, cm-l): 3355 
(NH), 2173 (C=C), 1722 (C=O), 967 (C=C). Anal. Calcd for 
ClsH25NSiOz: C 68.53, H 7.99, N 4.44, Si 8.90. Found: C 
68.38, H 8.11, N 4.48, Si 9.04. GCMS: mlz 315 (<0.5), 202 
(100). 

Minor diastereoisomer (not isolated, characteristic data): lH 
NMR (CDCl3): 6 5.6-5.7 (m, 2H); 4.40 (d, lH, J = 6.2); 3.73 
(s, 3H). '3C NMR (CDCl3): 6 171.9,146.3, 129.1,118.7,114.5, 
131.4, 125.0, 104.0, 89.0, 54.2, 52.1, 49.1, 20.8, -0.1. GCMS: 
mlz 315 (<0.5), 202 (110). 

Methyl (E)-4-Methyl-S-(phenylamino)-5-(2-pyridyl)-2- 
pentenoate (lla). The crude material (1.42 g, 97%) was a 
70:30 antilsyn mixture. The anti-diastereoisomer was purified 
by crystallization from THF. Mp: 97 "C. 'H NMR (CDC13): 
6 8.60 (m, 1H); 7.62 (m, 1H); 7.27 (d, J = 7.2, 1H); 7.18 (m, 
lH);7.10(m,2H);6.96(dd,J=7.4,15.7,1H);6.66(t,J=7.3, 
2H); 5.88 (dd, J = 1.3, 15.7, 1H); 4.50 (d & br s, J = 6.2, 2H); 
3.73 (s, 3H); 3.08 (m, 1H); 1.07 (d, J = 6.8, 3H). 13C NMR: 
166.7, 160.3, 150.1, 149.1, 146.9, 136.8, 129.2, 122.5, 122.2, 
122.0, 117.8,113.6,62.9,51.5,41.9,16.2. IR(KBr, cm-'): 3285 
(NH); 1709 (C=O); 989 (C=C). Anal. Calcd for ClsHzoNzOz: 
C 72.95, H 6.80, N 9.45. Found: C 73.06, H 6.88, N 9.41. 
GCMS: mlz 296 (l), 183 (100). 

Minor diastereoisomer (not isolated, Characteristic data): 'H 

(CDCl3): 6 164.9,161.9,149.3,147.5,141.9,136.2,128.5,127.4, 

3.58 (s,3H); 1.66 (d, 3H, J = 5.4). 13C NMR (CDC13): 6 172.7, 

NMR(CDCl3): 6 173.3,159.7,149.1,147.0,136.2,129.1,125.2, 

NMR(CDC13): 6 172.2,145.9,131.8,129.1,124.2,118.9,114.7, 

NMR (CDCl3) 6 5.80 (d, J = 15.7, 1H); 4.56 (d, J = 4.7, 1H); 
3.70 (5, 3H). 13C NMR (CDCl3): 6 62.3, 51.5, 41.7, 14.9. 

6-Methyl-1-[ (R)- l-phenylethyll-6-(2-pyridyl)-S,6-dihy- 
dropyridin-2-one (12c) and trans-1-[(It)-1-Phenylethyll- 
3-[(E)-l-propenyl]-4-(2-pyridyl)-2-azetidinone (13c). The 
crude product consisted of 90% 2-azetidinone 13c and 10% of 
5,6-dihydropyridin-2-one 12c. Yield: 1.41 g (96%). After 
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filtration over Al2O3, compound 13c was separated from 12c 
by HPLC (Supelcosil PLC-Si, hexaneliPrOH 80:20) and ob- 
tained with 88% de as a pale yellow oil. [aIz0~ t-100.1 (c 0.5, 
EtOH). lH NMR (CDCld: 6 8.45 (d, J = 4.5, 1H); 7.50 (m, 
1H); 7.0-7.3 (m, 7H); 5.54 (dq, J = 6.2, 15.8, 1H); 5.36 (dd, J 
= 7.8, 15.8, 1H); 4.92 (9, J = 7.1, 1H); 4.12 (d, J = 2.0, 1H); 
3.68 (dd, J = 2.0, 7.8, 1H); 1.52 (d, J = 6.2, 3H); 1.18 (d, J = 

130.5, 128.5, 127.6, 127.0, 123.7, 123.1, 62.0, 60.8, 52.1, 18.6, 
18.0. IR (KBr, cm-l): 1748 (C-0); 965 (C=C). Anal. Calcd 
for CleHzoNzO: C 78.05, H 6.90, N 9.58. Found: C 77.95, H 
6.97, N 9.65. GCMS: mlz 292 (l), 145 (301, 130 (100). 
5,6-Dihydropyridin-2-one 12c was obtained as a colorless 

oil by HPLC. lH NMR (CDCl3): 6 8.54 (m, 1H); 7.64 (m, 1H); 
6.9-7.4 (m, 7H); 6.31 (q, J = 7.0, 1H); 6.16 (m, 1H); 6.01 (d, J 
= 9.7, 1H); 4.34 (br s, 1H); 2.57 (dq, J = 6.5, 6.8, 1H); 1.19 (d, 
J =  7.3,3H); 0.63 (d, J =  7.0,3H). 13C NMR(CDCI3): 6 163.4, 
162.0, 149.2, 141.8, 136.4, 128.4, 128.0, 127.8, 122.1, 120.9, 
118.8, 61.3, 50.2, 36.3, 18.9, 15.8. GCMS: mlz 292 (5), 173 
(loo), 130 (641, 105 (47). 

