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Abstract-PLactams are formed from bhydroxy amides by base-promoted 

cyclization of the P-methylsulfonoxyamide. In the system studied, this amide- 

based mesylate cyclization proceeded in high yields, whereas the analogous 

P-chloroamide afforded only the a,e-unsaturated amide. Also, two new methods 

of synthesizing carbacephams by annulation of malonate-substituted P-lactams 

were demonstrated. The fmt was a manganese(IU) acetate-promoted oxidative 

free radical cyclization. The second was a spontaneous aldol cyclization of an 

intermediate aldehyde generated by ozonolysis of an akene. 

INTRODUCTION 

One of the interests of our research group is the study of the application of new synthetic methods to the 

synthesis of p-lactam antibiotics and their analogues. Recently we have directed our synthetic efforts to the 

carbacephem class of bicyclic p-lactam antibiotics. The carbacephems (1) are the carba-dethia analogues of 

the cephems (2) (Figure 1). The cephem class of antibiotics is represented by the naturally occurring 

cephalosporins, isolated originally from the fungus ~e~halosnor ium Smcturally, the 

cephalosporins are the ring-expanded analogues of the penicillins, isolated originally from the fungus 

Dedicated to Professor Rolf Huisgen on the occasion of his 75th birthday. 



692 HETEROCYCLES. YO!. 40, No. 2,1995 

Penicillium wUm.la The cephalosporins have been widely used to treat infections by bacteria that are 

resistant to the penicillins.2 Likewise, the carbacephems have proven to be more efkctive per dose than the 

cephems as they are not degraded as readily.3 Our eventual target is the carbacephalosporin Lorabid@ (3, Eli 

Lilly & Co., Inc., LY163892/KT3777), a new commercially available, orally active antibiotic that is prepared 

by total synthesis.4 

(~orabidB) 
4 X=C&, Y=Cl, 

R ' .R~=PM~,  R~=PNB 0 model 
5 X=CHz. Y=OH, R3Q& CO& 

R1.R2=Phth. R~=PNB 
8 9a R = C H ~ C H = C ( C H ~ ~  

Our retrosynthetic analysis of Lorabid@ targets the six membered ring initially, as we are already familiar with 

methods to form the four membered ring5 Recently Snider has published a series of papers regarding ring 

formation by oxidative free radical cyclization of 1,3-dicarbonyl-walkenes upon treatment with 

manganeseflIJJ acetate to afford, among other things, exocyclic olefinsfi Or alternatively, Snider also has 

shown that he can generate such exocyclic olefins by a Mn(OAc)3-promoted free radical cyclization of 

1,3-dicarbonyl-o-alkynes in an ~xidativelv n u  process by a net hydrogen uansfer cyclization.6b.c We 

decided to apply this chemistry to our synthesis of carbacephalospo~s as a potentially useful alternative ta 

known methods of annulation of p-lactams.7 There is precedent for- free radical annulations of 

P-lactams? thus demonstrating the feasibility of free radical annulations of p-lactams to form the 4,6-fused 

bicyclic ring system. However, such procedures are not as synthetically amactive as the Mn(OAc)3-promoted 

procedure as they typically require more complex (k, more functionalized) substrates, afford products in a 
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lower oxidation state &, less functionalized!'), and employ toxiclo Bu3SnH as the reducing reagent which 

frequently gives rise to purification d i f t i c~ l t i e s .~~  

To anive at our proposed cyclization product, it is necessary to proceed a couple of steps retrosynthetically 

from Lorabid (3). Lorabid (3) has been prepared from vinyl chloride (4). which has been prepared from the 

corresponding alcohol (5). the enol mummer of a ketone."= Next we envisioned the decarboxylation of a 

malonate species and oxidative cleavage of an olefin to afford, retrosynthetically, bicyclic p-lactam (6) which 

possesses an exocyclic olefin bond adjacent to a malonate system. This was our target for the Mn(OAc)3- 

promoted free radical cyclization chemistry. Application of Snider's procedures to alkene (6) afforded, 

retrosynthetically, alkene (7) and alkyne (8). To test our hypothesis, we fmt needed to design and prepare the 

substrates for the cyclization studies. For the purposes of our initial cyclization studies, we chose to prepare 

racemic, desamino model substrates as this would facilitate the substrate syntheses and would avoid any 

potential functional group incompatibilities. As Snidefisb and ~ a c h i ~  reported that the undesired 7 - a  

cyclization mode could be inhibited by including terminal substituents on the unsaturated bonds, we designed 

two substrates (9a) and (9b). both incorporating terminal methyl substituents to direct the cyclization of our 

substrates to the desired 6 - r n  mode. (Bachi has observed that free radical annulations of p-lactams occur 

preferentially by the [6- and 7-1 &Q mode "in the absence of otherwise directing groups."8") 

RESULTS AND DISCUSSION 

Substrate svnthese~ 

We prepared alkene substrate (9a) initially a route utilizing the facile cyclization of Phydroxy 

hydroxamates to p-lactams as repotted from our labs previously.12 This synthesis began with the 

y-alkylation13 of methyl acetoacetate (10) with prenyl bromide to afford Pketo ester (lla)14 (Figure 2). 

Selective reduction of the ketone was performed with NaBH4 to give racemic P-hydroxy ester (12a).15 

(P-Keto esters can be reduced asymmetrically,16 u, by catalytic hydrogenation with single enantiomers of 

Ru-BINAP.17) Hydroxaminolysis of ester (12a) followed by quenching with AczO afforded P-hydroxy 

hydroxamate (13), which was cyclized to N-acetoxy-plactam (14) upon treatment with P~~PICCL&QN in 

MeCN.12b Deprotection of N-acetoxy-P-lactam (14) with K2C03JMeOHl2b followed by alkylation with 

diethyl bromornalonate and base-catalyzed rearrangement gave carbinolamine (15).18 
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Figure 2 

1) NaH 
O O 2) C4H& 

0 0 

CH30 =CH3 3) RX - CH30 L'b 
10 40% dist. 118 R = CH&H=C(CH~)~ 

1) HONHp-HCI 

95% 
crude crude 
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Dehydroxylation of carbinolamine (15) was accomplished by conversion to the corresponding chloride with 

S O C I Z , ~ ~  followed by reduction with Ph3P in buffered aqueous DM@ to afford alkene (9a) for the planned 

cyclization studies. 

While the above "hydroxamate" route did provide alkene substrate (9a), thus allowing initiation of 

preliminary cyclization studies, this route proceeded in only moderate overall yield (4%, unoptimized) and a 
several intermediates of limited hydrolytic and thermal stability. Thus, an alternate route to p-lactam (9a) 

the corresponding P-hydroxy amide (17a) was attempted. Conversion of a Phydroxy amide to a p-lactam is 

"simply" a dehydration, yet it is in competition with other dehydrative processes--namely, elimination to an 

a,Punsaturated amide and, in the present malonate-bearing substrate, cyclization to a y-lactam. Previously 

both we2' and othersZZ have shown that such a dehydrative cyclization of P-hydroxy amides to plactams 

could be performed in certain cases using the Mitsunobu reagent as the dehydrating agent. Preparation of the 

requisite P-hydroxy amide (17a) was sfmightforward. After preparing P-hydroxy ester (1Za) by the method 

described above, simple hydrolysis to carboxylic acid (16a)'5a23 followed by activationB and then coupling 

with diethyl aminomalonate afforded bhydroxy amide (17a). 

With large quantities of P-hydroxy amide (17a) readily available, several procedures to dehydratively cyclize 

it  to p-lactam (9a) were tested. Treatment of Phydroxy amide (17a) to Mitsunobu condition~,~5 using 

DIADPh3P rather than D E A D P ~ ~ P . ~ ~ ~  afforded only -15% of plactam (9a). The major product (-60%) 

from this procedure was the corresponding a,bunsaturated amide. We also tried this procedure with niethyl 

phosphite rather than with mphenylphosphine, but no improvement in yield or product ratio was obtained.Z2b 

Treatment of P-hydroxy amide (17a) with Ph3PICCWt3N in MeCN (a procedure used to cyclize P-hydroxy 

hydmxamates to 0-lac tam^,'^ as demonstrated by the conversion of 13 to 14) afforded only Pchloroamide 

(I&), indicating that chloride ion substitution26 is faster than the desired cyclization to the p-lactam, and also 

faster than the cyclization to the y-lactam 0. An attempt to cyclize P-chloroamide (1%) to the 

p-lactam by treatment with two equivalents of LDA gave only the a,!hnsaturated amide.n 

Treatment of P-hydroxy amide (17a) with excess sulfulyl diimidazole (SOzImz) and Bu4NF in THF for one 

week afforded 18% of p-lactam (9a). 8% of a$-unsaturated amide, and 74% of recovered starting material.28 
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This was an interesting result as the ratio of cyclization to the p-lactam versus simple elimination to the 

a,p-unsaturated amide was 21 ,  respectively, whereas the ratio was unfavorably 1:4 with the Mitsunobu 

rcagcnt. Comparable yields of B-lactam and a@-unsaturated amide were obtained overnight when the 

substrate was pretreated with one equivalent of NaH to generate the more reactive akoxide ion, but much less 

of the uureacted starting material was recovered, presumably due to polyesterification. When silyl ether (19a) 

was treated with SO&nflqNF, only deprotected phydroxy amide (17a) was obtained. Despite the 

reasonable yields of p-lactams obtained by Hanessian when certain serine amides were treated with S@Imz 

and bases, we were unable to improve our yields with this reagent. Perhaps this was due to the fact that our 

substrate was a less reactive secondary alcohol, as opposed to the primary alcohol of serine. 

