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Abstract—[-Lactams are formed from B-hydroxy amides by base-promoted
cyclization of the f-methylsulfonoxyamide. In the system studied, this amide-
based tnesylate cyclization proceeded in high yields, whereas the analogous
B-chloroamide afforded only the o,B-unsaturated amide. Also, two new methods
of synthesizing carbacephams by annulation of malonate-substituted p-lactams
were demonstrated. The first was a manganese(IIT) acetate-promoted oxidative
free radical cyclization. The second was a spontancous aldol cyclization of an

intermediate aldehyde generated by ozonolysis of an alkene.

INTRODUCTION

One of the interests of our research group is the study of the application of new synthetic methods to the
synthesis of B-lactam antibiotics and their analogues. Recently we have directed our synthetic efforts to the
carbacephem class of bicyclic f-lactam antibiotics. The carbacephems (1) are the carba-dethia analogues of
thje cephems (2) (Figure 1}. The cephem class of antibiotics is represented by the naturally occurring
cephalosporins, isolated originally from the fungus Cephalosporium acremonium.! Structurally, the

cephalosporins are the ring-expanded analogues of the penicillins, isolated originally from the fungus
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Penicillium notatum.1a 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 effective per dose than the
cephems as they are not degraded as readily.> 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
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Our retrosynthetic analysis of Lorabid® targets the six membered ring initially, as we are already familiar with
methods to form the four membered ring.5 Recently Snider has published a series of papers regarding ring
formation by oxidative free radical cyclization of 1,3-dicarbonyl-w-alkenes upon treatment with
manganese(IIl) acetate to afford, among other things, exocyclic olefins. 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-w-alkynes in an oxidatively neytral process by a net hydrogen transfer cyclization.56< We
decided to apply this chemistry to our synthesis of carbacephalosporins as a potentially useful alternative to
known methods of annulation of -lactams.” There is precedent for reductive free r:%dical annulations of
B-lactams,8 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 attractive as the Mn(OAc)3-promoted

procedure as they typically require more complex (i.e., more functionalized) substrates, afford products in a
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lower oxidation state (i.c., less functionalized®), and employ toxicl? BuzSnH as the reducing reagent which

frequently gives rise to purification difficulties.!1

To arrive 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 beer prepared from the
corresponding alcohol (5), the enol tautomer of a ketone.4¢ Next we envisioned the decarboxylation of a
malonate species and oxidative cleavage of an olefin to afford, retrosynthetically, bicyclic B-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 first 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 rodel substrates as this would facilitate the substrate syntheses and would avoid any
potential functional group incompatibilities. As Sniderf.b and Bachi8 reported that the undesired 7-endo
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 1o the desired 6-exo mode. (Bachi has observed that free radical annulations of $-lactams occur

preferentially by the [6- and 7-] endo mode "in the absence of otherwise directing groups."8d)

RESULTS AND DISCUSSION
Substrate syntheses

We prepared alkene substrate (9a) initially via a route utilizing the facile cyclization of B-hydroxy
hydroxamates to 3-lactams as reported from our labs previously.12 This synthesis began with the
v-alkylation!3 of methyl acetoacetate (10) with prenyl bromide to afford B-keto ester (11a)'4 (Figure 2).
Selective reduction of the ketone was performed with NaBHy to give racemic B-hydroxy ester (12a).15
(B-Keto esters can be reduced asymmetrically,l6 e.g., by catalytic hydrogenation with single enantiomers of
Ru-BINAP.!7) Hydroxaminolysis of ester (12a) followed by quenching with Ac0 afforded B~hydroxy
hydroxamate (13), which was cyclized to N-acetoxy-P-lactam (14) upon treatment with Ph3P/CCLy/EiN in
MeCN.12b Deprotection of N-acetoxy-B-lactam (14) with K2CO3/MeOH 120 followed by alkylation with

diethyl bromomalonate and in situ base-catalyzed rearrangement gave carbinolamine (15).18

a
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Figure 2
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Dehydroxylation of carbinolamine (15) was accomplished by conversion to the corresponding chloride with
SOCI2,19 followed by reduction with PhP in buffered aqueous DMF20 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 yia
several intermediates of limited hydrolytic and thermal stability, Thus, an alternate route to B-lactam (9a) via
the corresponding -hydroxy amide (17a) was attempted. Conversion of a f-hydroxy amide to a B-lactam is
"simply" a dehydration, yet it is in cornpetition with other dehydrative processes—namely, elimination to an
o, B-unsaturated amide and, in the present malonate-bearing substrate, cyclization to a y-lactam. Previously
both we?! and others22 have shown that such a dehydrative cyclization of P-hydroxy amides to f-lactams
could be performed in certain cases using the Mitsunobu reagent as the dehydrating agent. Preparation of the
requisite B-hydroxy amide (17a) was straightforward. After preparing B-hydroxy ester (12a) by the method
described above, simple hydrolysis to carboxylic acid (16a)132.23 followed by activation?* and then coupling
with diethy! aminomalonate afforded B-hydroxy amide (17a).

