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In the presence of lithium bromide/ 1,8-diazabicyclo[5.4.0]undec-7-ene, methyl [ (2,2-dimethylpropylidene)- 
aminolacetate and methyl 24 (2,2-dimethylpropylidene)amino]propanoate undergo anti- and syn-selective Michael 
additions with E and 2 isomers of cY,B-unsaturated esters and ketones, respectively. The frontier-orbital- and 
chelation-controlled transition state is responsible for the observed high selectivity. Catalytic reaction effectively 
suppresses undesired epimerization a t  the 2-position. Hydrolytic cyclization of the resulting Michael adducts 
leads to 5-oxopyrrolidine-2-carboxylates and 1-pyrroline-5-carboxylates. 

The lithium enolates, or N-lithiated azomethine ylide 
l,&dipoles,' generated by lithiation of the imines of a- 
m i n o  esters by treatment with lithium bromide and tri- 
ethylamine (or 1,8-diazabicyclo[5.4.0]undec-7-ene, DBU) 
undergo highly stereoselective cycloadditions with a& 
unsaturated esters and ketones.*s3 Chelation between the 
lithium and the imine nitrogen and between the lithium 
and the carbonyl oxygenz4 is partially responsible for the 
high stereoselectivity. Equation 1 represents a typical 
example of the cycloaddition. 

t 
Cycloadducts 

t 
Michael adducts 

In the course of our work on the reaction of the lithium 
enolate A (R = Ph, R' = Me) derived from methyl 2- 
(benzy1ideneamino)propanoate with methyl acrylate, a 
disadvantageous feature of this stereoselective cyclo- 
addition was unveiled: Cycloaddition competes with 
Michael addition (eq 1),5 and the product ratio depends 
on the reaction conditions as well as the metal atom. 

A stepwise mechanism via the chelation-stabilized eno- 
labs  B was proposed for the cycloaddition, indicating the 
possible utilization of such a frontier-orbital- and chela- 
tion-controlled transition state A as a new entry to highly 
stereoselective Michael addition reactions. 

Although Michael reactions using derivatives of a-amino 
esters have been long examined as a direct method of 
introducing cu-substituents,6 stereoselective Michael reac- 
tions with respect to the newly formed bond are quite 
rare.'J Some examples of stereoselective Michael addi- 
tions of ester enolates with a,b-unsaturated esters, which 
are closely related to the conjugate addition of a-amino 
ester enolates, have emerged only recently in the litera- 
t ~ r e . ~  

The present paper describes the stereoselective Michael 
addition of the imines of a-amino esters with a,&unsatu- 
rated esters and ketones. This process offers a useful 
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method for stereoselective alkylation at  the a-position of 
a-amino acids and their derivatives.'O 

(1) N-Lithiated azomethine ylide is another expression of lithium 
enolate for the reactive species generated by lithiation of the imines of 
a-amino esters (see ref 5). The enolate nomenclature is used in the 
present article. 
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Table I. Michael Addition of Imines 1 with old-Unsaturated Esters and Ketones 
reactn conditns ~ .... ~ . ~ ~ ~ - ~  ~~. 

entrv imine Michael acceptor methb temp, O C  time, h product (yield, %la 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

la 
la 
l b  
la 
la 
la 
la 
la 
la 
la 
la 
la 
la 
l b  
l b  
l b  
l b  

methyl acrylateC 
methyl crotonate 
methyl crotonate 
(E)-3-penten-2-one 
(E)-4-phenyl-3-buten-2-one 
(E)-5,5-dimethyl-3-hexen-2-one 
(E)-1-phenyl-2-buten-1-onee 
(E,E)-1,5-diphenyl-2,4-pentadien-l-one 
dimethyl fumarate 
dimethyl fumarate 
dimethyl fumarate 
dimethyl maleate 
dimethyl maleate 
dimethyl fumarate 
dimethyl fumarate 
dimethyl maleate 
dimethyl maleate 

A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
A 
B 
A 
A 
A 
B 

rth 
rt 
rt 
-5 
-5 
-5 
-5 
-15 
-15 
-15 

-15 
-15 
rt 
-10 
rt 
rt 

rt 

3 
10 min 
24 
15 min 
15 min 
1 
15 min 
30 min 
15 min 
1.3 
15 
5 min 
1.5 
17 
10 min 
5 
20 

3 (71) 
2b (77), single 
2c (61), single 
6a (80), single 
6b (97), single 
6c (44): single 
6d (93), 10:lf 
6e (931, single 
7a + 7b (97), 6.7:l 
7a (quant), single 
7a (94, single 
7b + 7a (91), 2.5:l 
7b (quant), single 
7c + 7d (as), 6:l 
7c + 7d (52): 32:l 
7d + 7c (85), 4:l 
7d + 7c (64): 12:l 

aYield of isolated products. The isomer ratio was determined on the basis of the IH NMR spectrum. bMolar equivalents of imine 
1:acceptor:LiBr:DBU = 1:l:Ll:l (method A) or 1:l:O.l:O.l (method B). ‘The amount of methyl acrylate employed was 3.3 equiv. dThe 
amount of acceptor employed was 1.1 equiv. The yield was based on la. eEmployed as a 1O:l mixture of E and 2 isomers. f A  mixture of 
2R*.3R* and 2R*.3S* isomers. #Determined bv the ‘H NMR spectrum of the crude reaction product. Obtained as a mixture with the 
starting imine and olefin. Room temperature.- 

Results and Discussion 
According to the stepwise reaction mechanism proposed 

for the stereoselective cycloaddition of lithium enolates of 
imine esters (shown in eq l ) ,  proper choice of the sub- 
stituent R would effectively suppress the cycloaddition 
pathway so that the Michael addition may become the 
major pathway. Sterically bulky 2,2-dimethylpropanal was 
the aldehyde of our choice. 

Stereoselective Michael Additions. Compared with 
the ready conversion of methyl (benzy1ideneamino)acetate 
into the corresponding lithium enolate by action with 
lithium bromide/triethylamine in tetrahydrofuran (THF) 
at  room temperature,* a stronger base such as DBU was 
needed to lithiate methyl [ (2,2-dimethylpropylidene)- 
aminolacetate (la) under identical conditions. This in- 
dicates that the ease of lithiation depends on the degree 
of anion stabilization by the aldehyde substituent. 

Enolate C (R = H) was successfully generated by 
treatment of la with lithium bromide/DBU in THF and 
allowed to react with methyl acrylate to give, after hy- 
drolytic workup, a mixture of 1:l and 1:2 adducts, 2a and 
3, in a quantitative combined yield (Scheme I). Separation 
of either 2a or 3 through column chromatography on silica 
gel was unsuccessful because of their ready hydrolytic 
decomposition, which will be described later. The product 
ratio changed, depending on the molar equivalents of the 
acceptor used as well as the reaction conditions. Although 
the exclusive formation of 1:2 adduct 3 was readily 
achieved by use of more than 2 equiv of the acrylate (entry 
1 of Table I), the 1:l adduct 2a was always contaminated 
by 3 even when <1 equiv of the acrylate was employed at 
a low temperature. 

(8) Exclusive syn selectivity has been observed in the Michael reac- 
tions of the lithium enolates of (dibenzy1amino)acetat.a with (E)-2- 
alkenoates (Yamaguchi, M.; Torisu, K.; Minami, T. Chem. Lett. 1990, 

(9) (a) Mulzer, J.; Chucholowski, A.; Lammer, 0.; Jibril, I.; Huttner, 
G. J. Chem. Soc., Chem. Commun. 1983,869-871. (b) Yamaguchi, M.; 
Tsukamoto, M.; Tanaka, S.; Hirao, I. Tetrahedron Lett. 1984, 25, 
375-376. (c) Heathcock, C. H.; Oare, D. A. J .  Og. Chem. 1985, 50, 
3022-3025. (d) Corey, E. J.; Peterson, R. T. Tetrahedron Lett. 1985,26, 
5025-5028. (e )  Yamaguchi, M.; Hasebe, K.; Tanaka, S.; Minami, T. 
Tetrahedron Lett. 1986,27,959-962. ( f )  Enders, D.; Demir, A. S.; Puff, 
H.; Franken, S. Tetrahedron Lett. 1987,28,3795-3798. 