As we were obtaining a favorable product ratio with SOzImz and an unfavorable product ratio with the 

Mitsunobu reagent, it appeared that we should try the cyclization reaction b sulfonate intermediates as 

opposed to phosphonium ion intermediates. The reactions with S02Im2 appeared to suffer low conversion 

yields due to slow formation of the sulfonate intermediate. Consequently we prepared mesylate (20a) instead, 

as mesylates are readily formed from secondary alcohols.29 Treatment of mesylate (20a) with excess Bu4NF 

in THF, b i n  the S02Im2 procedure, afforded not p-lactam (ga), but instead gavey-lactam (21a) (56%). 

Actually this is not a truly unexpected result, but just further emphasizes the unusual formation of the 

p-lactam when using the Mitsunobu reagent or S@lrn~lBqNF. Finally, as the formation of they-lactam 

could occur b the malonate anion, we decided to try to form the p-lactam by the selective cyclization of the 

dianion of the mesylate. Gratifyingly, treatment of mesylate (20a) with two equivalents of LDA afforded the 

desired plactam pa) in 80% post-chromatographic yields on gram scale. This was especially noteworthy 

since the dianion of chloride (1%) eliminated to the a,p-unsaturated amide. An attempt to substitute NaH for 

LDA afforded only y-lactam (Zla) from mesylate (20a). Thus, by choice of reagent, either they- or p-lactam 

could be selectively formed from the mesylate. This amide-based30 mesylate cyclization constitutes a 

syntfietically useful procedure for preparing p-lactams from P-hydroxy amides when the hydroxyl group is 

attached to a secondary carbon, a class of cyclization that has only limited precedent.2'b,22a3' We are aware 

of only two such amide-based sulfonate cyclizations being reportedpreviously.31 And while in both cases the 

sulfonate was secondary. E2 anti-elimination to the a,j%unsaturated amide was not possible as it was with our 

substrate. Thus, our result indicates that this procedure may be of more general utility than would be 
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suspected initially. This "amide" route is an amactive alternative to the "hydroxamate" route for preparing 

p-lactam substrate (9a) as it proceeds in higher overall yield, is simpler to perform, and proceeds yja 

intermediates that are considerably more stable. 

Maneanese(II1) acetate-nromoted reactions 

Treatment of alkene p-lactatn (9a) with two equivalents of Mn(OAc)3 in HOAc afforded a complex mixture 

of products, most of which were chromatographically separated (Figure 3). This reaction was conducted 

several times under various conditions, including 1) 5YC, 1 h; 2) 2YC, 20 h; 3) reflux (1 17'C). 10 min (all 

M n 3  consumed--as indicated by the initial brown suspension changing to a clear solution); 4) 5YC, 1 h, 

with one equivalent of Cu(0Ac)z included, but only minor variations in the product mixture composition were 

obtained. Apparently for substrate (9a) which cyclizes a tertiary free radical intermediate, Mn3+ is a 

sufficient oxidizing agent such that the inclusion of Cu*+ as a co-oxidant has no observable effect. Snider 

showed that the inclusion of CuZ+ was necessary in his cyclization studies that proceeded primary and 

secondary free radical intermediates, as M n 3  does not oxidize these species rapidly enough to avoid free 

radical quenching by hydrogen atom abstraction from the medium.& When the reaction was conducted in 

EtOHbC (ZYC, 19 h), the only product obtained was malonyl dimer (24a) (85%). The two products obtained 

in greatest yields from the reactions conducted in HOAc were cyclized products (-35% combined yield), 

while the other two isolated products were not cyclized (-20% combined yield). 

The major product from these reactions was tricyclic lactone (22) (-20%). which affoided crystals of 

sufficient quality for smctural determination by X-ray diffraction measurements. snide& and   em and^^ 

also observed the formation of analogous lactones in several cases. These lactones are presumably formed by 

the intramolecular trapping of the nearby ester carbonyl oxygen by an intermediate cation, which is formed by 

oxidation of the corresponding free radical, with concommitant loss of an ethyl cation equivalent (presumably 

trapped by the solvent HOAc to form EtOAc). Recently, analogous bicyclic lactone forming reactions have 

becn reported using titanium(1V) enolate-mediated cyclizations of E-unsaturated malonate systems in the 

presence of molecular iodine to form cyclopentane-fused y-lactones.33 However, our attempts to apply this 

procedure to our alkene p-lactam substrate (9a) proved fruitless. Taguchi did report that his attempts to 

extend his procedure to the formation of cyclohexane-fused y-lactones, such as ours, was unsuccessful. 
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The other cyclized product from these reactions was hicyclic alkene (23) (-15%). the olefinic isomer of our 

desired exocyclic alkene. Its formation is understandable (Hofmann E. Zaitsev elimination), and analogous 

olefins were also obtained by Snider6aand Bemand.32 The formation of tricyclic lactone (22) and bicyclic 

alkene (23) demonstrated that preparation of carbacepham ring systems by Mn(OAc)3-promoted oxidative 

free radical cyclizations is possible. 

Figure 3 

2 equiv. 
Mn(0Ac)~ 

HOAc 
55' C 

22 
racemic 
-20% 

diast. mixt. 
-10% 

2 equiv. 

-80% 0 
C2H502C COzCzH5 

9a R = CHzCH=C(CH& 248,b 
9b R = CH2CXXI-3 diast. mixt. 

The two non-cyclized products obtained from the Mn(OAc)3-promoted reactions of alkene blactam (9a) in 

HOAc were malonyl dimer (24a) (-lo%, mixture of two racemic diastereomers, partially separable by 
t 

chromatography) and malonyl acetate (25a) (-10%). Malonyl dimer (24a) is probably formed simply by free 

radical coupling. Cossy has recently reported a similar dimerization of a P-keto amide upon treatment with 

Mn(OA~13.3~ As mentioned previously, malonyl dimer (24a) was the only product obtained (85%) when this 

reaction was conducted in EtOH using either anhydrous M ~ ( O A C ) ~ ~ ~  or the commercially available dihydrate. 

Malonyl acetate (2Sa) was readily identified as we had prepared a sample of this compound previously as a 

derivative of carbinolamine (15). It is presumably formed by solvent-trapping of an intermediate malonyl 



HETEROCYCLES, Vol. 40, No. 2.1995 699 

cation (acyliminium ion) formed by oxidation of the malonyl free radical. Recently. Cinerio also reported 

obtaining small amounts of malonyl acetates from his Mn(OAc)3-promoted intermolecular reactions of 

N-acylaminomalonate derivatives with olefins; although with one particular substrate, diethyl N-cinnamoyl- 

aminomalonate, the malonyl acetate was the sole product (81%).36 

A potential solution to the lack of product selectivity encountered with the alkene substrate above, but a 

solution that still employs the mild Mn(OAc)3-promoted free radical cyclization chemistry, would be to 

change the substrate to the analogous alkyne (9b) similar to one of the alkyne-based, oxidatively neutral, free 

radical cyclizations demonstrated by Snider.6b" By such a process, there would be no doubt as to the location 

of the resulting alkene's C-C double bond-it would be located where the alkyne's C-C Uiple bond had been. 

We. prepared alkyne p-lactam (9b) by o w  "amide" route, merely by substituting 1-chloro-2-b~tyne3~ for the 

prenyl bromide employed in the alkene substrate synthesis. One noteworthy point is that the LDA-promoted, 

amide-based mesylate cyclization reaction to form the Elactam ring performed well with this substrate also, 

affording 87% post-chromatographic yield on gram scale. However, attempted Mn(OAc)3-promoted 

cyclization of alkyne @-lactam (9b) in EtOH, the solvent preferred by Snider for alkyne substrate~.6~.~ 

produced only malonyl dimer (24b) (76%. mixture of two racemic diastereomers, partially separable by 

cbromatogrdphy), a result analogous to that obtained with alkene substrate (9a) when the same solvent was 

used. Substitution of AcOH as solvent, since this bad afforded better results with alkene substrate (9a). 

afforded only malonyl dimer (24b) and malonyl acetate (25b). The lack of any cyclized products indicated 

that the radical cyclization of the alkyne substrate (6-a-&g,  with a fused p-lactam ring) was not as fast as 

that of the alkene substrate (6-a-!&, with a fused blactam ring), which resulted in the malonyl radicals 

undergoing competing reactions only. 