With large quantities of B-hydroxy amide (17a) readily available, several procedures to dehydratively cyclize
it to B-lactam (9a) were tested. Treatment of B-hydroxy amide (17a) to Mitsunobu conditions,?5 using
DIAD/Ph3P rather than DEAD/Ph3P,2!4 afforded only ~15% of f-lactam (9a). The major product (~60%)
from this procedure was the corresponding o, 3-unsaturated amide. We also tried this procedure with triethyl
phosphite rather than with triphenylphosphine, but no improvement in yield or product ratio was obtained. 220
Treatment of B-hydroxy amide (17a) with PhaP/CCly/EtaN in MeCN (a procedure used to cyclize B-hydroxy
hydroxamates to fB-lactams,!2 as demonstrated by the conversion of 13 to 14) afforded only B-chloroamide
(18a), indicating that chloride ion substitation26 is faster than the desired cyclization to the B-lactam, and also
faster than the cyclization to the y-lactam (vide infra). An attempt to cyclize B-chloroamide (18a) to the

B-lactam by treatment with two equivalents of LDA gave only the a,B-unsaturated amide.?’

Treatment of f-hydroxy amide (17a) with excess sulfuryl diimidazole (SO2Imgz) and BugNF in THF for one

week afforded 18% of B-lactam (9a), 8% of o, B-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 f-lactam versus simple elimination to the

o, f-unsaturated amide was 2:1, respectively, whereas the ratio was unfavorably 1:4 with the Mitsunobu
reagent. Comparable yields of f-lactam and o,)-unsaturated amide were obtained overnight when the
substrate was pretreated with one equivalent of NaH to generate the more reactive alkoxide ion, but much less
of the unreacted starting material was recovered, presumably due to polyesterification. When silyl ether (192a)
was treated with SOyImy/BugNF, only deprotected B-hydroxy amide (17a) was obtained. Despite the
reasonable yields of B-lactams obtained by Hanessian when certain serine amides were treated with SO2Imp
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 SO2Imy and an unfavorable product ratio with the
Mitsunobu reagent, it appeared that we should try the cyclization reaction yia sulfonate intermediates as
opposed to phosphonium ion intermediates. The reactions with SOzImp 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.2? Treatment of mesylate (20a) with excess BusNF
in THF, as in the SO2Im; procedure, afforded not f-lactam (9a), but instead gave y-lactam (21a) (56%).
Actually this is not a trzly unexpected result, but just further emphasizes the unusual formation of the
f-lactam when using the Mitsunobu reagent or SO2Imy/BuyNF. Finally, as the formation of the y-lactam
could occur yig the malonate anion, we decided to try to form the (-lactam by the selective cyclization of the
dianion of the mesylate. Gratifyingly, treatment of mesylate (20a) with two equivalents of LDA afforded the
desired f-lactam (9a) in 80% post-chromatographic yields on gram scale. This was especially noteworthy
since the dianion of chloride (18a) eliminated to the o,B-unsaturated amide. An attempt to substitute NaH for
LDA afforded only y-lactam (21a) from mesylate (20a). Thus, by choice of reagent, either the y- or B-lactam
could be selectively formed from the mesylate. This amide-based?? mesylate cyclization constitutes a
synthietically useful procedure for preparing B-lactams from B-hydroxy amides when the hydroxyl group is
attached to a secondary carbon, a class of cyclization that has only limited precedent.210.22.31 We are aware
of only two such amide-based sulfonate cyclizations being reported previously.3] And while in both cases the

sulforate was secondary, E2 antj-elimination to the &,f-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 attractive aliernative to the "hydroxamate™ route for preparing
B-lactam substrate (9a) as it proceeds in higher overall yield, is simpler to perform, and proceeds via

intermediates that are considerably more stable.