(10) Kanemasa, S.; Tatsukawa, A.; Wade, E.; Tauge, 0. Chem. Lett. 

377-380). 

1989, 1301-1304. 

Formation of 1:2 adduct 3 occurs through the reiterative 
lithiation of 1:l adduct 2a either intramolecularly from the 
1:l adduct anion or intermolecularly from the protonated 
1:l adduct 2a. The latter pathway seems to be more likely 
in this case on the basis of the following: (1) The lithiation 
by lithium bromide/DBU is a reversible process, (2) DBU 
is a strong enough base to lithiate the imine of methyl- 
substituted a-amino ester l b  in the presence of lithium 
bromide (discussed below), and (3) the dimethyl maleate 
adduct 7b undergoes a ready epimerization under similar 
conditions (discussed below). 

The Michael addition of lithium enolate C (R = H) with 
a 3-substituted 2-alkenoate provides information on 
diastereoselectivity at the newly formed carbon-carbon 
bond, which is the central theme in the present work. 
Trapping enolah C (R = H) with methyl crotonate at room 
temperature produced a mixture of two diastereomeric 
Michael adducts 2b and 4 as labile products, the isomer 
ratio depending on the reaction time. The ratio decreased 
with longer reaction times as shown in the following ex- 
amples: 2b:4 = 7:6 after 4 h and 1:l after 24 h. 

I t  was our delight, however, to notice that a single ste- 
reoisomer 2b was obtained in 77% yield when the reaction 
mixture was quenched after 10 min at room temperature 
(entry 2, 66% also as the major stereoisomer after 1 h). 
Thus, the Michael reaction itself is a kinetically controlled 
diastereoselective process producing 2b as a single product, 
and 2b undergoes reiterative lithiation at the 2-position 
under the reaction conditions leading to lithium enolate 
Db. Since this lithiation is a reversible process, 2b grad- 
ually epimerizes into 4 (pure sample of 2b epimerized into 
4 in THF in the presence of lithium bromide/DBU at room 
temperature: a 1:l mixture of 2b and 4 after 16 h). 

I t  is noteworthy that enolate C produced a stereoselec- 
tive cycloadduct 5 in 81 % yield in the reaction with methyl 
crotonate when generated from imine la and lithium di- 
isopropylamide (LDA) at -78 O C  (Scheme 1). Similarly, 
the magnesium enolate, generated from la and tert-bu- 
tylmagnesium chloride in THF, provided the same product 
5 in 88% yield. These results indicate that the Michael 
addition of 1 is effectively carried out only under the 
conditions of reversible generation of the intermediate 
ester enolate C. 

Methyl cinnamate was much less reactive toward C (R 
= H). None of the corresponding Michael adduct was 
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formed under the equivalent conditions. 
Similarly, the lithiation of methyl 2-[ (2,2-dimethyl- 

propy1idene)aminol propanoate (1 b) was performed readily 
with lithium bromide/DBU in THF at room temperature, 
and the resulting enolate C (R = Me) was stereoselectively 
trapped with methyl crotonate to give 2c again as a single 
stereoisomer (entry 3). Since no epimerization is possible 
in this case, careful control of the reaction time was not 
necessary. 

a,@-Unsaturated ketones such as (E)-3-penten-2-one, 
(E)-4-phenyl-3-buten-2-one, and (E,E)-1,5-diphenyl-2,4- 
pentadien-1-one reacted with enolate C (R = H). Single 
stereoisomers 6a,b,e were produced in all cases, and ep- 
imerization at the 2-position was effectively suppressed by 
a proper choice of reaction conditions (Scheme I1 and 
entries 4-8 of Table I). When the @-position of enone is 
substituted with a bulky group, the Michael addition be- 
comes very sluggish. Thus, the reaction of C (R = H) with 
5,5-dimethyl-3-hexen-2-one gave only 44 5% of adduct 6c 
after 1 h of reaction time (entry 6). Use of a 1O:l mixture 
of E and 2 isomers of 1-phenyl-2-buten-1-one in the re- 
action with C (R = H) produced a 101  mixture of 6d and 
its stereoisomer (entry 7), showing that the reactions with 
both the geometrical isomers are exclusively diastereose- 
lective. 

Stereostructures of these Michael adducts were assigned 
by their conversions into 5-oxo-2-pyrrolidinecarboxylates 
8 or 1-pyrroline-5-carboxylates 9, which will be discussed 
below. 

The reactions of la with dimethyl fumarate and maleate 
in THF in the presence of lithium bromide/DBU afforded 
1:l adducts 7a and 7b as major products, respectively 
(Scheme 111). The minor products are their stereoisomers: 
7b in the fumarate case and 7a in the maleate case. 
Compared with the aforementioned reaction of C (R = H) 
with methyl crotonate, these reactions were completed in 
shorter reaction times and the stereoselectivities were 
much lower under equivalent reaction conditions in both 
cases (7a:7b = 3:2 and 7b:7a = 1:l after 15 min at  room 
temperature in the fumarate and maleate cases, respec- 
tively). 

Accordingly, these Michael reactions have to be 
quenched in the minimum reaction time to attain a sat- 
isfactory isomer ratio, since long reaction times cause un- 
desired epimerization. Our best results are as follows: 
7a:7b = 6.7:l (entry 9) in the reaction with dimethyl fu- 
marate a t  -15 "C in 15 min; 7b:7a = 2.51 (entry 12) with 

E 

t 
7b 

F 

.t 
78 

f c(R-H) f C(R=H) 
MeOOC COOMe w -  

LiBr/DBU COOMe 

Me0 

Figure 1. Stereoselectivity in the reactions of ylide C (R = H) 
with dimethyl fumarate and dimethyl maleate. 

dimethyl maleate a t  -15 "C in 5 min. The selectivity is 
far from satisfactory. 

One reason for the low selectivity in the maleate case 
is the ready epimerization of maleate adduct 7b. Lithiation 
of 7b with lithium bromide/DBU is probably initiated by 
the chelate formation of lithium bromide with the ester 
oxygen and the imine nitrogen, and the wester moiety 
introduced from the acceptor maleate is most likely to join 
in this chelation, as shown with the chair-like six-mem- 
bered intermediate E (Figure 1). Although the fumarate 
adduct 7a also makes a similar chelate F, the deprotona- 
tion with DBU takes place more readily in E than in F 
from the standpoint of steric hindrance. 

A similar steric inhibition of enolization, or epimeriza- 
tion, was observed in the chelate G (R = t-Bu) of adduct 
6c, which carries a bulky tert-butyl group at the 3-position. 
Less hindered Michael adducts, such as ones derived from 
cis-olefinic acceptors or terminal-unsubstituted acceptors, 
would suffer from such ready epimerization. The acrylate 
adduct 2a, or G (R = H), is one example. 

In addition, the kinetic stereoselectivity is lower in the 
reaction with dimethyl maleate than in the case of di- 
methyl fumarate.ll For example, enolate C (R = Me) 
reacted with 'both dimethyl fumarate and maleate a t  -10 
"C to give 7c and 7d as major stereoisomers, with isomer 
ratios of 7c:7d = 321 (entry 15) and 7d:7c = 3.81 (15 min), 
respectively (Scheme 111). 