The results presented here suggest that further modifications of alkene (9a) may provide substrates capable of 

producing enhanced yields of important carbacephams related to compounds (22) and (23). 

A&&m&&l 

We also recognized that these same substrates might be converted to carbacephems by alternative reactions. 

Based on Hirata's work that demonstrated the spontaneous aldol cyclization of a malonate-substituted 
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p-lactam similar to alkene (9s). but with an aldehyde at the terminus of the C-4 side chain.38 we reasoned that 

we could generate the same reactive situation by merely ownolyzing alkene (9a). followed by a standard 

reductive workup to generate aldehyde (26) which would then cyclize spontaneously. This is indeed what 

occurred, affording a nearly quantitative crude yield of a mixture of epimeric alcohols (27) in equilibrium with 

a small amount of the nncyclized aldehyde (26) (Figure 4). Rather than attempting to characterize this 

dynamic system, we decided merely to prepare derivatives of the hicyclic isomers. Thus, we prepared the 

acetate (28,40%) and the mesylate (29,1870). Only one diastereomer was isolated in each case, although we 

did obtain a small amount of what we tentatively identified as the epimeric mesylate. However, as we were 

unsure of the conformation of the six membered rings, we could not assign the relative stereochemistry of 

their substituents. As Huata convened his mesylate to the carbacephalosporin suucture~b~38 the synthesis of 

our mesylate constitutes a formal synthesis of the desamino carbacephalosporin nucleus. And as a-amino 

substituents can be inuoduced into P-lactams?g or as we could incorporate the amino substituent into our 

acyclic s~ibstrates now that our desamino model studies have proven effective, this methodology can 

potentially be used for the total synthesis of carbacephalosporin antibiotics. 

Figure 4 

In summary, malonate-substituted p-lactams are readily prepared by a base-promoted, amide-based mesylate 

cyclization. These malonate-substituted p-lactams are versatile intermediates for the preparation of bicyclic 

p-lactams by oxidative cyclization or condensation reactions. 

EXPERIMENTAL 

Eaui~ment and materials. Reagents were obtained from commercial sources and were used without fwther 

purification unless stated otherwise. Solutions of nBuLi in hexanes were titrated with diphenylacetic acid.40 

Anhydrous tetrahydrofuran (THF) was obtained by freshly distilling from sodium benzopbenone ketyl under 
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nitrogen. Anhydrous acetonitrile (MeCN) and dichloromethane (CH2C12) were obtained by fresh distillation 

from calcium hydride under nitrogen. Triethylamine (EtjN) and diisopropylamine (iPr2NH) were distilled 

from calcium hydride under nitrogen and then stored under argon. Bulk grade ethyl acetate (EtOAc), 

Skellysolve B ( r e f e d  to simply as "hexanes"), and dichloromethane (CHzClz) were distilled before use. 

The drying of an organic solution over anhydrous magnesium sulfate followed by filtration to remove the 

drying agent is referred to simply as "dried". Evaporation of a solvent &st at reduced pressure (ca. 20 mm 

Hg) on a rotary evaporator and then at high vacuum (ca. 1 mm Hg) is referred to simply as "concentrated". 

Thin-layer chromatography (tlc) was conducted on silica gel 60 F254 (EM Science, 0.2 mm thickness, 

aluminum support) and was visualized with ultraviolet light (254 nm) and by dipping in 10% phospho- 

molybdic acid in ethanol and then heating. Flash column chromatography on silica gel 60 (EM Science, 230- 

400 mesh ASTM) is referred to simply as "chromatographed". Melting points (mp) were determined on a 

Thomas-Hoover capillruy melting point apparatus and are uncorrected. Infrared (ir) spectra were obtained on 

a Perkin Elmer 1420 ir spectrometer and were calibrated with the 1601 cm-l band of polystyrene. Nuclear 

magnetic resonance (nmr) spectra were obtained in CDC13, unless stated otherwise, at 300 MHz for IH, with 

tetramethylsilane as an internal reference, and at 75 MHz for 1 3 ~ .  referenced to solvent, on a General Electric 

GN-300 nmr spectrometer. Coupling constants (J )  are repo~ted in Hertz. Mass spectra (ms) using electron 

impact (EI) or chemical ionization (CI) were obtained on a Finnigan MAT-8400 mass spectrometer. Fast 

atom bombardment (FAB, xenon, 1:l glycerol-(3-nitrobenzyl alcohol) mahix) mass spectra were obtained on 

a Jeol JMS-AXSOSHA mass spectrometer. Elemental analyses were performed by MHW Laboratories, 

Phoenix, AZ. 

Methyl 7-methyl-3-0x0-6-octenoate (lla)14 was prepared from methyl acetoacetate (10) by the procedure of 

Huckin and Weiler13 using prenyl bromide to afford 12.6 g (43%) of Pketo ester ( l la) ,  as a clear, colorless 

liquid. 

Methyl 3-0x0-6-octynoate was prepared from methyl acetoacetate (10) by the procedure of Huckin 

and Weiler13 using l-chlor0-2-butyne~~ to afford 8.20 g (40%) of eketo  ester (llb), as a clear, colorless 

liquid: bp 83'C (0.5 mm Hg); ir (neat) 1750, 1719 cm-'; 'H nmr6 1.76 (t, J=2.6,3& CH3), 2.42 (q, J=7.2 

and 2.6, ZH, COCH2C&), 2.75 (t, J=7.2, 2H, C O C ~ C H Z ) ,  3.49 (s, 2H, COCH2CO), 3.75 (s, 3H, COxCH3); 

13CnmrS2.8, 12.6,41.6,48.3,51.7,75.7,76.8, 167.0,200.7;EImsmlr (rel. int.) 168 (M+, 2), 153 (36), 95 

(100); HREIms calcd for CgHg03 (M+ - CH3) 153.0552, found 153.0568. 
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Methyl J-hydmxy-7-methyl-6-oetenmte (12a).15 To a stirred solution of 10.9 g (59 mmol) of P-keto ester 

( l la)  in 130 ml of MeOH at -65°C in a flask capped with a drying tube (CaS04) was added 0.74 g (20 mmol) 

of NaBH4. The temperature was allowed to rise to and maintained at -20' to -30'C for 1 h, after which time 

tlc analysis indicated that all the starting material had been reduced. The reaction was quenched while still at 

-25'C by the addition of 20 ml of 1 M HCI. The resulting solution was extracted with EtOAc. The exmct 

was washed with Hz0 and satd. NaC1, dried, concentrated, and then chromatographed eluting witb 1:4 

EtOAc-hexanes to afford 9.61 g (87%) of P-hydroxy ester (12a). as a clear, colorless liquid; ir (neat) 1739 

cml ;  'H nmr6 1.40-1.63 (m, ZH, CHOHC&CH2), 1.62 (s, 3H, CH3), 1.69 (d,J=1.0,3H, CH3), 2.11 (br q, 

b7.5,  2H, C&CH=), 2.42 (dd,J=16.4 and 8.7, IH, COCH2), 2.52 (dd,J=16.4 and 3.5, lH, COCHz), 2.87 

(br s, IH, OH), 3.72 (s, 3H, C02CH3). 3.97-4.06 (m, lH, CUOH), 5.11 (tm, J ~ 7 . 2 ,  IH, CH=); l3C nmr 6 

17.5,23.9,25.5, 36.4.41.1, 51.5.67.5. 123.5, 132.1, 173.2; HREIms calcdfor C~oH1803 (M+) 186.1256, 

found 186.1253. 

Methyl 3-hydroxy-6-nctynoate (12h) was prepared from P-keto ester ( l lh )  by the procedure used to prepare 

P-hydroxy ester (l2a). The product was distilled to afford 6.41 g (77%) of bhydroxy ester (12b), as a clex, 

colorless liquid: bp 81'C (0.15 mm Hg); ir (neat) 3470 br, 1736 cm-1; 1H nmr6 1.54-1.75 (m, 2H, 

CHzCHzC=), 1.78 (t, J=2.6, 3H, CH3), 2.26-2.35 (m, 2H, CH?C=), 2.45 (dd, J=16.5 and 8.6, 1H. COCHz), 

2.54 (dd,J=16.5 and 3.6, lH, COCHz), 2.66 (br, IH, OH), 3.72 (s, 3H, OCH3), 4.12-4.22 (m, IH, CHOH); 

13Cnmr6'3.0, 14.7,35.3.40.9,51.4.66.6,75.7,78.0, 172.7; EIms mlz (rel. int.) 170 (M+, 3), 152 (M+ - H20, 

43). 97 (100); HREIms calcd for C9H1202 (M+ - H20) 152.0837. found 152.0838. 