Manganese(III) acetate-promoted reactions
Treatment of alkene B-lactam (9a) with two equivalents of Mn(QAc)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) 55°C, 1 h; 2) 25°C, 20 h; 3) refiux (117°C}, 10 min (all
Mn3* consumed—as indicated by the initial brown suspension changing to a clear solution); 4) 55°C, 1 h,
with one equivalent of Cu(QAc)z included, but only minor variations in the product mixture composition were
obtained, Apparently for substrate (9a) which cyclizes via a tertiary free radical intermediate, Mn3+isa
sufficient oxidizing agent such that the inclusion of CuZ+ as a co-oxidant has no observable effect. Snider
showed that the inclusion of Cu2+ was necessary in his cyclization studies that proceeded via primary and
secondary free radical intermediates, as Mn3* does not oxidize these species rapidly enough to avoid free
radical quenching by hydrogen atom abstraction from the medium.64 When the reaction was conducted in
EtOH® (25°C, 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 affotded crystals of
sufficient quality for structural determination by X-ray diffraction measurements, Snider and Bertrand®2
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 EtQAc). Recently, analogous bicyclic lactone forming reactions have
been reported using titanium(IV) enolate-mediated cyclizations of g-unsatorated 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 B-lactam substrate (9a) proved fruitless. Taguchi did report that his attempts to

extend his procedure to the formation of cyclohexane-fused ylactones, such as ours, was unsuccessful.
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The other cyclized product from these reactions was bicyclic alkene (23} (~15%}, the olefinic isomer of our
desired exocyclic alkene. Its formation is understandable (Hofmann vs. Zaitsev elimination), and analogous
olefins were also obtained by Snider52 and Bertrand.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.
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The two non-cyclized products obtained from the Mn(OAc)3-promoted reactions of alkene B-lactam (9a) in
HOAc were malonyl dimer (24a) (~10%, mixture of two racemic diastereomers, partially separable by
chromatography) and malony| acetate (25a) (~10%). Malonyl dimer (24a) is probably formed simply by free
radical coupling. Cossy has recently reported a similar dimerization of a B-keto amide upon treatment with
Mn(OAc)3.34 As mentioned previously, malonyl dimer (24a) was the only product obtained (85%) when this
reaction was conducted in EtOH using either anhydrous Mn(OA¢)335 or the commercially available dihydrate.
Malony! acetate (25a) 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 malony!
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cation (acyliminium jon) formed by oxidation of the malonyl free radical. Recently, Citterio also reported
obtajning 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%).%6

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 subsirate to the analogous alkyne (9b) similar to one of the alkyne-based, oxidatively neutral, free
radical cyclizations demonstrated by Snider.6v< 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 triple bond had been.
We prepared alkyne B-lactam (9b) by our "amide" route, merely by substituting 1-chloro-2-butyne37 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 B-lactam ring performed well with this substrate also,
affording 87% post-chromatographic yield on gram scale. However, attempted Mn(OAc)3-promoted
cyclization of alkyne f-lactam (9b) in EtOH, the solvent preferred by Snider for alkyne substrates,6b<
produced only malonyl dimer (24b) (76%, mixture of two racemic diastereomers, partially separable by
chromatography), a result analogous to that obtained with alkene substrate (9a) when the same solvent was
used. Substitution of AcOH as solvent, since this had afforded better results with alkene substrate (9a),

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

that the radical cyclization of the alkyne substrate (6-gxo-dig, with a fused B-lactam ring) was not as fast as
that of the alkene substrate (6-exo-trig, with a fused p—lactam ring), which resulted in the malonyl radicals

undergoing competing reactions only.

The resuits 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).

Aldol annulation
We also recognized that these same substraies might be converted to carbacephems by alternative reactions.

Based on Hirata’s work that demonstrated the spontancous aldol cyclization of a malonate-substituted
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B-lactam similar to alkene (9a), 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 ozonolyzing 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 uncyclized aldehyde (26) (Figure 4). Rather than attempting to characterize this
dynamic system, we decided merely to prepare derivatives of the bicyclic isomers. Thus, we prepared the
acetate (28, 40%) and the mesylate (29, 28%). 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 Hirata converted his mesylate to the carbacephalosporin structure, #b.38 the synthesis of

our mesylate constitutes a formal synthesis of the desamino carbacephalosporin nucleus. And as @-amino
substituents can be introduced into P-lactams,?® or as we could incorporate the amino substituent into our
acyclic substrates now that our desamino model studies have proven effective, this methodology can

potentially be used for the total synthesis of carbacephalosporin antibiotics.

Figure 4
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In summary, malonate-substituted B-lactams are readily prepared by a base-promoted, amide-based mesylate
cyclization, These malonate-substituted B-lactams are versatile intermediates for the preparation of bicyclic

B-lactams by oxidative cyclization or condensation reactions.