An interesting observation is the isomerization of di- 
methyl maleate into dimethyl fumarate under the reaction 
conditions, a 4 5  mixture of the maleates and the fumarate 
being obtained after 4.5 h at room temperature in the 
presence of lithium bromide/DBU (1.l:l equiv/equiv).12 
At -15 "C for 10 min, however, only a negligible isomer- 
ization ratio as small as 31:l was observed ('H NMR). 
When the relative rate of Michael additions with dimethyl 
fumarate and maleate is taken into account, the low se- 
lectivity in the maleate case may be explained. Thus, the 

(11) A lowered selectivity with 2 acceptors has been reported (see ref 

(12) The mechanism for the maleate-fumarate isomerization in the 
9d). 

presence of lithium bromide/DBU is not clear so far. 
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Table 11. Hydrolytic Cyclization of the Michael Adducts 2, 3.6, and 7 
reactn conditns" yield of isolated products, % 

entry Michael adduct temp time, h product based Qn the Michael adduct based on 1 
1 3 rtb 14 8a 97 69 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  

2b 
2c 
6a 
6b 
6c 
6d 
6e 
7a 
7c 
7b 
7d 

reflux 
reflux 
rt  
r t  
rt 
r t  
r t  
reflux 
reflux 
reflux 
reflux 

12 
13 
12 
3.5 

14 
3 
3 

14 
13 
13 
13.5 

8b 
8c 
Sa 
9b 
9c 
9d 
9e 
10a 
10b 
1 la 
l l b  

97 
94 
48 
70 
63 
89 
94 
67 
74 
83 
79 

"All reactions were carried out in aqueous methanol containing a catalytic amount of acetic acid. bRoom temperature. 

Michael addition of enolate C (R = H) with dimethyl 
fumarate proceeds more than 15 times faster than that 
with dimethyl maleate at -15 O C . 1 3  

As a result, the isomerization of dimethyl maleate into 
dimethyl fumarate under the conditions of Michael reac- 
tions is most responsible for the low stereoselectivity in 
the maleate case. Epimerization of the Michael adducts 
also contributes to the lowered selectivity. 

It was found that the maleate-fumarate isomerization 
could be effectively suppressed by use of a catalytic 
amount of lithium bromide/DBU, while the moderate 
reaction rate of Michael addition was maintained. As 
shown in entries 10, 11, and 13 of Table I, the reactions 
employing 0.1 equiv each of lithium bromide and DBU 
(method B) provided single stereoisomers of the corre- 
sponding Michael adducts. Even after long reaction times 
(15 h) at room temperature, no epimerization was observed 
(entry 11). The catalytic reaction of enolate C (R = Me) 
with dimethyl maleate offers another advantage (entry 17). 

Imine Hydrolysis and Subsequent Cyclization. As 
described above, the Michael adducts 2-4,6, and 7 are all 
labile in the presence of moisture. Their attempted pu- 
rification through silica gel column chromatography was 
unsuccessful. Treatment of the Michael adducts with 
acetic acid in aqueous methanol at room temperature (for 
the ketone adducts 6a-e) or under reflux (for the ester 
adducts 2b,c and 7a-d) causes smooth hydrolysis of the 
imine moiety to produce the corresponding cyclized 
products 8-11 in high yields (Scheme IV and Table 11). 

2-Aminopentanedioates derived from the imine hy- 
drolysis of the fumarate adducts 7a and 7c were found to 
undergo cyclization more readily than those derived from 
the maleate adducts 7b and 7d. Therefore, the controlled 
hydrolytic cyclization of the fumarate adducts 7a and 7c 
which are contaminated by the maleate adducts 7b and 
7d, respectively, affords pure cyclized products 10a and 
lob, the unreacted amines from the contaminants being 
recovered. The relatively difficult condensation of the 
maleate adducts 7b and 7d would be due to serious ec- 
lipsed repulsion between the two ester moieties as shown 
in I (Scheme IV). 

In conclusion, 2- [ (2,2-dimethylpropylidene)amino] alka- 
noates undergo exclusively anti- and syn-selective Michael 
additions with E and Z isomers of a,&unsaturated car- 
bonyl compounds, respectively, in the presence of lithium 
bromide/DBU. The catalytic use of lithium bromide/ 

~~ ~~ ~~~~~ 

(13) The competitive Michael addition was carried out with 1 equiv 
each of imine la, dimethyl fumarate, and dimethyl maleate in the pres- 
ence of lithium bromide/DBU (1,l:l equiv/equiv) in THF at -15 OC for 
15 min. The unreacted olefins were measured in the 'H NMR spectrum 
of the crude reaction mixture (dimethyl fumarate:dimethyl maleate = 
1:15). 

75 
57 
38 
68 
28 
83 
87 
65 
65 
78 
67 

Scheme IV 

8a R = CH2CH2COOMe, R' = H 
4 ; C O O M e  8b R = H, R' =Me 

0 8c R = R ' = M e  
H 

.R' 9a R ' = R 2 = M e  
9b R' = Ph, R2 =Me 
9c R' = 1-Bu. R2 = Me 

RZ G C O O M e  9d R' = Me, R2 = Ph 
9e  R' = PhCH=CH(E). R2 = Ph 

COOMe COOMe 

0 d C C Q M e  N 'R o&(..;OOMe 

H H 
10a R = H  118 R = H  
10b R = M e  l l b  R = M e  

H2N 

7 8 , c  - M e O O C v C m M e  - 10a,b 

d6OOMe 

7b,d - MeOOC - l l a , b  

M e O O d p e  I 

DBU is especially useful for the effective inhibition of 
epimerization. 

Experimental Section 
General. Melting points were determined on a Yanagimoto 

melting point apparatus and are uncorrected. IR spectra were 
taken with JASCO IRA-1 and A-702 spectrometers. 'H and 13C 
NMR spectra were recorded on JEOL FX-100 (100 MHz for 'H 
NMR and 25.05 MHz for 13C NMR) and GSX-270 (270 MHz for 
'H NMR and 67.94 MHz for 13C NMR) instruments. Chemical 
shifts are expressed in parts per million downfield from tetra- 
methylsilane as an internal standard. Mass spectra and high- 
resolution mass spectra (HRMS) were measured with a JEOL- 
01SG-2 spectrometer at an ionization energy of 70 eV. Elemental 
analyses were performed on a Hitachi 026 CHN analyzer. For 
preparative column chromatography, Wakogel C-200 and C-300 
(Wako) and silica gel 60 (Merck) were employed. Micro vacuum 
distillation was carried out on a Sibata GTO-250R Kugelrohr 
distilling apparatus. 

General Procedures for the Michael Additions of Imines 
la,b Leading to 2-4,6, and 7. The reaction of la with methyl 
crotonate is described as a typical example. Lithium bromide 
(0.096 g, 1.1 mmol) was added to a solution of la (0.157 g, 1 mmol) 
in dry THF (3 mL), and the mixture was stirred at room tem- 
perature under nitrogen for a few minutes, during which time all 
the bromide dissolved. After methyl crotonate (0.1 g, 1 mmol) 
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in THF (1 mL) and DBU (0.152 g, 1 mmol) were added in this 
order, the resulting mixture was stirred a t  room temperature for 
10 min. Saturated aqueous ammonium chloride (NH4Cl, 10 mL) 
was added, and the organic compounds were extracted with diethyl 
ether (EhO, 30 mL X 3). The combined extracts were dried over 
magnesium sulfate (MgS04) and evaporated in vacuo. The residue 
was almost pure Michael adduct 2b (0.198 g, 77%) as confirmed 
by 'H NMR. 

