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aldehydes was low. The observed reactivities and the 
&selectivity could be attributed to the coordination of the 
nitrogen of amide to tanta1~m.l~ 

Quenching the reaction mixture of a tantalum-ethyl 
tridecenoate complex and butanal with iodine in THF at 
0 OC for 15 min and 25 OC for 2 h afforded j3-iodo-a,& 
unsaturated ester 4 in 54% yield" along with untrapped 
allylic alcohols 2a and 2b in 9% combined yields (2a/2b 
= 89/11, eq 2). None of the a-iodo unsaturated ester was 
obtained. The carbon(sp2)-iodine bond of 4 is a clue to 

(13) When an acetylenic amide was added to the mixture of low-valent 
tantalum, the color of the mixture changed from greenish dark blue to 
ultramarine. Similar color change was observed after the addition of 
TMEDA to the low-valent tantalum. 

(14) Reduction of @-iodo ester 4 with EbNH+HCO; under palladium 
catalysis (Pd(PPh&) produced 2a in 87% yield. T h e  following method 
was modified Cacchi, S.; Ciattini, P. G.; Morera, E.; Ortar, G. Tetra- 
hedron Lett. 1986,27,5541. 

develop further  transformation^.'^ 
NaOH 

TaCis, Zn THF PrCHO 12/THF n20 
WCq0H2q-CO2Et ___*-A - - 

DME,PhH pyridine 25'c 0+25'C 25'C 
50'C,2h 20mln P h  1 h 

" c 1 0 H 2 ; ~ p ~  

a. 2b (2) 
HO 

2 54% gn (89/11) 

Supplementary Material Available: Experimental proce- 
dures and spectral data for all new compounds (13 pages). Or- 
dering information is given on any current masthead page. 

(15) For some examples, see: (a) Cowell, A.; Stille, J. K. J. Am. Chem. 
SOC. 1980,102, 4193. (b) Weir, J. R.; Patel, B. A.; Heck, R. F. J.  Org. 
Chem. 1980,45,4926. (c) Jin, H.; Uenishi, J.; Christ, W. J.; Kishi, Y. J.  
Am. Chem. SOC. 1986,108,5644. 
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Summary: Enantiocontrolled total syntheses of the Ca- 
labar bean alkaloid (-)-physovenine (1) and (-)-physo- 
stigmine (2) have been achieved in a concise manner 
starting from the optically active tricyclic enone 3 em- 
ploying a Fischer indolization reaction under nonacidic 
conditions as the key step. 

There is currently considerable interest in compounds 
having central stimulatory activity such as the anti-cho- 
linergic Calabar bean alkaloids' due to their therapeutic 
potential in Alzheimer's disease' and cholinergic disor- 
ders.2*8 We report here the first total syntheses of (-)- 
physovenine (I) and a formal total synthesis of (-)- 
physostigmine (2), both members of the alkaloids of cur- 
rent interest, based on a new strategy exploiting a struc- 
turally biased polycyclic ketone 4 as a stereochemical 
control element in the key Fischer indolization step. 

(-)-physovenine (1) (-)-physostigmine (2) 

Alkylation of the optically active (-)-tricyclic enone4 3, 
prepared from racemic dicyclopentadiene in a four-step 

(1) A recent review Takano, S.; Ogasawara, K. The Alkaloids; Brossi, 
A,, Ed.; Academic Press: New York, 198% Vol. 36, p 225. 

(2) Cf. Brwi,  A. J. Med. Chem. 1990,33,2311. 
(3) Enantiocontrolled eyntheeee: (a) Takano, S.; Goto, E.; Hirama, M.; 

Ogaaawara, K. Chem. Phorm. Bull. 1982,30,2641. (b) Takano, 5.; Mo- 
riya, M.; Iwabuchi, Y.; Ogasawara, K. Chem. Lett. 1990,109. (c) Takano, 
S.; Sam, T.; Inomata, K.; Ogaaawara, K. Heterocycles 1990,31,411. (d) 
Lae, T. B. K.; Wong, C. 5. K. J. Org. Chem. 1991,56,872. (e) Node, M.; 
Hao, X& Fuji, K. Chem. Lett. 1991, 57. 

(4) Takano, S.; Sato, T.; Inomata, K.; Ogasawara, K. J.  Chem. Soc., 
Chem. Commun. 1991,462. 
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sequence of reactions including l i p m e d i a t e d  reaolutionP 
afforded the monomethyl ketone 4 in 86% yield as a 
mixture of epimers. When this compound was refluxed 
with p-methoxyphenylhydrazine hydrochloride in aqueous 
pyridines ( l : lO) ,  a facile diastereoselective reaction oc- 
curred to furnish the carbinol amine 7, mp 109-111 OC, 
[a]=D -144.6O (c 1.95, CHC13), as a single product, in 82% 
yield. This compound is presumably generated via 
[3,3]-sigmatropic rearrangement of the diaza-1,5-diene 
intermediate 5 to afford the imine 6 via introduction of 
the aryl group from the convex face of the molecule. The 
imine 6 is then hydrolyzed under the reaction conditions 
to give the carbinolamine 7 instead of giving the penta- 
cyclic indolenine. 