EXPERIMENTAL
Equipment and materials. Reagents were obtained from commercial sources and were used without further
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 benzophenone ketyl under
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nitrogen. Anhydrous acetonitrile (MeCN) and dichloromethane (CH2Clz) were obtained by fresh distillation
from calcium hydride under nitrogen. Triethylamine (Et3N) and diisopropylamine (iProNH) were distilled
from calcium hydride under nitrogen and then stored under argon. Bulk grade ethyl acetate (EtOAC),
Skellysolve B (referred to simply as “hexanes™), and dichloromethane (CH2Clp) were distilled before nse,
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 first at reduced pressure (ca. 20 mm
Hg) on a rotary evaporator and then at high vacuum (c2. 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 capillary 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-1 band of polystyrene. Nuclear
magnetic resonance (nmr) spectra were obtained in CDCl3, unless stated otherwise, at 300 MHz for 1H, with
tetramethylsilane as an internal reference, and at 75 MHz for 13C, referenced to solvent, on a General Electric
GN-300 nmr spectrometer. Coupling constants (J} are reported 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, 1:1 glycerol-(3-nitrobenzyl alcohol) matrix) mass spectra were obtained on
a Jeol IMS-AXS505HA mass spectrometer. Elemental analyses were performed by MHW Laboratories,
Phoenix, AZ.

Methy! 7-methyl-3-0x0-6-octenoate (11a)!4 was prepared from methyl acetoacetate (10) by the procedure of
Huckin and Weiler!3 using prenyl bromide to afford 12.6 g (43%) of B-keto ester (11a), as a clear, colorless
liquid.

Methyl 3-0xo0-6-octynoate (11b)4! was prepared from methyl acetoacetate (10) by the procedure of Huckin
and Weiler13 using I-o::hioro-2-butym337r to afford 8.20 g (40%) of B-keto ester (11b), as a clear, colorless
liquid: bp 83°C (0.5 mm Hg); ir (neat) 1750, [719 cm!; 'H nmr & 1.76 (¢, /=2.6, 3H, CHa), 2.42 (tq, J=7.2
and 2.6, 2H, COCH,CH2), 2.75 (t, J=7.2, 2H, COCH2CHy), 3.49 (s, 2H, COCH,CO}, 3.75 (s, 3H, CO,CH3);
BBCnmr §2.8, 12.6, 41.6, 48.3, 51.7, 75.7, 76.8, 167.0, 200.7; EIms m/z (rel. int.) 168 (M*, 2), 153 (36), 95
(100); HREIms calcd for CgHgQ3 (M* - CH3) 153.0552, found 153.0568.
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Methy! 3-hydroxy-7-methyl-6-octenoate (12a).!3 To a stirred solotion of 10.9 g {59 mmol) of B-keto ester
(11a) in 130 ml of MeOH at -65°C in a flask capped with a drying tube (CaSO4) 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
tle 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 HCL. The resulting solution was extracted with EtOAc. The extract
was washed with H20 and satd. NaCl, dried, concentrated, and then chromatographed eluting with 1:4
EtOAc-hexanes to afford 9.61 g (87%) of B-hydroxy ester (12a), as a clear, colorless liquid; ir (neat} 1739
cm-l; 1H nmr & 1.40-1.63 (m, 2H, CHOHCH»CH?2), 1.62 (s, 3H, CHz3), 1.69 (d, /=1.0, 3H, CH3), 2.11 (br g,
J=1.5, 2H, CH2CH=), 2.42 (dd, J=16.4 and 8.7, 1H, COCH3), 2.52 (dd, J=16.4 and 3.5, 1H, COCHy), 2.87
(br s, 1H, OH), 3.72 (s, 3H, CO2CH3), 3.97-4.06 (m, 1H, CHOH), 5.11 (tm, Ji=7.2, 1H, CH=); 13C nmr &
17.5,23.9, 25,5, 36.4,41.1, 51.5, 67.5, 123.5, 132.1, 173.2; HREIms caled for C1gH 1503 (M*) 186.1256,
found 186.1253.