Other reactions were carried out by employing a similar pro- 
cedure under the reaction conditions shown in Table I, where the 
results are also listed. All the Michael adducts were too labile 
to be purified through silica gel column chromatography, serious 
hydrolytic decomposition having occurred during the attempted 
purification. Fortunately, the crude product mixtures consisted 
of single isomers of Michael adducts, in most cases, so that they 
were submitted to the measurement of spectroscopic data without 
further purification. Elemental analyses were performed after 
their conversion into pyrrolidinones or 1-pyrrolines. 

Dimethyl  (2R *,3R *)-24 (2,2-dimethylpropylidene)- 
amino]-3-methylpentanedioate (2b): colorless liquid; IR (neat) 
3220,1740,1700,1205 cm-'; 'H NMR (CDC13) 6 0.95 (d, J b 3  = 
6.6 Hz, 3 H, Me), 1.08 (s,9 H, t-Bu), 2.17 (dd, Jsem = 15.7 Hz and 
Jk3 = 8.8 Hz, 1 H, one of H-4),2.51 (dd, JBem = 15.7 Hz and Jk3 
= 4.4 Hz, 1 H, the other of H-4), 2.65 (m, 1 H, H-3), 3.63 (d, 52-3 
= 6.4 Hz, 1 H, H-2),3.66, 3.72 (each s, each 3 H, COOMe), 7.55 
(9, 1 H, N=CH); 13C NMR (CDC13) 6 20.14 (Me), 26.81 (t-Bu), 
34.07 (t-Bu), 36.90 (C-4), 38.01 (C-3), 51.43,51.95 (each COOMe), 
62.45 (C-2), 172.42, 173.11 (each COOMe), 175.89 (N==CH); MS 
m/z  (re1 intensity) 257 (M+, 2), 200 (69), 157 (20), 140 (lo), 113 
(13), 98 (base peak). 

Dimethyl  (2R *,3R *)-2,3-dimethyl-2-[(2,2-dimethyl- 
propy1idene)aminolpentanedioate (2c): pale yellow liquid; IR 
(neat) 1740,1700,1435,1245,1120 cm-'; 'H NMR (CDC13) 6 0.88 
(d, JM-3 = 6.6 Hz, 3 H, 3-Me), 1.03 (9, 9 H, t-Bu), 1.21 (9, 3 H, 
2-Me), 2.12 (dd, Jgem = 15.4 Hz and J4-3 = 10.3 Hz, 1 H, one of 
H-4), 2.65 (ddq, JS4 = 10.3 and 3.3 Hz and JSM, = 6.6 Hz, 1 H, 
H-3), 2.76 (dd, J,,, = 15.4 Hz and J4-3 = 3.3 Hz, 1 H, the other 
of H-4), 3.67, 3.70 (each s, each 3 H, COOMe), 7.41 (9, 1 H, 
N=CH); 13C NMR (CDCl,) 6 14.99 (3-Me), 18.96 (2-Me), 26.61 
(t-Bu), 36.60,36.73,37.54 ((2-3, (2-4, and t-Bu), 51.43, 51.81 (each 
COOMe), 70.39 (C-2), 170.29, 173.93 (each COOMe), 174.49 
(N=CH). 

Dimethyl 44 (2,2-dimethylpropylidene)amino]-4-(meth- 
oxycarbony1)heptanedioate (3): colorless liquid; 'H NMR 
(CDC13) 6 1.06 (9, 9 H, t-Bu), 1.7-2.6 (m, 8 H, CH2), 3.66 (s, 6 H, 
COOMe), 3.70 (s, 3 H, COOMe), 7.48 (s, 1 H, N=CH). 

Methyl (2R *,3R *)-24 (2,2-dimet hylpropylidene)amino]- 
3-methyl-5-oxohexanoate (6a): pale yellow liquid; 'H NMR 
(CDC13) 6 0.88 (d, JM-3 = 6.5 Hz, 3 H, Me), 1.09 (s,9 H, t-Bu), 
2.13 (s, 3 H, MeCO), 2.2-2.9 (m, 3 H, H-3 and H-4), 3.58 (d, 52-3 
= 5.6 Hz, 1 H, H-2), 3.71 (s, 3 H, COOMe),7.50 (6, 1 H, N X H ) .  

Methyl (2R*,3S * )-24 (2,2-dimet hylpropylidene)amino]-3- 
phenyl-5-oxohexanoate (6b): colorless liquid 'H NMR (CDC13) 
6 1.02 (s, 9 H, t-Bu), 2.02 (9, 3 H, MeCO), 2.8-3.0 (m, 2 H, H-4), 
3.66 (s, 3 H, COOMe), 3.8-4.0 (m, 2 H, H-2 and H-3), 7.18 (s, 5 
H, Ph), 7.27 (s, 1 H, N=CH). 

M e t h y l  (2R  *,3S *) -3- te r t  -butyl-2-[(2,2-dimethyl- 
propylidene)amino]-5-oxohexanoate (6c): obtained as a 
mixture with la and (E)-5,5dimethyl-3-hexen-2-one. Purification 
of 6c was unsuccessful because of its ready hydrolysis during 
chromatographic operation. The abstracted 'H NMR spectrum 
is as follows: 'H NMR (CDC13) 6 0.86 (9, 9 H, 3-t-Bu), 1.07 (s, 
9 H, t-Bu), 2.37 (dd, J,,, = 18.0 Hz and J4-3 = 3.7 Hz, 1 H, one 
of H-4), 2.66 (ddd, J3+ = 7.7 and 3.7 Hz and JS2 = 2.6 Hz, 1 H, 
H-3), 3.06 (dd, Jgem = 18.0 Hz and J4-3 = 7.7 Hz, 1 H, the other 
of H-4), 3.65 (s, 3 H, COOMe), 4.02 (d, J2-3 = 2.6 Hz, 1 H, H-2), 
7.53 (s, 1 H, N=CH). 

Methyl (2R*,3R*)-2-[ (2,2-dimethylpropylidene)amino]- 
3-methyl-5-phenyl-5-oxopentanoate (6d): pale yellow liquid; 
'H NMR (CDCl,) 6 0.96 (d, JMe3 = 6.5 Hz, 3 H, Me), 1.10 (8,  9 
H, t-Bu), 2.6-3.6 (m, 3 H,H-3 and H-4), 3.70 (s ,3  H, COOMe), 
3.71 (overlapping with COOMe, 1 H, H-2), 7.3-7.6 (m, 3 H, Ph), 
7.53 (s, 1 H, N=CH), 7.9-8.0 (m, 2 H, Ph). 

Methyl (2R *,3S *)-24 (2,2-dimethylpropylidene)amino]- 
3-[(E)-2-phenylethenyl]-5-phenyl-5-oxopentanoate (6e): 
yellow solid; 'H NMR (CDC13) 6 1.06 (s, 9 H, t-Bu), 2.9-3.6 (m, 
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3 H, H-3 and H-4), 3.62 (9, 3 H, COOMe), 3.98 (d,J2-3 = 7.0 Hz, 
1 H, H-2), 6.05 (dd, Jbw = 16.5 Hz and J C H - ~  = 9.0 Hz, 1 H, 
=CH), 6.42 (d, Jtr,, = 16.5 Hz, 1 H, =CH), 7.19 (9, 5 H, Ph), 
7.3-7.5 (m, 3 H, Ph), 7.55 (9, 1 H, N=CH), 7.9-8.0 (m, 2 H, Ph). 