On acetylation followed by methylation, 7 afforded the 
tertiary amide 9, [aIwD -147.1O (c 1.21, CHC13), in 86% 
overall yield via 8, mp 163-164 "C, [.InD -100.3O (c 1.19, 
CHC13). Compound 9 was refluxed in o-dichlorobenzene 
to initiate a retro-Diels-Alder reaction to give the cyclo- 
pentenone 10, [ a I s1~  4 . 6 O  (c 1.41; CHC13), in 66% yield. 
The enone 10, on sequential one-flask ozonolysis, boro- 
hydride reduction, and periodate cleavage, furnished the 
lactol14 in 62% yield via 11-13. Refluxing 14 in methanol 
containing a trace of hydrochloric acid caused concomitant 
deacetylation and cyclization to give the tricyclic amino 
acetal' 15, [a]32D - 96.2O (c 0.35, CHC13), in 71% yield. 
Treatment of 15 with boron tribromidek followed by 
carbamoylation of the resulting phenol 16 afforded (-)- 
physovenine' (l), mp 126-127.5 "C, [a]30D -9O.OO (c 0.09, 

(6) Takano, S.; Inomata, K.; Ogaaawara, K. J.  Chem. SOC., Chem. 
Commun. 1989,271. Takano, S.; Inomata, K.; TaLahaehi, U; Ogaeawara, 
K. Synlett 1991,636. 

(6) Welch, W. M. Syntheeia 1977,645. 
(7) Enantiomeric e x a n  wan determined to be 297% by HPLC 

[CHIRACEL W., 'PrOH-hexane (k9)]. Spectral data (Et, 'H NMR, and 
MS) of 16 were identical with those of racemic material: Shishido, K.; 
Shitara, E.; Komatau, H.; Hmya, K.; Fukumoto, K.; Kametani, T. J. Org. 
Chem. 1986,61,3007. 
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Scheme 1' 

R=Me (15) 

(-)physovenine (1) 

1 4  

R=H (16) 

'Key: (a) LDA, MeI, THF, -30 OC; (b) 4-methoxyphenylhydraine hydrochloride, aqueous pyridine (l:lO), reflux, 36 min; (c) AQO, 
pyridine; (d) NaH, MeI, DMF-THF (1:l); (e) o-dichlorobenzene, reflux, 11 h; (0 03, MeOH, -78 OC, then NaBH,, -78 "C - rt, 10% HCl 
(neutralize) then NaIO,; (8) 35% HCl (cat.), MeOH, reflux: (h) BBr3, CH2C12, 0 OC - rt; (i) NaH (cat.), MeNCO, THF. 

Scheme 11' 

Me 
1 7  

Me 
1 8  

r 'I 

L 1 9  

' Key: (a) Ag2CO8 on Celite, benzene, reflux; (b) 40% aqueous MeNH,, sealed tube 180 OC; (c) i, 'Bu2A1H, CH2C12, -78 OC then NH40H, 
ii, LAH, THF, reflux; (d) BBr3, CH2Clz, 0 OC - rt; (e) NaH (cat.), MeNCO, THF. 
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EtOH) [natural:e mp 124-125 'C, [.]22'sD -92' (EtOH)], 
in 84% overall yield. This route constitutes the first en- 
antiocontrolled synthesis of the natural product. 

On the other hand, oxidation of the lactol 14 by silver 
carbonate on Celites gave the lactone 17,  ala^ -69.9' (c 
0.30, CHC13), in 88% yield, which was transformed into 
lactam 18, [.I3'D -72.4' (c 1.47, CHCIS), in 76% yield on 
heating at 180 'C with aqueous methylamine in a sealed 
tube. Upon exposure to diisobutylaluminum hydride at 
-78 "C followed by lithium aluminum hydride in refluxing 
THF, 18 furnished (-)-esermetholelJo (211, [aIMD -134' 

(c 0.41, benzene) [lit.& [.ID -129' (c 0.33, benzene)], di- 
rectly in 34% yield, presumably via the carbinolamines 19 
and 20. Since 21 has previously been transformed into 
natural (-)-physostigmine (2) in two steps" via (-)-esero- 
line (22),'3 this sequence constitutes a formal synthesis of 
the natural product. 
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(8) Robinson, B. J. Chem. SOC. 1964, 1503. 
(9) Fetizon, M.; Golfier, M.; Louie, J.-M. Tetrahedron 1976,31,171. 
(io) Enantiomeric excem wae determined to be 298% by HPLC 

ICHIRACEL OJ. 'PrOH-heme (1:9)1. S-al data (IR. 1H m. and 

Supplementary Material Available: Experimental details 
and sPectrc#lcopic data (IR and 'H NMR) for compounds 1,4, 
7-10,15,17,18, and 21 (6 pegea). Ordering information is given .----- ~~~~~ ~ 