Methyl 3-hydroxy-6-octynoate (12b) was prepared from B-keto ester (11h) by the procedure used to prepare
B-hydroxy ester (12a). The product was distilled to afford 6.41 g (77%) of B-hydroxy ester (12b), as a cle:r,
colorless liquid: bp 81°C (0.15 mm Hg); ir (neat) 3470 br, 1736 cm!; 1H nmr & 1.54-1.75 (m, 2H,
CH2CH,C=), 1.78 (t, J=2.6, 3H, CH3), 2.26-2.35 (m, 2H, CHyC=), 2.45 (dd, J=16.5 and 8.6, 1H, COCHy),
2.54 (dd, J=16.5 and 3.6, 1H, COCH32), 2.66 (br, 1H, OH), 3.72 (s, 3H, OCH3), 4.12-4.22 (m, 1H, CHOH}:
13C nmr §3.0, 14.7, 35.3, 40.9, 51.4, 66.6, 75.7, 78.0, 172.7; EIms m/z (rel. int.) 170 (M+, 3), 152 (M* - H,0,
43), 97 (100); HREIms calcd for CoH1202 (M* - H20) 152.0837, found 152.0838.
N-Acetoxy-3-hydroxy-7-methyl-6-octenamide (13) was prepared from B-hydroxy ester (12a) by the
procedure of Miller ef a/.12b to afford 2.91 g (44% crude) of hydroxamate (13}, as clear, light yellow crystals:
mp 91-93°C (decomp., EtOAc-CHCly-CHCL); ir (KBr) 1801, 1692, 1193 cml; 1H nimr 8 1.47-1.68 (m, 2H,
CH2CH2CH=), 1.63 (s, 3H, CH3), 1.69 (d, /=1.1, 3H, CH3), 2.12 (br q, J=7.3, 2H, CH2CH=), 2.24 (s, 3H,
COCH3), 2.38 (dd, J=14.9 and 8.7, 1H, COCHy), 2.49 (dd, J=14.9 and 3.0, 1H, COCHy), 2.91 (br s, 1H, O,
4.00-4.12 (m, 1H, CHOH), 5.12 (tm, Ji=7.2, 1H, CH=), 9.46 (br s, 1H, NH); 13C nmr § 17.6, 18.2, 24.1,25.7,
36.7, 40.7, 68.2, 123.3, 132.6, 169.0, 169.9; FABms gave MH* 230; Anal. Calcd for C11H9NOQy: C, 57.63;
H, 8.35; N, 6.11. Found: C, 57.59; H, 8.36; N, 6.11.

1-Acetoxy-4-(4-methyl-3-pentenyl)-2-azetidinone (14) was prepared from hydroxamate (13) by the
procedure of Miller et al.12% using Ph3P, CCly, and Et3N in MeCN., After stirring for 11 h at 25°C, the
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reaction solution was directly chromatographed eluting with 1:3 EtQAc-hexanes to afford 266 mg (77%) of
N-acetoxy-P-lactam 14, as a clear, colotless liquid; ir (neat) 1810, 1775, 1175, 1040 cm-!; 'H nmr 8 1.58-
1.72 (m, 1H, CH2CH»=), 1.60 (s, 3H, CHy), 1.69 (s, 3H, CHa), 1.81-1.93 (m, 1H, CH,CH2=), 2.07 (br q,
J=1.3, 2H, CH2CH=), 2.17 (s, 3H, COCH3), 2.54 (dd, /=13.8 and 2.7, 1H, COCHz-cis), 3.00 (dd, J=13.8 and
5.5, 1H, COCHy-trans), 4.00-4.09 (m, 1H, NCH), 5.08 (tm, Ji=7.2, 1H, CH=); 13C nmr § 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 C11H7NO3 (M+) 211.1208, found
211.1219.

1-(Diethyl 2-hydroxymalonate-2-yl)-4-(4-methyl-3-pentenyl)-2-azetidinone (15). N-Acetoxy-p-lactam
(14) (1.68 g, 7.95 mmol) was deprotected by the procedure of Miller et al.!2b using NapCO3 in aq. MeOH to
afford the crude N-hydroxy-B-lactam, as a clear, yellow oil, which was used immediately in the next step.
(Procedure 18 modified.) To a stirred solution of the crude N-hydroxy-B-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
m! (8.6 mmol) of EtzN. After stirring for 2 days at 25°C, the reaction mixture was filtered through Celite,
washing with EtOAc, to remove a white precipitate (Et3N«HBr) and the filtrate was concentrated, dissolved in
1:1 EtOAc-hexanes to afford a suspension (presumably more Et3N+HB1), filtered through Celite, and the
filtrate was concentrated and then chromatographed eluting with 1:1 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'!; 'H nmr & 1.316 (t, J=7.1, 3H, CH»CH3), 1.320 (1, J=7.1,
3H, CH2CHs3), 1.53-1.65 (m, 1H, CH2CH,;CH=), 1.59 (br 5, 3H, CH3), 1.68 (br s, 3H, CHz), 1.93-2.07 (m,
3H, CHyCH2CH= and CH2CH=), 2.60 (dd, J=15.0 and 2.6, 1H, COCHza-cis), 3.07 (dd, /=15.0 and 5.4, 1H,
COCH3-rrans), 4.13-4.21 (m, 1H, NCH), 4.23-4.45 (m, 4H, 2 x CH2CH3), 4.70 (s, 1H, OH), 5.09 (tm, J1=6.9,
1H, CH=); 13C nmr §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 C1gH5NQg: C, 58.70; H, 7.70;