Dimethyl (2R *,3R *)-3-(methoxycarbony1)-2-[ (2,2-di- 
methylpropylidene)amino]pentanedioate (7a): colorless liquid; 
IR (neat) 1730, 1660, 1430, 1200 cm-'; 'H NMR (CDCl,) 6 1.05 
(9, 9 H, t-Bu), 2.67 (dd, Jgem = 17.2 Hz and J4-3 = 4.8 Hz, 1 H, 
one of H-4), 2.77 (dd, J , = 17.2 Hz and J4-3 = 8.1 Hz, 1 H, the 
other of H-4),3.61 ( d d r J H  = 8.1 and 4.8 Hz and 53-2  = 6.6 Hz, 
1 H, H-3), 3.66, 3.68, 3.73 (each s, each 3 H, COOMe), 4.19 (d, 

6 26.59,31.76 (each t-Bu), 36.73 (C-4), 43.77 (C-2), 51.72, 52.08, 
52.38 (each COOMe), 71.77 (C-21, 170.85, 172.10, 172.39 (each 
COOMe), 177.47 (N=CH); MS m/z (re1 intensity) 301 (M+, base 
peak), 286 (17), 270 (20), 244 (40), 242 (62), 228 (76), 213 (15), 
212 (18), 186 (16), 174 (21), 113 (25). 

Dimethyl (2R *,3S*)-3-(methoxycarbonyl)-2-[ (2,2-di- 
methylpropylidene)amino]pentanedioate (7b): colorless liq- 
uid; IR (neat) 1740, 1665, 1440, 1210 cm-'; 'H NMR (CDC13) 6 
1.06 (s, 9 H, t-Bu), 2.62 (dd, J,,, = 13.2 Hz and J4-3 = 4.8 Hz, 
1 H, one of H-4), 2.82 (dd, Jgem = 13.2 Hz and J4-3 = 9.5 Hz, 1 
H, the other of H-4), 3.49 (m, 1 H, H-31, 3.69 (s, 6 H, COOMe), 
3.73 (8, 3 H, COOMe), 4.07 (d, 52-3 = 5.9 Hz, 1 H, H-2), 7.59 (s, 
1 H, N=CH); 13C NMR (CDC13) 6 26.62,32.48 (each t-Bu), 36.69 
(C-4), 44.62 (C-3), 51.79,51.98,52.37 (each COOMe), 72.41 (C-2), 
172.13, 172.19 (each COOMe), 177.43 (N=CH); MS m / z  (re1 
intensity) 301 (M+, 69), 286 (23), 270 (28), 244 (24), 243 (14), 242 
(base peak), 241 (17), 228 (89), 210 (17), 186 (13), 182 (13), 142 
(13). 

Dimethyl (2R*,3R*)-3-(methoxycarbonyl)-2-methyl-2- 
[ (2,2-dimethylpropylidene)amino]pentanedioate (7c): pale 
yellow liquid; 'H NMR (CDC13) 6 1.02 (5, 9 H, t-Bu), 1.26 (s, 3 
H, Me), 2.80 (dd, Jgem = 16.9 Hz and J4-3 = 9.9 Hz, 1 H, one of 
H-4), 2.91 (dd, J,,, = 16.9 Hz and J4-3 = 4.4 Hz, 1 H, the other 
ofH-4), 3.67, 3.69, 3.73 (each s, each 3 H, COOMe), 3.76 (dd,J3+ 
= 9.9 and 4.4 Hz, 1 H, H-3), 7.40 (s, 1 H, N=CH). 

Dimethyl (2R*,3S*)-3-(methoxycarbony1)-2-methyl-2- 
[ (2,2-dimethylpropylidene)amino]pentanedioate (7d): pale 
yellow liquid; 'H NMR (CDC13) 6 1.02 (s, 9 H, t-Bu), 1.42 (s, 3 
H, Me), 2.58 (dd, J,,, = 13.2 Hz and 54-3 = 3.7 Hz, 1 H, one of 
H-4), 2.82 (dd, J , = 13.2 Hz and Jk3 = 10.3 Hz, 1 H, the other 
of H-4), 3.54 (dZJ3-,  = 10.3 and 3.7 Hz, 1 H, H-3), 3.67, 3.68, 
3.72 (each s,each 3 H,COOMe), 7.44 (s, 1 H , N = C H ) ; W  NMR 
(CDC13) 6 21.90 (Me), 26.49, 32.54 (each t-Bu), 36.79 (C-4), 49.50 
(C-3), 51.92, 52.14 (each COOMe), 68.49 (C-2), 171.44, 172.71, 
172.88, 172.92 (COOMe and N=CH); MS m/z  (re1 intensity) 315 
M+, 4), 301 (ll), 300 (73), 257 (141,256 (base peak), 232 (36), 200 
(13), 171 (lo), 170 (17). 

Cycloaddition of Imine la with Methyl Crotonate in  the 
Presence of LDA or tert-Butylmagnesium Chloride Leading 
to 5. To a solution of l a  (0.314 g, 2 mmol) in dry THF (3 mL) 
was added, under nitrogen at  room temperature, tert-butyl- 
magnesium chloride (1.1 M solution in THF, 1.82 mL, 2 mmol). 
After the addition of methyl crotonate (0.32 mL, 3 mmol), the 
resulting mixture was stirred at  room temperature for 19 h. 
Saturated aqueous NH4Cl was added, and the mixture was ex- 
tracted with dichloromethane (CH2C12, 40 mL x 3). The combined 
extracts were dried over MgSO, and evaporated in vacuo. The 
residue was chromatographed on silica gel by using chloroform 
(CHCl,) as an eluent to give 5 (0.454 g, 88%): pale yellow viscous 
liquid; IR (neat) 3440,1740,1710,1430,1190,1160 cm-'; 'H NMR 
(CDC13) 6 1.00 (s,9 M, t-Bu), 2.21 (d, JM-3 = 7.3 Hz, 3 H, 3-Me), 
2.5-2.6 (m, 2 H, H-3 and H-4), 2.80 (br s, 1 H, NH), 2.97 (d, J,, 

(each s, each 3 H, COOMe); 13C NMR (CDCl,) 6 20.75 (3-Me), 
27.43, 32.60 (each t-Bu), 44.22 (C-3), 51.47, 52.09 (each COOMe), 
53.06 (C-4), 67.76 (C-2), 71.99 ((2-5); MS m/z  (15 eV, re1 intensity) 
257 (M+, l), 201 ( l l ) ,  200 (base peak); HRMS calcd for C13H,N04 
M 257.1626, found m/z  257.1622. 

The same compound 5 was also obtained by another route: To 
a solution of la (0.314 g, 2 mmol) in dry THF (3 mL) was added, 
a t  -78 "C, a solution of lithium diisopropylamide in THF (5 mL) 
freshly prepared from diisopropylamine (0.28 mL, 2 mmol) and 
butyllithium (1.5 M in hexane, 1.34 mL, 2 mmol). After 10 min, 
methyl crotonate (0.32 mL, 3 mmol) was added, and stirring was 

52-3 = 6.6 Hz, 1 H, H-2), 7.55 (s, 1 H, N=CH); 13C NMR (CDC13) 

= 5.9 Hz, 1 H, H-5), 3.38 (d, 52-3 = 4.8 Hz, 1 H, H-2), 3.63, 3.78 
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continued a t  -78 "C for 18 h. The mixture was poured into 
saturated aqueous NH4C1 and extracted with CHzCl2 (25 mL X 
3). The combined extracts were treated by the method described 
above, to give 5 (0.415 g, 81%). 

General Procedures for the Hydrolytic Cyclization of the 
Michael Adducts Leading to 8-11. As a typical example, the 
hydrolytic cyclization of 3 is described as follows. A solution of 
3 (0.234 g, 0.71 mmol) in aqueous methanol (methanol, 4 mL; 
water, 1 mL) containing a few drops of acetic acid was stirred at 
room temperature for 14 h. All the volatile materials were 
evaporated in vacuo, and the residue was treated with saturated 
aqueous sodium hydrogen carbonate (5  mL). After addition of 
water (5  mL), the products were extracted with CHzClz (30 mL 
x 3). The combined extracts were dried over MgSO, and evap- 
orated in vacuo. The residue was chromatographed on silica gel 
by using CH2C12/ethyl acetate (EtOAc, 1:2 v/v), to give 8a (0.157 
g, 97%). 