Methyl (~-4-Pheny1-2-[(2-pyridyl)(phenylamino)meth- 
yll-3-butenoate (14a). "he crude material had a de of 22%. 
Yield: 1.59 g (88%). The major diastereoisomer was obtained 
as an off-white solid by crystallization from THWEt20 (40:60). 

(m, 1H); 7.1-7.3 (m, 9H); 6.7 (m, 3H); 6.38 (d, J = 15.9, 1H); 
5.15 (br s, IH); 5.04 (d, J = 5.2, 1H); 3.94 (dd, J = 5.2, 6.6, 
1H); 3.68 (s, 3H). 13C NMR (CDCl3): 6 172.9, 159.3, 149.4, 
146.8, 136.6, 136.4, 134.3, 129.3, 128.5, 127.8, 126.5, 123.9, 
122.5, 122.2, 118.1, 114.1, 61.1, 54.6, 52.1. IR (KBr, cm-l): 
3273 (NH); 1728 (C=O); 968 (C=C). Anal. Calcd for 
Cz3HzzNzOz: C 77.07, H 6.19, N 7.82. Found: C 77.13, H 6.31, 
N 7.85. GCMS: mlz 358 (10.5), 207 (521, 183 (100). 

Minor diastereoisomer: Mp 116 "C. 'H NMR (CDC13): 6 
6.41 (d, J = 15.8, 1H); 6.33 (dd, J = 8.1, 15.9, 1H); 5.01 (d, J 
=7.0,1H);3.87(dd,J=7.0,8.l,lH);3.63(~,3H). W N M R  

128.5, 127.9, 126.5, 123.8, 122.5, 122.2, 118.1, 114.1, 114.0, 
61.2, 55.1, 52.1. GCMS: mlz 358 (<0.5), 207 (7), 183 (100). 

Methyl (E)-3-(Phenylamino)-2-(2-phenylethenyl)-5- 
(trimethylsilyl)-4-pentynoate (14b). The crude product 
was obtained as an off-white solid, yield 1.50 g (99%, de 10%). 

7.1,3H). 13C NMR (CDCl3): 6 168.8,158.2,149.7,140.0,136.6, 

Mp 132 "C. 'H NMR (CDCl3): 6 8.60 (d, J = 4.2, 1H); 7.56 

(CDCl3): 6 172.4,159.9,149.4,147.0,136.6,136.5,134.7,129.2, 

van Maanen e t  al. 

f i r  crystallization from EhOlpentane the de was unchanged. 
Major diastereoisomer. 1H NMR (CDC13): 6 7.2-7.4 (m, 8H); 
6.7-6.8(m,2H);6.62(d,J=15.7,1H);6.27(dd,J=9.4,15.7, 
1H); 4.52 (d, J = 6.4, 1H); 3.77 (8 ,  3H); 3.60 (m, 1H); 0.14 (s, 
9H). 13C NMR (CDCl3): 6 172.0, 146.0, 135.4, 135.1, 129.2, 
128.6,128.0,126.6,123.3,119.1,114.8,103.5,89.4,54.3,52.2, 
49.6, -0.14. IR (KBr, cm-l): 3352 (NH); 2166 (CSC); 1720 
(C-0); 1603, 970 (C-C). Anal. Calcd for C23H27NOzSi: C 
73.17, H 7.21, N 3.71, Si 7.44. Found: C 73.20, H 7.28, N 
3.16, Si 7.59. GCMS: mlz 377 (<0.5), 202 (loo), 115 (22). 

Minor diastereoisomer. lH NMR (CDC13): 6 7.2-7.4 (m, 
8H); 6.7-6.8 (m, 2H; 6.52 (d, J =  16.1, 1H); 6.40 (dd, J =  7.1, 
16.1, 1H); 4.70 (d, J = 6.1, 1H); 3.69 (s, 3H); 3.60 (m, 1H); 
0.12 (9, 9H). 13C NMR (CDC13): 6 171.9, 145.8, 134.6, 129.2, 
128.6, 128.0,126.6,122.8,119.1,114.7,103.2,89.7, 53.9, 52.0, 
48.9, -0.14. GCMS: mlz 377 (<0.5), 202 (100). 

trans- 1 - [ (R) - 1 -Phenyleth yll -3- [ (E)  -phenylethenyll-4- 
pyridyl-2-azetidinone (16c). Compound 16c was obtained 
as a pale yellow oil, as a mixture of two trans-diastereoisomers 
with a de of 92%. [aIz0~ +208.2 (c 0.37, EtOH). 'H NMR 
(CDC13): 6 8.59 (m, 1H); 7.62 (m, 1H); 7.1-7.3 (m, 12H); 6.55 
(d, J = 15.9, 1H); 6.20 (dd, J = 8.0, 15.9, 1H); 5.06 (9, J = 7.1, 
1H); 4.32 (d, J = 2.2, 1H); 4.02 (dd, J = 2.2, 8.0, 1H); 1.31 (d, 

136.8, 136.5, 134.1, 128.7, 128.5, 127.8, 127.2, 126.4, 123.4, 
121.9, 122.1, 62.0, 61.0, 52.4, 18.7. IR (KBr, cm-l): 1743 
(C=O); 964 (C=C). Anal. Calcd for C24HzzNzO: C 81.33, H 
6.26, N 7.90. Found: C 81.19, H 6.21, N 7.84. 

J = 7.1, 3H). 13C NMR (CDC13): 6 168.2, 140.0, 158.0, 149.9, 
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