N-Acetoxy-3-hydroxy-7-methyl-6-nctenamide (13) was prepared from phydroxy ester (12a) by the 

procedure of Miller et a1.lZb to afford 2.91 g (44% crude) of hydroxamate (13), as clear, light yellow crystals: 

mp 91-93'C (decamp., EtOAc-CH2Cl2-CHC13); ir (KBr) 1801, 1692, 1193 cm-1; IH nmr6 1.47-1.68 (m, 2H, 

CHzCHzCH=), 1.63 (s, 3H, CH3). 1.69 (d, J=l. l ,  3H, CH3), 2.12 (hrq, J=7.3, 2H, CflZCH=), 2.24 (s, 3H, 

COCH3). 2.38 (dd, 5=14.9 and 8.7, lH, COCHz), 2.49 (dd,J=14.9 and 3.0, lH, COCHZ), 2.91 (br s, IH, OH), 

4.00-4.12(m,1H,CHOH),5.12(Vn,J~=7.2,1H,CH=),9.46(brs,lH,NH); 13Cnmr617.6,18.2,24.1,25.7, 

36.7,40.7,68.2, 123.3, 132.6, 169.0, 169.9; FABms gave MHf 230; Anal. Calcd for CllH19N04: C, 57.63; 

H, 8.35; N. 6.1 1. Found: C, 57.59; H, 8.36; N, 6.1 1. 

l-Acetoxy-4-(4-methyI-3-pentenyl)-2-azetidinnne (14) was prepared from hydroxamate (13) by the 

procedure of Miller et al.lZb using Ph3P, CC4, and Et3N in MeCN. After stirring for 11 h at 25'C, the 
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reaction solution was directly chmmatographed eluting with 1:3 EtOAc-hexanes to afford 266 mg (77%) of 

N-acetoxy-P-lactam 14, as a clear, colorless liquid; ir (neat) 1810, 1775, 1175, 1040 cm-1; lH umr6 1.58- 

1.72 (m, IH, CHzCHz=), 1.60 (s, 3H, CH3), 1.69 (s, 3H, CH3). 1.81-1.93 (m, IH, C&CHz=), 2.07 (br q, 

J=7.3, 2H, CbCH=),  2.17 (s, 3H, COCH3), 2.54 (dd, J=l3.8 and 2.7, IH, COCH2-cis), 3.00 (dd, J=13.8 and 

5.5, IH, COCHz-frans), 4.00-4.09 (m, IH, NCH), 5.08 (tm, Jt=7.2, lH, CH=); 13Cnmr6 17.3, 17.7.24.0, 

25.3,32.5,37.9,58.7, 122.4, 132.5, 164.1, 167.6; HREIms calcd for CllHl7N03 (M+) 21 1.1208, found 

211.1219. 

l - ( D i e t h y l 2 - h y d r o x y m a l o n a t e - 2 - y l ) 4 - ( 4 - m e t h y l - 3 - p e n e  (15). N-Acetoxy-P-lactam 

(14) (1.68 g, 7.95 mmol) was deprotected by the procedure of Miller ef a1.12b using NazC03 in aq. MeOH to 

afford the crude N-hydroxy-P-lactam, as a clear, yellow oil, which was used immediately in the next step. 

(Procedure18 modified.) To a stirred solution of the crude N-hydroxy-P-lactam in 80 ml of anhyd. MeCN 

under argon was added activated 3A molecular sieves, 1.4 ml(8.4 mmol) of diethyl bromomalonate, and 1.2 

ml(8.6 mmol) of Et3N. After stirring for 2 days at 25% the reaction mixture was fdtered through Celite, 

washing with EtOAc, to remove a white precipitate (Et3N.HBr) and the filtrate was concentrated, dissolved in 

1:l EtOAc-hexanes to afford a suspension @resumably more Et3N.HBr), filtered through Celite, and the 

filtrate was concentrated and then chromatographed eluting with 1:l EtOAc-hexanes to afford 1.93 g (74%. 

for 2 steps) of carbinolamine (15). as clear, yellow crystals: mp 62-65'C (EtOAc-hexanes): ir (KBr) 3270 br, 

1777 (CON), 1759, 1733, 1224, 1205, 1129 cm-I; IH nmr6 1.316 (t, J=7.l, 3H, CHzC&), 1.320 (t, J=7.1, 

3H. CHzCkh), 1.53-1.65 (m, 1H. CBzCHzCH=), 1.59 (br s, 3H, CH3). 1.68 @r s, 3H, CH3). 1.93-2.07 (m, 

3H, C&CHzCH= and CbCH=),  2.60 (dd, J=15.0 and 2.6, IH, COCHpcis), 3.07 (dd, J=15.0 and 5.4, 1H. 

COCHz-trans), 4.13-4.21 (m, IH, NCH), 4.23-4.45 (m, 4H, 2 x CHZCH~), 4.70 (s, IH, OH), 5.09 (tm, Jt=6.9, 

lH, CH=); '3C nmr6 13.71, 13.76, 17.5,24.2,25.5,33.8,42.3,53.4,63.0, 63.8, 80.4, 122.9, 132.3, 165.6, 

166.5, 166.7; FABms gave MH+ 328; Anal. Calcd (Eli Lilly & Co.) for C16Hz5N06: C, 58.70; H, 7.70; 

N, 4.28. Found: C, 58.78; H,7.48; N, 4.20. 

3-Hyd~0xy-7-methyl-6-octenoic acid (16a).ISa23 To a stirred solution of 4.02 g (21.6 mmol) of P-hydroxy 

ester (12a) in 15 ml of THF was added 30 ml of 1 M NaOH. After stirring for 30 min at ZYC, the reaction 

solution was extracted with EtOAc, the extract was washed with 0.1 M NaOH. The aqueous wash was 

combined with the original aqueous phase. The mixture was acidified to pH 3 with 6 M HCI and extracted 

with EtOAc. The extract was washed with satd. NaCI, died, and concentrated to afford 3.53 g (95%) of crude 
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P-hydroxy acid (16a), as a clear, pale yellow liquid that was used in the following reaction without further 

purification: u (neat) 3300 br (OH), 3000 hr (COzH), 1715 cm-l; IH nmr6 1.41-1.67 (m, ZH, CHzCHzC=), 

1.63 (s, 3H, CH3). 1.69 (d, J=1.0,3H, CH3). 2.11 (s, IH, OH), 2.12 (hrq, J=7.5,2H, C&CH=), 2.48 (dd, 

J=16.6and 8.6, lH, COCH2), 2.58 (dd, J=16.6and 3.6, IH, COCHz), 4.00-4.10 (m, lH, CHOH), 5.11 (tm, 

Jt=7.2, lH, CH=), 7.2 (br "haseline"peak, COzH): I3Cnmr6 17.5,23.9,25.6,36.2,41.1,67.8, 123.3, 132.3, 

177.2. 

3-Hydroxy-6-octynoic acid (16b) was prepared from P-hydroxy ester (1Zb) by the procedure used to prepare 

P-hydroxy acid (16a) to afford 163 mg (107% crude-repetition on 40x scale afforded 97%) of crude 

P-hydroxy acid (16b), as a clear, colorless oil; u (neat) 1709 cm-1: 1H nmr6 1.58-1.77 (m, 2H, CflZCHzCk), 

1.78 (t, J=2.6, 3H, CH3). 2.11 (s, lH, CHOH), 2.27-2.36 (m, 2H, CHzG), 2.52 (dd, J=16.7 and 8.4, lH, 

COCHz), 2.61 (dd, J=16.6 and 3.8, lH, COCHz), 4.16-4.26 (m, lH, CHOH); 13C nmr 83.3, 14.9, 35.1.40.9, 

67.0,76.3,78.0, 177.0; Elms mlz (rel. int.) 138 (M+ - H20, 21), 43 (100); CIms (isohutane) gave MH+ 157; 

HREIms calcd for C8H1002 (M+ - HzO) 138.0681, found 138.0675. 

N-(Diethyl malonate-Z-yl)-3-hydroxy-7-methyl-6-octeamide (17a). (General procedure.a) To a flask 

containing 972 mg (8.45 mmol) of N-hydroxysuccinimide (HOSu) and 1.75 g (8.48 mmol) of N,N'-dicyclo- 

hexylcarbodiimide (DCC) was transferred 1.21 g (7.04 mmol) of P-hydroxy acid (16a) with a total of 35 ml 

anhyd. THE. The flask was capped with a drying tube (CaS04) and the solution was stirred overnight. After 

stirring for 15 h at 2YC, the reaction suspension was filtered through Celite to remove the bulk of the 

precipitated N,N'-dicyclohexylurea by-product. The filtrate was concentrated, the residue was dissolved in 

EtOAc, washed with aq. 5% NaHC03 and satd. NaCl, dried, and concentrated to afford 1.81 g (95%) of crude 

succinimidyl ester, as a cloudy, yellow oil. This crude product was used directly in the next step. 