Other hydrolytic cyclizations were carried out under the reaction 
conditions listed in Table 11, where all the results are summarized. 
Methyl 2-[2-(methoxycarbonyl)ethyl]-5-oxo-2- 

pyrrolidinecarboxylate (sa): colorless prisms [purified by silica 
gel column chromatography on silica gel with CH2C12/EtOAc (1:2 
v/v) and then crystallization from diethyl ether (Ego)] ;  mp 
112-113 "C; IR (KBr) 3200, 1730, 1680, 1230 cm-'; 'H NMR 
(CDC1,) 6 2.0-2.5 (m, 8 H, CH2), 3.68, 3.77 (each s, each 3 H, 
COOMe), 7.36 (br s, 1 H, NH); 13C NMR (CDCl,) 6 28.97, 29.72, 
30.60,33.72 (each CH2), 51.92,52.84 (each COOMe), 65.02 (C-2), 
172.90, 173.62 (each COOMe), 177.43 (C-5); MS m/z  (re1 intensity) 
230 (M+ + 1, I), 170 (base peak), 138 (14). Anal. Calcd for 
C10H15N05: C, 52.40; H, 6.60; N, 6.11. Found: C, 52.65; H, 6.49; 
N, 6.00. 
Methyl trans-3-methyl-5-oxo-2-pyrrolidinecarboxylate 

(8b): colorless prisms [silica gel column chromatography with 
CHCl,/EtOAc (1:2 v/v) and then crystallization from EbO]; mp 
67-68.5 "C; IR (neat) 3300,1740,1700,1440,1210 cm-'; 'H NMR 
(CDCl,) 6 1.29 (d, JM-3 = 6.6 Hz, 3 H, 3-Me), 2.02 (dd, J ,, = 
20.2 Hz and J4-, = 10.3 Hz, 1 H, one of H-4), 2.4-2.7 (m, 2 4 H-3 
and the other of H-4), 3.78 (s, 3 H, COOMe), 3.84 (d, J2-3 = 5.1 
Hz, 1 H, 2-H), 6.91 (br s, 1 H, NH); 13C NMR (CDC1,) 6 20.11 
(3-Me), 34.08 (C-3), 37.98 (C-4), 52.53 (COOMe), 62.58 (C-2), 
172.28 (COOMe), 177.39 (C-5); MS m/z  (re1 intensity) 158 (M+ 
+ 1,8), 157 (M+, 19), 98 (base peak), 55 (55), 42 (10). Anal. Calcd 
for C,HllN03: C, 53.47; H, 7.06; N, 8.92. Found: C, 53.21; H, 
6.96; N, 8.86. 

Methyl cis -2,3-dimethyl-5-oxo-2-pyrrolidinecarboxylate 
(8c): colorless liquid [silica gel column chromatography with 
CHC13/EtOAc (1:2 v/v)]; IR (neat) 3230, 1735, 1700, 1430 cm-'; 
'H NMR (CDCl,) 8 1.17 (d, JM-3 = 7.0 Hz, 3 H, 3-Me), 1.38 (s, 
3 H, 2-Me), 2.06 (dd, Jgem = 16.5 Hz and J4-, = 8.8 Hz, 1 H, one 
of H-4), 2.50 (dd, JBBm = 16.5 Hz and J4-, = 8.4 Hz, 1 H, the other 
of H-4), 2.68 (ddq, J3-4 = 8.8 and 8.4 Hz and J3-Me = 7.0 Hz, 1 
H, H-3), 3.76 (s, 3 H, COOMe), 6.61 (br s, 1 H, NH); 13C NMR 
(CDCl,) 6 15.03 (2-Me), 20.09 @-Me), 36.46 (C-3), 37.90 (C-4), 52.68 
(COOMe), 64.56 (C-2), 174.44 (COOMe), 175.86 (C-5); MS m/z  
(re1 intensity) 172 (M+ + 1, 2), 171 (M+, l), 112 (base peak), 69 
(22); HRMS calcd for C$I13NO3 M 171.0896, found m/z  171.0893. 
Methyl trans-2,4-dimethyl-l-pyrroline-5-carboxylate (9a): 

pale yellow liquid [silica gel column chromatography with 
CHCl,/EtOAc (2:l v/v)]; IR (neat) 1735,1640,1430,1190 cm-'; 
'H NMR (CDClJ 8 1.18 (d, JM-4 = 7.0 Hz, 3 H, 4-Me), 2.09 (br 
s, 3 H, 2-Me), 2.19 (br dd, J,,, = 17.2 Hz and J3-4 = 6.7 Hz, 1 
H, m e  of H-3), 2.56 (m, 1 H, H-4), 2.84 (br dd, J,,, = 17.2 Hz 
and J3-4 = 8.8 Hz, 1 H, the other of H-3), 3.76 (s, 3 H, COOMe), 
4.21 (m, 1 H, 5-H); 13C NMR (CDCl,) 6 19.76,20.01 (2- and 4-Me), 
36.49 (C-31, 47.43 (C-4), 52.09 (COOMe), 80.93 (C-5), 173.27 
(COOMe), 178.22 (C-2); MS m/z  (re1 intensity) 155 (M+, 19), 140 
(20), 113 (39), 96 (base peak), 85 (47), 58 (28); HRMS calcd for 
CBHlzNO2 M 154.0867, found m/z  154.0851. 

Methyl trans-2-methyl-4-phenyl- 1-pyrroline-5-carboxylate 
(9b): yellow liquid [silica gel column chromatography with 
CHC13/EtOAc (2:l v/v)]; IR (neat) 1740, 1645, 1440, 1200 cm-'; 
'H NMR (CDCI,) 6 2.16 (d, JMe5 = 1.8 Hz, 3 H, Me), 2.72 (br 
dd, JBem = 18.0 Hz and J34 = 7.3 Hz, 1 H, one of H-3), 3.16 (ddd, 
J - 18.0 Hz, J3-4 = 9.9 Hz, and J3-5 = 1.8 Hz, 1 H, the other 
of%-3), 3.75 (s, 3 H, COOMe), 3.75 (ddd,J.+, = 9.9 and 7.3 Hz 
and J4-& = 6.6 Hz, 1 H, H-4), 4.71 (m, 1 H, H-5); 13C NMR (CDClJ 
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6 19.78 (Me), 46.62 (C-3), 48.34 (C-4), 52.30 (COOMe), 126.94, 
126.86,128.84,143.06 (each Ph), 172.74 (COOMe), 177.45 ((2-2); 
MS m / z  (re1 intensity) 218 (M' + 1, 9), 217 (M', 41), 159 (13), 
158 (base peak), 113 (9); HRMS calcd for C13H15N02 M 217.1104, 
found m/z  217.1103. 