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

3-Hydroxy-7-methyl-6-octenoic acid (16a).15023 To a stirred solution of 4.02 g (21.6 mmol) of B-hydroxy
ester (12a) in 15 ml of THF was added 30 mi of 1 M NaOH. After stirring for 30 min at 25°C, 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 HC] and extracted

with EtOAc. The extract was washed with satd. NaCl, dried, and concentrated to afford 3.53 g (95%) of crude
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B-hydroxy acid (16a), as a clear, pale yellow liquid that was used in the following reaction without further
purification; ir (neat) 3300 br (OH), 3000 br (CO2H), 1715 ¢ml; 1H nmr & 1.41-1.67 (m, 2H, CH>CH2C=),
1.63 (s, 3H, CH3), 1.69 (d, J=1.0, 3H, CH3), 2.11 (s, 1H, OH), 2.12 (br q, J=7.5, 2H, CH,CH=), 2.48 (dd,
J=16.6 and 8.6, 1H, COCH3y), 2.58 (dd, /=16.6 and 3.6, 1H, COCHy), 4.00-4.10 (m, iH, CHOH), 5.11 (tm,
Ji=1.2, 1H, CH=), 7.2 (br "baseline” peak, CO2H); 13C nmr & 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 (12b) by the procedure used to prepare
B-hydroxy acid (16a) to afford 163 mg (107% crude—repetition on 40x scale afforded 97%) of crude
B-hydroxy acid (16b), as a clear, colorless oil; ir (neat) 1709 cm1; 'H nmrd 1.58-1.77 (m, 2H, CHoCH2C=),
1.78 (t, J=2.6, 3H, CH3), 2.11 (5, 1H, CHOH), 2.27-2.36 (m, 2H, CH2C=), 2.52 (dd, /=16.7 and 8.4, 1H,
COCH3), 2.61 (dd, /=16.6 and 3.8, 1H, COCH?2), 4.16-4.26 (m, 1H, CHOH); 13C nmr §3.3, 14.9, 35.1, 40.9,
67.0,76.3, 78.0, 177.0; Elms m/z (rel. int.) 138 (M* - H20, 21), 43 (100}); CIms (isobutane) gave MH* 157,
HREIms caled for CgH1pO2 (MY - H20) 138.0681, found 138.0675.

N-({Diethyl malonate-2-yl}-3-hydroxy-7-methyl-6-octenamide (17a). (General procedure.?*) 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 B-hydroxy acid (16a) with a total of 35 ml
anhyd. THF. The flask was capped with a drying tube (CaS0Oy4) and the solution was stirred overnight. After
stirring for 15 h at 25°C, the reactien suspension was filtered through Celite to remove the bulk of the
precipitated N,N "dicyclohexylurea by-product. The filtrate was concentrated, the residue was disselved in
EtOAc, washed with aq. 5% NaHCO3 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 vsed 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 m! {13 mmol) of Et3N. The flask
was capped with a drying tube (CaS04) and the solution was stirred overnight. After stirring for 19 h at 25°C,
the reaction solution was diluted with EtOAc, washed with H20, 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 B-hydroxy amide (17a), as colorless crystals: mp 60-62°C
(EtOAc-hexanes); ir (KBr) 3490, 3320, 1745, 1650 cml; HH nmr 8 1.31 (t, /=7.2, 6H, 2 x CHCH3), 1.42-
1.67 (m, 2H, CHOHCH>CH>), 1.62 (s, 3H, CH3), 1.69 (s, 3H, CH3), 2.11 (br q, J=7.6, 2H, CH2CH=),
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2.38 (dd, J=15.1 and 8.7, 1H, COCH3y), 2.49 (dd, /=15.2 and 3.0, 1H, COCH3), 3.97-4.08 (m, 1H, CHOH),
4.19-4.37 (m, 4H, 2 x CHyCH3), 5.12 (tm, J=7.2, 1H, CH=), 5.17 (d, /=7.0, 1H, CHNH), 6.9 (br d, /=7, 1H,
NH); 13C nmr § 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 C1gHa7NOg (M) 329.1838, found 329.1834; Anal, Calcd for CygH27NQg: 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-octynamide (17b) was prepared from B-hydroxy acid (16b) by the
procedure used to prepare B-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 B-hydroxy amide (17b), as a
white amorphous solid: mp 75-77°C (EtOAc-hexanes); ir (KBr) 3300 br, 1752, 1734, 1654, 1542, 1180 cmrl;
TH nmr & 1.308 (1, J=7.1, 3H, CH2CH3), 1.310 (t, J=7.1, 3H, CH2CHz3), 1.56-1.80 (m, 2H, CHOHCH2CH3),
1.77 (t, J=2.6, 3H, =CCHz), 2.25-2.34 (m, 2H, CH2C=), 2.42 (app. dd, /=15.2 and 8.5, 1H, COCHy), 2.51
(app. dd, /=15.2 and 3.2, 1H, COCH3), 2.95 (br s, 1H, OH), 4.12-4.22 (m, 1H, CHOH), 4.20-4.37 (m, 4H, 2 x
CH2CHzy), 5.17 (d, J=7.0, 1H, CH), 6.95 (d, /=6.9, 1H, NH); 13C nmr $3.2, 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 CsH23NOg (M*) 313.1525, found
313.1513; Anal. Caled for CisH3NOg: C, 57.50; H, 7.40; N, 4.47, Found: C, 57.30; H, 7.21; N, 4.51.
N-{Diethyl malonate-2-y1)-3-chloro-7-methyl-6-octenamide (18a) was prepared from B-hydroxy amide
(17a) by the procedure of Slagle et al.,26 then chromatographed eluting with 1:19 EtQAc-CH2Cl3 to afford
143 mg (68%) of B-chloroamide (18a), 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 (decomp.);