To a stirred suspension of 1.78 g (6.61 mmol) of crude succinimidyl ester and 1.68 g (7.94 mmol) of diethyl 

aminomalonate hydrochloride in 25 ml of DMSO at 25'C was added 1.8 ml(13 mmol) of Et3N. The flask 

was capped with a drying tube (CaS04) and the solution was stirred overnight. After stining for 19 h at 25'C, 

the reaction solution was diluted with EtOAc, washed with HzO, 0.5 M citric acid, H20, and satd. NaCl, 

dried, concentrated, chromatographed eluting with 2:3 EtOAc-hexanes, and then recrystallized from EtOAc- 

hexanes to afford in three crops 1.49 g (69%) of P-hydroxy amide (l7a), as colorless crystals: mp 60-62'C 

(EtOAc-hexanes); u (KBr) 3490,3320,1745,1650 cm-l: lH nmr6 1.31 (t, J=7.2,6H, 2 x CHzCk),  1.42- 

1.67 (m, ZH, CHOHCHZCHZ), 1.62 (s, 3H, CH3), 1.69 (s, 3H, CH3), 2.11 (br q, J=7.6, 2H, C&CH=), 
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2.38 (dd, J=l5.l  and 8.7, IH, COCHz). 2.49 (dd, J=l5.2 and 3.0, lH, COCHz), 3.97-4.08 (m, IH, CEOH), 

4.19-4.37 (m, 4H, 2 x C&CH3), 5.12 (tm, Jt=7.2, lH, CH=). 5.17 (d, J=7.0, lH, CHNH), 6.9 (br d, J=7, IH, 

NH); I3C n m 6  13.8, 17.5,23.9,25.5,36.6,42.4,56.3,62.47,62.51,68.1, 123.5, 132.1, 166.1, 166.2, 172.1; 

HREIms calcd for C16H27N06 (M+) 329.1838. found 329.1834; Anal. Calcd for C16H27N06: C. 58.34: 

H, 8.26; N, 4.25. Found: C, 58.20; H, 8.20; N.4.31. 

N-(Diethyl malonate-2-yl)-3-hydroxy-6-wtynamide (17b) was prepared from P-hydroxy acid (16b) by the 

procedure used to prepare P-hydroxy amide (17a). to afford the crude product as an off-white amorphous 

solid. Recrystallization from EtOAc afforded 761 mg of a by-product that was discarded. Then 

recystallization from EtOAc-hexanes afforded in two crops 7.98 g (69%) of bhydroxy amide (17h). as a 

white amorphous solid: mp 75-7TC (EtOAc-hexanes); u (KBr) 3300 br, 1752. 1734, 1654, 1542, 1180 cm-1; 

'H nmr S 1.308 (t, J=7.1,3H, CHzCb),  1.310 (t, J=7.l. 3H, CHzCb) ,  1.56-1.80 (m, 2H, CHOHCH~CHZ), 

1.77 (t, J=2.6,3H, =CCH3), 2.25-2.34 (m, 2H, CHzCk), 2.42 (app. dd, J=15.2 and 8.5, IH, COCHz), 2.51 

(app. dd, J=15.2 and 3.2, IH, COCH2). 2.95 (br s, lH, OH), 4.12-4.22 (m, IH, CHOH), 4.20-4.37 (m, 4H, 2 x 

CHZCH~), 5.17 (d, J=7.0, lH, CH), 6.95 (d, J=6.9, IH, NH); '3C nmr63.2, 13.7, 14.8, 35.4.42.1.56.2, 

62.41,62.46,67.3, 75.9, 78.1, 166.07, 166.15, 171.9; HREIms calcd for C15H23N06 (M+) 313.1525, found 

313.1513; Anal. CalcdforC15Hz3N06: C, 57.50; H.7.40, N,4.47. Found: C.57.50; H.7.21; N,4.51. 

N-(Diethyl malonate-2-yl)-3-chloro-17-methyl-6-wtenade (1%) was prepared from P-hydroxy amide 

(17a) by the procedure of Slagle e t ~ l . , ~  then chromatographed eluting with 1:19 EtOAc-CHZCI~ to afford 

143 mg (68%) of P-chloroamide (I&), as a white, amorphous solid. (A parallel experiment that included one 

equivalent of Et3N gave approximately the same result, based on tlc analysis.): mp 71-74'C (decamp.); 

ir WBr) 3275, 1762, 1730, 1654, 1187 cm-I; 'H nmr 6 1.30 (t, J=7.1,6H, 2 x CHzCb),  1.62 (s. 3H, CH3). 

1.68 (br s, 3H, CH3). 1.72-1.84 (m, 2H, C&CHzCH=), 2.19 (br q, J=7.3, 2H, C&CH=), 2.74 (d, J=6.8,2H, 

COCHz), 4.19-4.39 (m, 5H, CHCl and 2 x C&CH3), 5.07 (tm, Jt=7.2, IH, CH=), 5.19 (d, h6.9 ,  lH, CHN), 

6.90(brd, J=6.8, lH,NH); I3Cnmr6 13.8, 17.6.24.7,25.6,37.9,45.0,56.4,57.9,62.50, 62.55, 122.3, 

132.9,166.0, 166.1 169.1; Elms mlz (rel. int.) 347 (M+(%), 20). 349 (M+(37CI), 7); HREIms calcd for 

C16Hz6CIN05 (M+(35C1)) 347.1500, found 347.1499. 

N-(Diethyl malonate-2-yl)-7-methyl-3-trimethylsilylox6-tenade (19a). To a stirred solution of 305 

mg (926 pmol) of alcohol (17a) in 10 ml of anhyd. THF was added 155 pl(1.12 mmol) of Et3N and 140 p1 

(1.10 mmol) of TMSCI. After stirring for 22 h at 25'C. the reaction suspension was filtered through Celite, 
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the filtrate was concentrated, and then chromatographed eluting with 1:4 EtOAc-hexanes to afford 355 mg 

(95%) of silyl ether (19a). as a clear, colorless oil; ir (neat) 1761, 1744, 1677, 1253,845 cm-1; IH n m 6  0.15 

(s, 9H, Si(CH3)3), 1.29 (t, J=7.1, 3H, CHzCb), 1.30 (t, J=7.1, 3H, CHzCb), 1.54-1.67 (m, 2H, 

C&CHzCH=), 1.59 (s, 3H, CH3), 1.68 (d, J=l.l, 3H, CH3), 1.94-2.07 (br m, 2H, C&CH=), 2.39 (dd, J=14.9 

and5.8, lH,COCHz),2.52 (dd,J=14.9and4.3, lH,COCH2),4.01-4.10 (m, lH,CHOSi),4.18-4.35 (m,4H, 

2 x C&CH3), 5.08 (un, Jp7.0, lH, CH=), 5.16 (d, J=6.9, lH, CHN), 7.39 (br d, J=6.8, lH, NH); '3C nmr 6 

0.03, 13.9, 17.6,24.1,25.5,36.6,43.3,56.3,62.26,62.32,69.1, 123.5, 131.9, 166.21, 166.23, 170.8; HREIms 

calcd for ClgH35NOgSi OM+) 401.2234, found 401.2219. 

N-(Diethyl malonate-Z-yl)-3-methanesulfonoxy-7-methy-6-knamide (20a) was prepared from 

p-hydroxy amide (17a) in anhyd. THF by the procedure of Crossland and Semis.29 then chromatographed 

eluting with 2:3 EtOAc-hexanes to afford 347 mg (94%) of mesylate (ZOa), as a clear, colorless oil. 

Repetition on a 15 g scale afforded 85% of mesylate (ZOa), as a pale yellow wax-lie solid.); ir (neat) 1759, 

1744, 1173 cm-l; IH nmr6 1.30 (t, J=7.l, 6H, 2 X CHzCb), 1.61 (s, 3H, CH3). 1.68 (s, 3H, CH3). 1.73-1.95 

(m, 2H, CHzCHzCH=), 2.10 (br q, J=7.6,2H, CbCH=), 2.70 (dd, J=15.1 and 4.8, IH, COCH?), 2.77 (dd, 

J=15.1 and 7.0, lH, COCHz), 3.03 (s, 3H. SOZCH~), 4.18-4.37 (m, 4H, 2 x C&CH3), 5.02-5.13 (m, 2H, 

CH= andCHOS), 5.15 (d, J=6.9, lH, CHN),7.06 (brd, J=6.9, lH,NH); 13~nmr613 .7 ,  17.5,23.2,25.4, 

34.7, 37.9,40.4,56.3,62.5, 79.4, 122.3, 132.7, 165.9, 168.7; HRFABms calcd for C17HzgNOgS (MH+) 

408.1692, found 408.1697. 