Methyl trans-4-tert-butyl-2-methyl-1-pyrroline-5- 
carboxylate (9c): colorless liquid [silica gel column chroma- 
tography with CHC13/EtOAc (21 v/v)]; IR (neat) 1740,1650,1435, 
1210 cm-'; 'H NMR (CDCl3) 6 0.85 (s, 9 H, t-Bu), 2.06 (d, Jhl-6 
= 1.5 Hz, 3 H, Me), 2.3-2.8 (m, 3 H, H-3 and H-4), 3.75 (9, 3 H, 
COOMe), 4.4-4.5 (m, 1 H, 5-H); 'H NMR (CDC13 + CF,COOH) 
6 0.94 (s, 9 H, t-Bu), 2.63 (d, JMe5 = 1.5 Hz, 3 H, Me), 2.71 (ddd, 
J4..3 = 9.5 and 4.4 Hz and Jk5 = 4.4 Hz, 1 H, H-4), 3.03 (dd, JBBm 
= 21.5 Hz and J3-4 = 4.4 Hz, 1 H, one of H-3), 3.30 (ddd, JBem 
= 21.5 Hz, JW = 9.5 Hz, and JS5 = 2.2 Hz, 1 H, the other of H-3), 
3.85 (s, 3 H, COOMe), 4.88 (m, 1 H, H-5); 13C NMR (CDCl,) 6 
19.71 (Me), 27,07,32.05 (each t-Bu), 41.61 (C-3), 51.49 (C-4), 52.22 
(COOMe), 76.08 (C-5), 174.05 (COOMe), 178.22 ((2-2); MS m/z  
(re1 intensity) 198 (M+ + 1, 4), 197 (M+, 8), 182 (30), 140 (base 
peak), 138 (41), 113 (21), 97 (17), 85 (16), 82 (26); HRMS calcd 
for CI1Hl9NO2 M 197.1415, found m / z  197.1410. 

Methyl trans-2,4-diphenyl-l-pyrroline-5-carboxylate (9d): 
colorless liquid [silica gel column chromatography with 
CHCl,/EtOAc (1:l v/v)]; IR (neat) 1735, 1615, 1445, 1200 cm-'; 
'H NMR (CDCI,) 6 1.25 (d, J M e 4  = 6.6 Hz, 3 H, Me), 2.61 (ddd, 
J,,, = 16.1 Hz, J34 = 6.6 Hz, and J3-5 = 1.8 Hz, 1 H, one of H-3), 
2.69 (m, 1 H, H-4), 3.33 (ddd, J , ,  = 16.1 Hz, J34 = 8.1 Hz, and 
J3-5 = 1.8 Hz, 1 H, the other of k-3),  3.77 (s, 3 H, COOMe), 4.46 
(m, 1 H, H-5), 7.3-7.5 (m, 3 H, Ph), 7.90 (m, 2 H, Ph); 13C NMR 
(CDCl,) 6 20.71 (Me), 36.96 (C-3), 52.98 (COOMe and C-4), 82.16 
(C-5), 128.78,129.25, 131.77, 134.80 (each Ph), 173.93 (COOMe), 
176.39 ((2-2); MS m/z  (re1 intensity) 218 (M+ + 1, 5), 217 (M', 
29), 159 (13), 158 (base peak), 105 (21), 55 (24); HRMS calcd for 
C13H15N02 M 217.1104, found m / z  217.1108. 
Methyl trans -2-phenyl-4-[ (E)-2-phenylet henyll- 1- 

pyrroline-5-carboxylate (9e): colorless prisms [silica gel column 
chromatography with CHCl,/EtOAc (1:5 v/v) and crystallization 
from CH2C12/hexane]; mp 78.5-79 "C dec; IR (KBr) 1735,1615, 
1450,1340,1210 cm-'; 'H NMR (CDCl,) 6 2.88 (ddd, J ,, = 16.2 
Hz, J3-4 = 7.0 Hz, and J3-5 = 2.6 Hz, 1 H, one of H-3), 8.37 (ddd, 
J ,, = 16.2 Hz, J3-4 = 8.8 Hz, and J3..5 = 2.2 Hz, 1 H, the other 
of H-3), 3.45 (m, 1 H, H-4), 3.76 (s, 3 H, COOMe), 4.70 (m, 1 H, 
H-5), 6.21 (dd, Jb,, = 15.8 Hz and J,3+4 = 8.1 Hz, 1 H, =CH), 
6.50 (d, J- = 15.8 Hz, 1 H, =CH) ,  7.1-7.5 (m, 8 H, Ph), 7.8-7.9 
(m, 2 H, Ph); 13C NMR (CDCl,) 6 42.22 (C-31, 44.95 (C-4), 52.25 
(COOMe), 79.90 (C-5), 126.22, 127.50, 127.99, 128.46, 128.55, 
130.08, 131.10, 131.30, 133.57, 136.76 (Ph and CH=CH), 172.43 
(COOMe), 175.06 (2-C). Anal. Calcd for C20HlgN02: C, 78.65; 
H, 6.28; N, 4.59. Found: C, 78.69; H, 6.55; N, 4.51. 
Dimethyl trans-5-oxo-2,3-pyrrolidinedicarboxylate (loa): 

colorless prisms [silica gel column chromatography with 
CHCl,/EtOAc (2:l v/v)]; mp 87.5-88 "C; IR (KBr) 3220, 1735, 
1675,1220 cm-'; 'H NMR (CDC13) 6 2.64 (dd, JBem = 17.2 Hz and 
J4-, = 7.0 Hz, 1 H, one of H-4), 2.72 (dd, Jgem = 17.2 Hz and J4-, 
= 9.5 Hz, the other of H-4), 3.47 (ddd, J3-4 = 9.5 and 7.0 Hz and 
J3-2 = 5.1 Hz, 1 H, H-3), 3.79, 3.80 (each s, each 3 H, COOMe), 
4.63 (d, J2-3 = 5.1 Hz, 1 H, 2-H), 6.81 (br s, 1 H, NH); 13C NMR 
(CDCl,) 6 33.04 (C-4), 42.12 (C-3), 52.89, 53.00 (each COOMe), 
57.49 (C-2), 170.94, 172.09 (each COOMe), 174.97 (C-5); MS m/z 
(re1 intensity) 202 (M+ + 1,4), 201 (M+, 22), 142 (base peak), 141 
(34), 114 (28), 98 (17), 83 (13), 82 (24), 59 (17). Anal. Calcd for 
C8HllN05: C, 47.76; H, 5.51; N, 6.96. Found: C, 48.02; H, 5.49; 
N, 7.04. 
Dimethyl trans -2-methyl-5-0~0-2,3-pyrrolidinedi- 

carboxylate (lob): colorless prisms [silica gel column chroma- 
tography with CHCl,/EtOAc (2:l v/v)]; mp 154.5-156.5 "C; IR 
(KBr) 3280, 1735, 1680, 1220 cm-'; 'H NMR (CDC1,) 6 1.45 (s, 
3 H, Me), 2.56 (dd, J,,, = 17.2 Hz and J4-, = 9.2 Hz, 1 H, one 
of H-4), 2.79 (dd, JBem = 17.2 Hz and Jh3 = 6.6 Hz, 1 H, the other 
of H-4), 3.69 (dd, JW = 9.2 and 6.6 Hz, 1 H, H-3), 3.76, 3.81 (each 
s, each 3 H, COOMe), 7.45 (br s, 1 H, NH); 13C NMR (CDC13) 
6 21.24 (Me), 32.92 (C-4), 46.06 (C-3), 52.31, 53.26 (each COOMe), 
63.55 (C-2), 171.17, 173.00 (each COOMe), 175.37 (C-5); MS m / z  
(re1 intensity) 216 (M+ + 1,20), 215 (M+, 3), 156 (base peak). Anal. 
Calcd for C9Hl3N06 C, 50.23; H, 6.09; N, 6.51. Found: C, 50.14; 
H, 6.27; N, 6.61. 
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Dimethyl cis-5-oxo-2,3-pyrrolidinedicarboxylate (1 la): 
colorless prisms [silica gel column chromatography with 
CHC13/EtOAc (2:l v/v)]; mp 74.5-76.5 OC; IR (KBr) 3220, 1740, 
1630, 1430,1230 cm-'; 'H NMR (CDC13) 6 2.57 (dd, Jgem = 16.9 
Hz and Jd9 = 9.2 Hz, 1 H, one of H-4), 2.80 (dd, J em = 16.9 Hz 
and J4-3 = 8.4 Hz, 1 H, the other of H-4), 3.63 (dt, 3- = 9.2 and 
8.4 Hz and JS2 = 8.4 Hz, H-3), 3.72, 3.74 (each s, each 3 H, 
COOMe),4.47 (d,J2-3 = 8.4 Hz, 1 H,2-H),7.48 (br s, 1 H, NH); 
13C NMR (CDCI,) 6 32.70 (C-4), 42.58 (C-3), 52.50, 52.60 (each 
COOMe), 57.28 (C-2), 170.61, 171.02 (each COOMe), 176.45 (C-5); 
MS m/z  (re1 intensity) 202 (M+ + 1, 12), 201 (M+, 9), 174 (32), 
173 (221,142 (81),115 (12), 114 (base peak), 88 (42), 82 (22). Anal. 
Calcd for C8HllN05: C, 47.74; H, 5.51; N, 6.97. Found: C, 47.91; 