ir (KBr) 3275, 1762, 1730, 1654, 1187 cm-1; 1H nmr 8 1,30 (1, /=7.1, 6H, 2 x CH2CH3), 1.62 (s, 3H, CH3),
1.68 (br s, 3H, CH3), 1.72-1.84 (m, 2H, CH>CH»CH=), 2.19 (br q, /=73, 2H, CH2CH=), 2.74 (d, J=6.8, 2H,
COCHz), 4.19-4.39 (m, 5H, CHCl and 2 x CH2CH3), 5.07 (tm, fi=7.2, 1H, CH=), 5.19 (4, J=6.9, 1H, CHN),
6.90 (br d, J=6.8, 1H, NH); 13C nmr § 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 m/z (rel. int.) 347 (M*(35CI), 20), 349 (M*+(37Cl), 7); HREIms calcd for
C16H26CINO5 (M+(35C1)) 347.1500, found 347.1499.

N-(Diethyl malonate-2-yl)-7-methyl-3-trimethylsilyloxy-6-octenamide (19a), To a stirred solution of 305
mg (926 pmol) of alcohol (17a) in 10 ml of anhyd. THF was added 155 ul (1.12 mmol} of Et3N and 140 pl

(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 filirate was concenirated, 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 cml; !H nmr § 0.15
(s, 9H, Si(CH3)3), 1.29 (t, J=7.1, 3H, CHoCH3), 1.30 (t, J=7.1, 3H, CHyCH3), 1.54-1.67 (m, 2H,
CH»CH2CH=), 1.59 (s, 3H, CH3), 1.68 (d, /=1.1, 3H, CHj3), 1.94-2.07 (br m, 2H, CH,CH=), 2.39 (dd, /=149
and 5.8, 1H, COCH?y), 2.52 (dd, /=14.9 and 4.3, 1H, COCH2), 4.01-4.10 (m, 1H, CHOSi), 4.18-4.35 (m, 4H,
2 x CHoCHz), 5.08 (tm, J=7.0, 1H, CH=), 5.16 {4, J=6.9, 1H, CHN), 7.39 {(br d, /=6.8, 1H, NH); 13C nmr &
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 C19H35NOgSi (M*) 401.2234, found 401.2219.

N-(Diethyl malonate-2-y1}-3-methanesulfonoxy-7-methyl-6-octenamide (20a) was prepared from
B-hydroxy amide (17a) in anhyd. THF by the procedure of Crossland and Servis,2? then chromatographed
eluting with 2;3 EtOAc-hexanes to afford 347 mg (94%) of mésylate (20a), as a clear, colorless oil.
(Repetition on a 15 g scale afforded 85% of mesylate (20a), as a pale yellow wax-like solid.); ir (neat) 1759,
1744, 1173 cm~1; TH nmr 8 1.30 (¢, J=7.1, 6H, 2 x CHzCH3), 1.61 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.73-1.95
(m, 2H, CH>CH>CH=), 2.10 (br g, J=7.6, 2H, CH>CH=), 2.70 (dd, /=15.1 and 4.8, 1H, COCHy), 2.77 (dd,
J=15.1and 7.0, 1H, COCHy), 3.03 (s, 3H, SO2CHj3), 4.18-4.37 (m, 4H, 2 x CHoCHz), 5.02-5.13 (m, 2H,
CH= and CHOS), 5.15 (d, J=6.9, 1, CHN), 7.06 (br d, J=6.9, 1H, NH); 13C nmr $13.7, 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 C17H29NOgS (MH™)
408.1692, found 408.1697.