N-(Diethyl malonate-2-yl)-3-methanesulfonoxy-6-octynamide @Oh) was prepared from 0-hydroxy amide 

(17b) in anhyd. THF by the procedure of Crossland and Semis29 to afford the crude product as a light yellow 

crystalline solid. Recrystallization from EtOAc-hexanes afforded in two crops 7.18 g (79%) of mesylate 

(ZOb), as a colorless crystalline solid: mp 103-105'C (EtOAc-hexanes); ir (KBr) 1750, 1733, 1653, 1351, 

1180cm-I; IHnmrS 1.31 (t,J=7.2.6H, 2 x  CHzCa), 1.78 (t,J=2.5,3H,=CCH3), 1.88-2.11 (m, 2H, 

CHZCH~G),  2.26-2.35 (m, 2H, CHzCs), 2.74 (dd, J=l5.2 and 6.6, lH, COCHz), 2.82 (dd, ~=15 .2  and 5.1, 

lH, COCHz), 3.07 (s, 3H, SOzCH3). 4.19-4.38 (m, 4H, 2 x C&CH3), 5.13 (d, J=6.8, lH, CHNH), 5.11-5.21 

(m, lH,CHOS), 6.75 (brd, J=6.7, lH,NH); '3Cnmr63.1, 13.7, 14.3.33.4, 37.7.40.2.56.2, 62.4,76.7,76.9, 

78.5. 165.8, 168.5; HRFABms calcd for c16H~~NogS  (MH+) 392.1379, found 392.1389. 

Dielhyl4-(4-methyl-3-pentenyl)pyrrolidin-2-one-S-dicarxyIak (Zla). To a stirred solution of 134 mg 

(329 pmol) of mesylate and 140 pl(1.0 mmol) of Et3N in 1.0 ml of anhyd. THF under argon was added 
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1.0 ml(l.O mmol) of 1.0 M Bu4NF in THF. After stirring for 19 h at 2YC, the solution was diluted with 

HzO, extracted with EtOAc, the organic phase was washed with satd. NaCI, dried, concentrated, and 

chromatographed eluting with 1:l EtOAc-hexanes to afford 57 mg (56%) of y-lactam (Zla), as clear, colorless 

crystals. (A parallel reaction without Et3N afforded approximately the same resull, based on tlc analysis.): 

mp 95-97'C (EtOAc-hexanes); u (KBr) 1754,1737,1708,1298,1288,1218 cm-1; IH nmr6 1.16-1.29 (m, 

1H, C&CHZCH=), 1.295 (t, J=7.1, 3H, CHZCH~), 1.302 (t, J=7.l, 3H, CHZCH~), 1.60 (s, 3H, CH3), 1.69 (d, 

J=0.9,3H, CH9, 1.75-1.88 (m, lH, CBCHzCH=), 1.93-2.14 (m, 2H, C&CH=), 2.22 (dd, J=16.7 and 9.3, 

lH, COCHz), 2.54 (dd, J=16.7 and 8.4, lH, COCHz), 2.87-2.99 (m, lH, CH), 4.18-4.36 (m, 4H, 2 x 

CHZCH~), 5.06 (tm, Jt=7.1, lH, CH=), 6.64 (br s, lH, NH); l3C nmr 6 13.9, 14.1, 17.6,25.6,26.0, 30.5, 35.5, 

40.6,62.28,62.34,71.4, 122.9, 132.7, 168.0, 168.4, 176.2; H R E I m ~ c a l c d f o r C ~ 6 H ~ ~ N O ~  (M+) 311.1733, 

found 311.1730; Anal. Calcd forC16H2~NOs: C, 61.72; H, 8.09; N, 4.50. Found: C, 61.70; H, 8.06; N, 4.50. 

Diethyl 4-(3-pentynyl)pyrrolidin-Z-one-5~-dicarboylate (Zlh). To a flask containing 316 mg (0.81 

mmol) of mesylate (20b) was added 3.0 ml(3.0 mmol) of 1 M Bu4NF in THF. After stirring for 10 min at 

25% tlc showed no starling material remaining. After stirring for a total of 20 min the reaction solution was 

diluted with EtOAc, washed with H20, satd. NaHC03, and satd. NaCI, dried, concentrated, and then 

chromatographed eluting with 2 3  + 3:2 EtOAc-hexanes to afford 61 mg (26%) of a,P-unsaturated amide and 

109 mg (46%) of y-lactam (Zlb), as a clear, faint yellow oil; ir (neat) 1725 br, 1270, 1203 cm-I; IH nmr6 

1.302 (t, J=7.1,3H, CHZCH~), 1.309 (t, J=7.1,3H, CHZCH~), 1.31-1.45 (m, lH, CHzCHzCs). 1.77 (t, J=2.5, 

3H. =CCH3), 1.92-2.07 (m, IH, C b C H z e ) ,  2.09-2.34 (m, 2H, CH2C=), 2.24 (dd, J=16.7 and 9.6, lH, 

COCH2), 2.60 (dd, J=l6.7 and 8.4, 1H. COCHz), 3.02-3.14 (m, lH, CH), 4.18-4.38 (m, 4H, 2 x CfIZCH3), 

6.48 (brs, lH,NH); 13Cnmr63.3, 13.7, 13.9, 17.1,29.7,35.2,40.2,62.2,62.3,71.2,76.5,77.1, 167.8, 

168.3. 176.2; HREIms calcd for ClsHzlNOs @I+) 295.1420, found 295.1434. 

I-(Diethyl malo~te-Z-yl)-4-(4-methyl-3-pentenyl)aztidin2-one (9a). To a stirred solution of 1.2 ml (8.6 

mmol) of rRzNH in 5.0 ml of anhyd. THF at O' under argon was added 2.5 ml(6.5 mmol) of 2.6 M nBuLi to 

afford a clear, faint yellow solution. After stirring for 5 min at O'C, this LDA solution was transferred 

dropwise over 5 min to a stirred solution of 1.04 g (2.56 mmol) of mesylate (ZOa) in 18 ml of anhyd. THF at 

O"C under argon. After stirring for 15 min, the reaction was quenched with 1 M HCI and extracted with 

EtOAc. The extract was washed with HzO, satd. NaHC03, and satd. NaCI, dried, concentrated, and then 

chromatographed eluting with 1:4 EtOAc-hexanes to afford 623 mg (78%) of p-lactam pa) ,  as a clear, light 
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yellow liquid; ir (neat) 1755 hrcm-l; lH nmr6 1.30 (t, J=7.l, 3H, CHZCH~), 1.31 (t, J=7.1,3H, CHzCa) ,  

1.47-1.55 (m, lH, CHzCHzCH=), 1.59 (d, J=0.5,3H, CH3), 1.68 (d, 54 .6 ,  3H, CH3), 1.90-2.04 (m, 3H, 

Cfl2C&CH=), 2.68 (dd, J=14.8 and 2.7, lH, COCH2-cis), 3.10 (dd, J=l4.8 and 5.2, IH, COCHz-trans), 

3.98-4.06 (m, lH, CHCHz), 4.20-4.33 (m, 4H, 2 x  C&CH3), 5.07 (tm, Jt=7.0, lH, CH=), 5.15 (s, lH, 

CHCOz); 13Cnmr613.7, 13.8, 17.5,24.1,25.5,33.0,42.7,53.5,56.8,62.2,62.4, 122.8, 132.4, 165.0, 165.5, 

167.5; HREIms calcd for CujHz5N05 (M+) 311.1733, found 311.1736. 

1-(Diethyl malonate-2-yl)-4-(3-pentynyl)azetidin-2-one (9b) was prepared from mesylate (20b) by the 

procedure used to prepare p-lactam (9a). The crude product was chromatographed eluting with 2:3 EtOAc- 

hexanes to afford 657 mg (87%) of p-lactam (9b), as a clear, light yellow liquid; ir (neat) 1773 (CON), 1750 

(COz) cm-l; 'H nmr6 1.312 (t, J=7.1,3H, CHZCH~), 1.319 (t, J=7.1,3H, CHZCH~), 1.66-1.75 (m, lH, 

CHzCHzG), 1.76 (t, J=2.4,3H, CH3). 2.07-2.23 (m, 3H, M z C ~ G ) ,  2.79 (dd, J=14.9 and 2.7, lH, 

COCH2-cis), 3.15 (dd, J=14.9 and 5.2, IH, COCHz-trans), 4.08-4.18 (m, IH, CHCHz), 4.22-4.34 (m, 4H, 2 x 

CHZCH~), 5.17 (s, lH, CHC02); I3Cnmr62.8, 13.43, 13.47, 14.7,31.8,42.2, 52.7,56.6,61.9,62.0,76.0, 

77.0, 164.4, 165.1, 166.8; EIms mlz (rel. int.) 295 (M+, 2), 253 (M+ - CzHz0, 100): CIms (isobutane) gave 

296 (MH+); HREIms calcd for C13H19N04 (M+ - C2H20) 253.1314. found 253.1320. 