H, 5.53; N, 6.84. 
Dimethyl cis -2-methyl-5-oxo-2,3-pyrrolidinedicarboxylate 

(llb): colorless prisms [silica gel column chromatography with 
CHCl,/EtOAc (2:l v/v)]; mp 110.5-112 "C; IR (KBr) 3160,1720, 
1690, 1200 cm-'; 'H NMR (CDC13) 6 1.68 (s, 3 H, Me), 2.59 (dd, 
Jgem = 17.2 Hz and J4-3 = 9.2 Hz, 1 H, one of H-4), 2.89 (dd, J em 
= 17.2 Hz and J4-3 = 9.5 Hz, 1 H, the other of H-4),3.20 (dd, &-, 
= 9.5 Hz and 9.2 Hz, 1 H,H-3),  3.72 (s ,6  H,COOMe),7.53 (br 
s, 1 H, NH); 13C NMR (CDC13) 6 24.66 (2-Me), 33.55 (C-4), 50.15 
(C-3), 52.38,52.80 (each COOMe), 64.22 (C-2), 170.89, 172.29 (each 
COOMe), 175.66 ((2-5); MS m / z  (re1 intensity) 216 (M+ + 1, 2), 
215 (M+, l), 157 (a), 156 (base peak). Anal. Calcd for C&13N05: 
C, 50.23; H, 6.09; N, 6.51. Found: C, 50.42; H, 6.18; N, 6.41. 
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We describe here a full account of a highly concise and enantiospecific synthesis of (+)-exo-brevicomin (7), 
(5R,6S)-(-)-6-acetoxy-5-hexadecanolide (1 l), and L-factor (16) originating from D or L-tartrates as chiral sources. 
The synthesis employs an efficient carbon-carbon bond-forming reaction of triflates with copper(1)-catalyzed 
Grignard reagents and, as a consequence, tosyl-triflate derivatives 6 and 15 were found to be a versatile intermediate. 
This methodology completed the synthetic scheme involving a five-step sequence from 1 to 7, a 10-step sequence 
from 2 to 11, and a seven-step sequence from 12 to 16. The results present a new rapid means to derive optically 
active natural products from readily available chiral building blocks. 

In recent years, a great deal of success has been achieved 
in the field of total synthesis of optically active natural 
products from readily available chiral building blocks.2 In 
spite of these enormous advances for amplifying such a 
convenient chiral source, frequently it becomes a serious 
problem to elaborate the side chain on the carbon center 
bearing a @-oxygen func t i~na l i ty .~~~ However, because of 
the electron-withdrawing nature of @-oxygen it is generally 
accepted that alkylation through nucleophilic displacement 
reaction is not so easy5 except for the use of highly reactive 
nucleophiles such as organocuprate  reagent^.^^' To cir- 

(1) The preliminary work was presented at the 1989 International 
Chemical Congress of Pacific Basin Societies, Honolulu, HI, December 
17-22, 1989 (Abstract ORGN 0425). 

(2) (a) Jurczak, J.; Pikul, S.; Bauer, T. Tetrahedron 1986,42,441. (b) 
Scott, J. W. In Asymmetric Synthesis; Morrison, J. D., Scott, J. W., Ed.; 
Academic Press: New York, 1984; Vol. 4, pp 1-226. (c )  Inch, T. D. 
Tetrahedron 1984,40,3161. (d) Hanessian, S. Total Synthesis of Nat- 
ural Products: The 'Chiron" Approach; Pergamon Press: Oxford, 1983. 
(e) Fraser-Reid, B.; Anderson, R. C. Fortschr. Chem. Org. Naturst. 1980, 
39, 1. 

(3) For example, see: (a) Overman, L. E.; Thompson, A. S. J .  Am. 
Chem. SOC. 1988,110,2248. (b) Solladie, G.; Hutt, J. Tetrahedron Lett. 
1987, 28, 797. 

(4) The similar problem happens in the synthetic study of compactin. 
For a general treatment on this topic, see: Rosen, T.; Heathcock, C. H. 
Tetrahedron 1986, 42,4909. See also: Clive, D. L. J.; Murthy, K. S. K.; 
Wee, A. G. H.; Prasad, J. S.; da Silva, G. V. J.; Majewski, M.; Anderson, 
P. C.; Haugen, R. D.; Heerze, L. D. J. Am. Chem. SOC. 1988,110,6914. 
Kozikowski, A. P.; L;, C.-S. J. Org. Chem. 1987,52, 3541. Keck, G. E.; 
Kachensky, D. F. Ibrd. 1986,51, 2487. 

( 5 )  Streitwieser, A. Soluolytic Displacement Reactions; McGraw-Hilk 
New York, 1962; pp 16-18. 

(6) For review, see: Lipshutz, B. H. Synthesis 1987, 325. Erdik, E. 
Tetrahedron 1984,40,641. Posner, G .  H. An Introduction to Synthesis 
Using Organocopper Reagents; Wiley: New York, 1980. Posner, G. H. 
Org. React. 1975,22, 253. See also: Johnson, C. R.; Dutra, G. A. J. Am. 
Chem. SOC. 1973,95, 7717. 

0022-3263/90/1955-4417$02.50/0 0 

Scheme I 

cumvent this difficulty, the usual method consists of al- 
kylation on the epoxide intermediates (eq 1)8 or oxidation 
to the corresponding aldehydes followed by Wittig-type 
olefination (eq 2).9 More recently, as an alternative ap- 

(7) Very limited success has been realized with the other carbon nu- 
cleophiles. For example, see: Lipshutz, B. H.; Moretti, R.; Crow, R. 
Tetrahedron Lett. 1989,30, 15. Murai, A. Pure Appl. Chem. 1989,61, 
393. Murai, A.; Tanimoto, N.; Sakamoto, N.; Masamune, T. J .  Am. 
Chem. SOC. 1988, 110, 1985. Grieco, P. A,; Lis, R.; Zelle, R. E.; Finn, J. 
Ibid. 1986,108,5908. Lipshutz, B. H.; Kotsuki, H.; Lew, W. Tetrahedron 
Lett. 1986,27,4825. Majewski, M.; Clive, D. L. J.; Anderson, P. C. Ibid. 
1984, 25, 2101. Takano, S.; Goto, E.; Hirama, M.; Ogasawara, K. Het- 
erocycles 1981, 16, 951. 

(8) For example, see: Takano, S.; Moriya, M.; Iwabuchi, Y.; Ogasa- 
wara. K. Tetrahedron Lett. 1989,30.3805. Takano, S.; Ogasawara, K. 
J. Syn. Org. Chem. Jpn. 1989, 47, 813. 

(9) For example, see: Carling, R. W.; Holmes, A. B. J.  Chem. SOC., 
Chem. Commun. 1986, 565. 
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