MS) and TLC were identical &th &os; of an authentic material.*b on any current masthead page. 
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A new synthetic route to the antibiotics (+)-PS-5 and (+)-PS-6 is described. The preparation involves a fully 
stereocontrolled reaction between the enantiomerically pure N-trimethylsilylimine of lactic or mandelic aldehyde 
and the lithium enolate of the tert-butyl butanoate or tert-butyl isovalerate, respectively. Conversion of the 
azetidinones obtained to 4-acetoxy derivatives via oxidative cleavage of the hydroxyethyl or hydroxybenzyl side 
chain and introduction of the necessary appendage in the position 4 of the amtidinone ring, followed by assemblage 
of the bicyclic ring system, afforded the natural trans-carbapenems (+)-PS-5 and (+)-PS-6. 

Introduction 
The control of absolute stereochemistry is a central 

problem in the synthesis of biologically significant enan- 
tiomers of natural products. Of the large volume of lit- 
erature on the synthesis of enantiomerically pure 3- and 
4-disubstituted azetidin-Zones as well as their corre- 
sponding bicyclic derivatives, the approach that leads to 
products of high enantiomeric purity either involves the 
use of an enantiomerically pure auxiliary, which is sub- 
sequently cleaved, or of an enantiomerically pure building 
block, which is retained in the target compound.' 

The cycloaddition reaction of ester  enolates with ald- 
imines has proved to be an effective method for preparing 
@-lactams.2 Recently, in fact, we and others3 have dem- 
onstrated the synthetic usefulness of this reaction in the 
synthesis of thienamycin, using @)-ethyl 3-hydroxy- 
butanoate as the chiral nucleophilic component in the 
cycloaddition' (Chart I). However, there are some 8- 
lactam antibiotics bearing no stereogenic centres in the C-3 
side chain of the azetidinone ring. For instance, the car- 
bapenems (+)-PS-5 and (+)-PS-6 have an ethyl and iso- 
propyl group, respectively, in this position. In these case: 

'"G. Ciamician" Universiti. ' I.Co.C.E.A.-C.N.R. 

in order to prepare enantiomerically pure compounds, the 
asymmetry can be incorporated in the electrophilic partner 

(1) (a) Liebeskind, L. S.; Welker, M. E.; W e n ,  V. J.  Am. Chem. 
SOC. 1984,106,441. (b) Liebeekind, L. S.; Welker, M. E.; Fengl, R. W. 
J. Am. Chem. SOC. 1986,108,6328. (c) Hart, D. J.; Lee, C. 5.; Pirkle, M. 
H.; Hyon, M. H.; Tsipouras, A. J. Am. Chem. SOC. 1986,108,6054. (d) 
Furukawa, M.; Okawara, T.; Noguchi, Y.; Terawaki, Y. Chem. Pharm. 
Bull. 1978,26, 260. (e) Broadley, K.; Daviee, S. G. Tetrahedron Lett. 
1984,1743. (0 Evans, D. E.; Sjogren, E. B. Tetrahedron Lett. 1986,3119. 
For recent reviews on the synthesis of carbapenem @-lactam antibiotica, 
see: (g) Durckheimer, W.; Blumbach, J.; Lattrell, R; Scheunemann, K. 
H. Angew. Chem., Znt. Ed. Engl. 1986,24,180. (h) Koppel, G. A. In 
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ziridines; H a s " ,  A., Ed.; John Wiley: New York, 1983, Part 2, pp 
248-301. (i) Nagara, T.; Kametani, T. Heterocycles 1987,25, 729. (j) 
Labia, R.; Morin, C. J. Antibiot. 1984, 37, 1103. (k) Ratcliffe, R. W.; 
Albers-Schonberg, G. In Chemistry and Biology of Beta Lactam Anti- 
biotics; Morin, R B., Gam, M., Eds.; Academic Fhaq New York, 1982; 
VOl. 2. 

(2) For an excellent review on this topic, we: Hart, D. J.; Ha, D. C. 
Chem. Rev. 1989,89,1447. See aleo: Brown, M. J. Heterocycles 1989, 
29. 2225. 

(3) (a) Cainelli, G.; Panunzio, M. I1 Farmaco. 1991,46,177. (b) Cai- 
nelli, G.; Contento, M.; Giammini, D.; Panunzio, M. Tetrahedron Lett. 
1988, 26, 937. (c) Cainelli, G.; Panunzio, M.; Baeile, T.; Bongini, A.; 
Giacomini, D.; Martalli, G. J. Chem. Soc., Perkin Trans. 1 1987, 2637. 
(d) Georg, G. I.; Akgun, E. Tetrahedron Lett. 1990,31,3276. (e) Guanti, 
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T.; Shibasaki, M. Tetrahedron Lett. 1986,26,1523. (g) Chiba, T.; Nakai, 
T. Tetrahedron Lett. 1986, 26, 4647. (h) Chiba, T.; Nagateuma, M.; 
Nakai, T. Chem. Lett. 1986, 1343. 
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