A representative Mn(OAd3-promoted experiment: The reaction of p-lactam (9a) with M ~ ( O A C ) ~  in 

H O A C . ~ ~ ~ ~  A degassed solution of 306 mg (0.98 mmol) of p-lactam (9a) in 3.0 ml of degassed HOAc was 

added to a degassed suspension of 579 mg (2.2 mrnol) of Mn(OAc)3.2HzO in 7.0 ml of degassed HOAc. The 

resulting stirred suspension was heated at 55'C under Nz for 1 h, then diluted with HzO, extracted with 

CHzClz, the exaact was washed with Hz0 and satd. NaHC03, dried, concentrated, and then chromatographed 

eluting with a solvent gradient of 3:7 EtOAc-hexanes + EtOAc to afford the following products: 

(IS*, 5Ra, S ( i * ) - l - e t h o x y f a r b o n y l - 9 , 9 - d i m e t h y l - 2 - a ~ e  

. (22). 56 mg (20%), as colorless crystals: Rf 0.57 (EtOAc); mp 114-1 16'C: ir (KBr) 1785, 1750, 1730, 1270, 

1220, 1170 cm-'; IH nmr6 1.30-1.62 (m, 2H. one each of C k C k ) ,  1.367 (t, J=7.2,3H, CHzCa) ,  1.370 (s, 

3H, CH3), 1.41 (s, 3H, CH3), 2.01-2.19 (m, 2H. one each of C&C&), 2.70-2.76 (m, IH, CH), 2.71 (dd, 

J=15.0 and 2.3, lH, COCHpcis), 3.13 (dd, J=15.0 and4.8, lH, COCHz-trans), 3.34-3.43 (m, lH, NCH), 

4.29-4.48 (m, 2H, CHzCH3); I3C nmr 6 (multiplicity of off-resonance decoupled 13C nmr) 13.6 (q), 22.5 (t), 

24.2 (q), 27.1 (t),28.2 (q), 43.6 (th45.3 (d), 47.9 (d), 63.8 (th66.8 (s), 83.5 (s), 165.3 (s), 166.0 (s), 169.3 (s); 
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HREIms calcd for C14HlgN05 (M+) 281.1263, found 281.1243; Anal. Calcd for C14H19NOs: C. 59.78; H, 

6.81; N, 4.98. Found: C, 59.80; H, 6.72; N, 5.03. 

l-Aza-2,2-bis(ethoxycarbonyl)-3-(l-methylethenyl)bicyclo[4,O]t-&one (23). 20 mg (7%) as a clear, 

colorless oil: Rf0.34 (1:19 EtOAc-CHzC12); ir (neat) 1750 br, 1270. 1225. 1210. 1200 cm-1; 1H nmr6 1.27 

(t, J=7.2, 3H, CH2C&), 1.3 1 (t, J=7.2, 3H, CHzC&), 1.42 (qd, k11.3 and 3.7, lH, NCHCb-cis(axial)), 

1.73 (br s, 3H, CH3), 1.75 (qd, J=12.4 and 2.9, lH, NCHCHzCH2-~ans(axial)), 1.86 (dq, k14.1 and 3.8, lH, 

NCHCHzCH2-cis(equatorial)), 2.14 (dq, J=12.8 and 3.3, lH, NCHCb-nans(equatoria1)). 2.58 (dd, J=14.6 

and 2.1, lH, COCHz-cis), 3.08 (dd, J=l2.2 and 3.6, lH, CH), 3.10 (dd, k14.6  and 4.8, 1H. COCHz-trans), 

3.89(dtd,J=11.3,4.5,and2.1, lH,NCH),3.99-4.12and4.21-4.45(twom.4H,2xC&CH~),4.86(brs,lH, 

=CHE), 4.89 (pentet, J=1.4, IH, =CHa; 13C nmr 6 (multiplicity of off-resonance decoupled 13C nmr) 13.7 

(9). 13.9 (4). 23.1 (q), 25.0 (t), 30.5 (t),43.8 (t).46.5 (d),48.4(d),61.4(t),62.6 (t), 68.5 (s), 114.5 (t), 144.1 

(s), 164.1 (s). 165.6 (s), 167.3 (s); HREIms calcd for Cl,jH2jN05 (M+) 309.1576, found 309.1566. 

Diastereomeric malonyl dimers (24a): 

One diastereomer: 21 mg (4 mass%), as a colorless oil: Rf0.47 (1:l EtOAc-hexanes); 1H nmr 6 1.308 (t, 

J=7.2,2 X 3H, CH2C&), 1.314 (t, J=7.2,2 x 3H. CHzCb), 1.45-1.57 (m, 2 x lH, C&CHzCH=), 1.58 (br s, 

2 x 3H, CH3). 1.67 (br s, 2 x 3H, CH3). 1.78-2.06 (m, 2 x 3H, C&CH= and one of CbCHzCH=), 2.44 (dd, 

J=14.4 and 1.9.2 x lH, COCHz-cis), 3.06 (dd, J=14.5 and 5.5,2 x lH, COCHz-trans), 3.87-3.98 (m, 2 x  IH, 

NCH), 4.23-4.38 (m, 8H, 4 x C&CH3), 5.05 (tm, J1=6.9, 2 x 1H. CH=); CIms (isobutane) mlz (rel. int.) 621 

(MH+, 100). 579 (MH+ - C2H20.72). 310 ((M + 2)+, 13); FABms m h  579 (MH+ - C2H20). 

One diastereomer: 30 mg (5 mass%), as a colorless oil: Rf0.42 (1:l EtOAc-hexanes); 1H nmr 6 1.30 (t, 

J=7.1,2 X 3H, CHZCH~), 1.31 (t, J=7.2,2 x3H, CHzCa), -1.5 --1.7 (m, 2 x lH, C&CH*CH=), 1.57 (br s, 

2 X 3H, CH3). 1.67 (br s, 2 x 3H, CH3). 1.79-2.05 (m, 2 x 3H, C&CH= and one of C&CHzCH=), 2.46 (dd, 

J=14.6 and 2.1.2 x lH, COCH2-cis), 3.07 (dd, J=14.5 and 5.5.2 x lH, COCH2-trans), 3.74-3.86 (m, 2 x lH, 

NCH), 4.29 (app. pentet, J=7.0, 8H. 4 x C&CH3), 5.02 (tm, Jt=7.0,2 x lH, CH=); EIms rnlz 620 (M+. small), 

310 ((M + 22). large); CIms (isobutane) rnlz 621 (MH+, small), 310 ((M t 2)+, large); FABms rnlz 579 (MH+ - 
CzHz0). 

Malonyl acetate (25a): 42 mg (12%)-an authentic sample of this compound was prepared previously by an 

independent mute: 

1-(Diethy1 2-acetoxymalonate-2-yl)-4-(4-methyl-3-pentenyl)-2-atidinone (25a). To a stirred solution of 
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103 mg (315 Wol)  carhinolamine (15) in 1.5 ml pyridine was added 0.4 ml(4.2 mmol) Ac20. After stining 

for 17 h at 25°C the solution was diluted with EtOAc, washed with several portions of 1 M HCl until the 

aqueous wash remained strongly acidic, then washed with satd. NaHCR and satd. NaCI, dried, concentrated, 

and then chromatographed eluting with 3:7 EtOAc-hexanes to afford 78 mg (67%) of acetate (25a), as a clear, 

colorless oil: ir (neat) 1770 br, 1230 cm-l; 'H nmr6 1.31 (t, J=7.1,6H, 2 x CHzC&), 1.45-1.57 (m, lH, 

CHzCHzCH=), 1.60 (s, 3H, CH3). 1.69 (d, J=1.0,3H, CH3). 1.99 (br q, J=7.2,2H, C&CH=), 2.04-2.18 (m, 

IH, CHzCHzCH=), 2.19 (s, 3H, COCH3). 2.63 (dd, J=15.2 and 2.9, lH, COCH2-cis), 3.06 (dd, J=15.2 and 

5.6, lH, COCHz-trans), 4.05-4.15 (m, lH, NCH), 4.32 (q, J=7.1,4H, 2 x C&CH3), 5.08 (tm, Jt=7.0, lH, 

CH=); l3C nmr6 13.7, 17.58, 17.63,23.8,25.6,33.4,42.4,54.6,63.2,63.3, 82.8, 122.8, 132.5, 162.35, 

162.40, 166.7, 169.2; HREIms calcd for C16H23N05 (M - CH3C@H)+ 309.1576, found 309.1574; FABms 

gave MH+ 370. 

A representative Mn(0Ach-promoted reaction: The reaction of p-lactam (9b) with M ~ ( O A C ) ~  in 

E I O H . ~ ~ . ~ ~  To a degassed solution of 682 mg (2.5 mmol) of Mn(OAc)3.2H20 in 5 ml of EtOH under N2 

was added a degassed solution of 302 mg (1.0 mmol) of p-lactam (9b) in 5 ml of EtOH. After stining for 20 

h at ZYC, the suspension was diluted with Hz0 and extracted with EtOAc. The organic phase was washed 

with satd. NaHC03 and satd. NaCl, dried, concentrated, and chromatographed eluting with 1:l EtOAc- 

hexanes to afford 228 rilg (76%) of diastereomeric maionyl dimers (24b), which were partially separated by 

chromatography to obtain samples of the individual racemic diastereomers for characterization: 

One diastermmer: Rf0.35 (1:l EtOAc-hexanes); ir (neat) 1760 br, 1240 cm-1; IH nmr6 1.32 (t, J=7.2,2 x 

3H, CHzCb),  1.33 (t, J=7.2,2 x 3H, CHZCH~), 1.61-1.73 (m, 2 x lH), 1.75 (t, J=2.3,2 x 3H, ICCH~), 1.95- 

2.12(m,2~2H),2.14-2.28 ( m , 2 x  lH),2.52(dd,J=14.6and2.0,2~ lH,COCH2-cis),3,17(dd,J=14.6and 

5.4.2X lH, COCHz-trans),4.04-4.14 (m.2 x lH,NCH), 4.31 (q, J=7.2, 8H, 4 xCH2CH3); ' 3 ~ n m 6 3 . 3 ,  

13.6, 15.3,32.1,41.9, 55.2, 63.1,76.5.77.5, 164.2, 164.6, 167.5: FABmsmIz (rel. int.) 589 (MH+, 13). 547 

WH+ - CZHZO, 100); CIms (isobutane) miz (rel. int.) 589 @AH+, 64), 547 (MH+ - C2Hy0, 19). 296 (100). 

One diastermmer: Rf0.29 (1:l EtOAc-hexanes); ir (neat) 1760 br, 1240, 1030 cm-1; IH nmr6 1.31 (t, 

J = 7 . 2 , 2 ~  3H, CH2C&), 1.34 (t, J = 7 . 2 , 2 ~ 3 H ,  CH2CJ&), 1.61-1.79 (m, 2 x lH), 1.75 (t, J=2.4,2 x 3H, 

=CCH3), 1.88-2.12 (m, 2 XZH), 2.14-2.27 (m, 2 x lH), 2.54 (dd, J=14.8 and 1.9.2 x lH, COCH2-cis), 3.13 

(dd, J=14.7 and 5.6.2 x lH, COCHz-trans), 3.91-4.02 (m, 2 x lH, NCH), 4.31 (q, J=7.2,2 x 2H, C&CH3), 
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4.32 (q, k7 .2 ,  2 x  2H,C&CH3); 13Cnmr63.4, 13.60, 13.62, 15.1, 32.2,41.5,54.5,63.0,63.1,76.5,77.4, 

164.2, 164.4, 167.8: FABms mlz (rel. int.) 589 (MH+, lo), 547 (MH+ - C2H20, 100); CIms (isobutane) mlz 

(rel. int.) 589 (MH+, 48), 547 (MH+ - CzH20.12). 296 (100). 

l-(Diethyl2-acetoxymalonate-2-yl)-4-(3-pentynyl)-2-azetidinone (25b). II (neat) 2220w (Cg)), 1760 br, 

1230, 1050 cm-I; 'H nmr 6 1.310 (t, J=7.l, 3H, CHZCH~), 1.314 (t, J=7.l, 3H, CH2CH3), 1.61-1.73 (m. lH, 

CHC&CH2), 1.76 (t, J=2.5, 3H, =CCH3), 2.13-2.33 (m, 3H, CHC&C&), 2.20 (s, 3H, COCH3). 2.76 (dd, 

k 1 5 . 3  and 2.9, lH, COCH2-cis), 3.12 (dd, J=l5.3 and 5.6, IH, COCH2-trans), 4.17-4.25 (m, IH, NCH), 4.32 

(q3J=7.1,4H,2xCf12CH3); L3Cnmr63.4, 13.8, 15.0,20.7,32.5,42.4,54.5,63.3,63.4,82.9, 162.4, 166.7, 

169.2: HRFABms calcd for Cl7HwN07 (MH+) 354.1553, found 354.1540. 

Bicyclic alcohol (27). Ozone-enriched oxygen was bubbled though a stirred suspension of 113 mg (363 

p o l )  of p-lactam (9a) in 2.0 ml of anhyd. CH2Clz at -78'C until a blue color persisted in the mixture. Then 

nitrogen was bubbled through the mixture until the blue color was gone, and then for a few minutes extra. 

Then 80 pl(1.1 mmol) of dimethyl sulfide (DMS) was added, and the cooling bath was removed and the 

reaction allowed to rise to mom temperature while stining overnight under Nz. After stirring for 16 h at 25'C. 

the solution was diluted with EtOAc, washed with H20 and satd. NaCI, dried, and concentrated to afford 110 

mg of a dark yellow oil. LH nmr showed a mixture of plactams, presumably the epimeric alcohols (27), and a 

trace of the monocyclic aldehyde (26). Rather than characterizing this dynamic mixture, the acetate and 

mesylate derivatives were prepared. 

l-Aza-2,2-bis(ethoxyrarbonyl)-3-acetoxybicyclo[4.2.Oln-8-one (28). To a stirred solution of 59 mg 

(0.21 mmol) of crude epimeric alcohol (27) in 1.0 ml of pyridine was added 0.20 ml(2.1 mmol) of Ac20. 

After stirring for 18 h at 2YC, the solution was diluted with EtOAc, washed with several small portions of 

1 M HCI until the aqueous phase remained strongly acidic, then washed with H20, satd. NaHC03, and satd. 

NaCI, dried, concentrated, and then chromatographed eluting with 2 3  EtOAc-hexanes to afford 27 mg (40%) 

of acetate (281, as a clear, colorless oil; ir (neat) 1750 br, 1230 cm-1; 1H nmr6 1.30 (t, J=7.2,3H, CHzC&), 

1.32 (t, J=7.1,3H, CH2C&), 1.54-1.79 (m, 2H, one each of C&CH2), 2.04 (s, 3H, CH3), 2.05 (dq, J=12.9 

and 4.0, IH, CHzCHO), 2.16 (dq, J=12.9 and4.1, IH, NCHC&), 2.54 (dd, J=l4.8 and 1.9, IH, COCH2-cis), 

3.18 (dd, J=14.8 and 4.9, IH, COCH2-trans), 3.99 (dtd, J=10.5,4.8, and 1.9, IH, NCH), 4.22-4.43 (m, 4H, 2 



712 HETEROCYCLES, Vol. 40, No. 2,1995 

xC~H~),5.41(dd,J=10.5and3.9,1H,CHOAc);13~nmr613.7,14.1,20.9,24.9,28.8,44.2,47.2,62.1, 

62.7,67.2,70.1, 164.1, 165.0, 166.2, 169.1; HREIms calcd for C1sHzlN@ (M+) 327.1318, found 327.1332. 

l-Aza-2,2-bis(ethoxycarbonyl)-3-methan~uIfonoxybicyclo[4.2.Ol~~n-8-one (29). (Pmcedure38) To a 

stirred solution of 122 mg (428 pmol) of crude epimeric alcohol (27) in 1.0 ml of pyridine under N2 was 

added 100 pI(1.3 mmol) of methanesulfonyl chloride. After stining for 1.5 h at 2YC, the solution was 

diluted with EtOAc, washed repeatedly with 0.5 M HC1 until the aqueous phase remained strongly acidic, then 

washed with H20, satd. NaHC03, and satd. NaCI, dried, concentrated, and then chromatographed eluting with 

2:3 -t 1:1 EtOAc-hexanes to afford 43 mg (28%) of mesylate (29), as a clear, colorless oil; ir (neat) 1769 

(CON), 1753, 1738, 1364,1179 cm-I; IH nmrS 1.32 (t,J=7.1,6H, 2 x CHzC&), 1.60 (qm, Jq=13.3, lH, 

NCHCHz), 1.96 (qm, Jq=13.4, lH, CfIZCHO), 2.23 (dq, k 1 3 . 6  and 4.2, lH, NCHC&), 2.34 (dd, J=l3.4 and 

4.0, lH, CHzCHO), 2.53 (dd, J=14.9 and 1.9, lH, COCH2-cis), 3.13 (s, 3H, CH3), 3.20 (dd, J=14.9 and 5.0, 

lH, COCHz-trans), 4.02 (dtd, J=10.8,4.7, and 1.8, lH, NCH), 4.23-4.46 (m, 4H, 2 x C&CH3), 5.08 (dd, 

J=11.6and4.1, lH,CHOMs): I3Cnmr6 13.6, 14.0,27.3,29.5,38.6,44.1,47.3,62.6,63.1,66.7,77.4, 164.4, 

165.1, 165.4; HREIms calcd for C14H21N08S (M+) 363.0988, found 363.0981. 
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