N-(Diethyl malonate-2-yl)-3-methanesulfonoxy-6-octynamide (20b) was prepared from $-hydroxy amide
(17b) in anhyd. THF by the procedure of Crossland and Servis2? to afford the crude product as a light yellow
crystalline solid. Recrystallization from EtOAc-hexanes afforded in two cr‘ops 7.18 g (79%) of mesylate
{20b), as a colorless crystalline solid: mp 103-105°C (EtOAc-hexanes); ir (KBr) 1750, 1733, 1653, 1351,
1180 em-l; 1H nmr § 1.31 (t, J=7.2, 6H, 2 x CHzCH3), 1.78 (t, J=2.5, 3H, =CCH3), 1.88-2.11 (m, 2H,
CHzCH2C=), 2.26-2.35 (m, 2H, CH2C=), 2.74 (dd, J=15.2 and 6.6, 1H, COCHy), 2.82 (dd, J=152 and 5.1,
IH, COCHy), 3.07 (s, 3H, SO2CH3), 4.19-4.38 (m, 4H, 2 x CH»CH3), 5.13 (d, /=6.8, 1H, CHNH), 5.11-5.21
{m, 1H, CHOS), 6.75 (br 4, J=6.7, 1H, NH); 13C nmr 83.1, 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 caled for C16Hp6NOgS (MH*) 392.1379, found 392.1389.

Diethyl 4-(4-methyl-3-pentenyl)pyrrolidin-2-one-5,5-dicarboxylate (21a). To a stirred solutior of 134 mg
(329 pumol) of mesylate (20a) and 140 ul (1.0 mmel) of EgN in 1.0 ml of anhyd. THF under argon was added
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1.0 ml (1.0 mmol) of 1.0 M BugNF in THF. After stirring for 19 h at 25°C, the solution was diluted with
H>0, extracted with EtQAc, the organic phase was washed with satd. NaCl, dried, concentrated, and
chromatographed eluting with 1:1 EtOAc-hexanes to afford 57 mg (36%) of y-lactam (21a), as clear, colorless
crystals. (A paraliel reaction without Et3N afforded approximately the same result, based on tlc analysis.):
mp 95-97°C (EtOAc-hexanes); ir (KBr) 1754, 1737, 1708, 1298, 1288, 1218 cm*!; 1H nmr § 1.16-1.29 (m,
1H, CH2CHzCH=), 1.295 (t, J=7.1, 3H, CHaCH3), 1.302 (t, J=7.1, 3H, CH2CH3), 1.60 (s, 3H, CH3), 1.69 {d,
J=0.9, 3H, CHz3), 1.75-1.88 (m, 1H, CH»CH2CH=), 1.93-2.14 (m, 2H, CH,CH=), 2.22 (dd, J=16.7 and 9.3,
1H, COCH3), 2.54 (dd, J=16.7 and 8.4, 1H, COCHj), 2.87-2.99 (m, 1H, CH), 4.18-4.36 (mn, 4H, 2 X
CH>CHj3), 5.06 (tm, Ji=7.1, 1H, CH=), 6.64 (br s, 1H, NH); 13C nmr 8 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; HREIms caled for CgHpsNOs (M+) 311.1733,
found 311.1730; Anal. Calcd for C1gH25NO5: C, 61.72; H, 8.09; N, 4.50. Found: C, 61.70; H, 8.06; N, 4.50.
Diethyl 4-(3-pentynyl)pyrrolidin-2-one-5,5-dicarboxylate (21b). To a flask containing 316 mg (0.81
mmol) of mesylate (20b) was added 3.0 m] (3.0 mmol) of 1 M BusNF in THF. After stirring for 10 min at
25°C, tlc showed no starting material remaining. After stirring for a total of 20 min the reaction solution was
diluted with EtQAc, washed with HpQ, satd. NaHCO3, and satd. NaCl, dried, concentrated, and then
chromatographed eluting with 2:3 — 3:2 EtOAc-hexanes to afford 61 mg (26%) of ¢,B-unsaturated amide and
109 mg (46%) of y-lactam (21b}, as a clear, faint yellow oil; ir (neat) 1725 br, 1270, 1203 cml: 1H nmr &
1.302 (t, J=7.1, 3H, CH2CH3), 1.309 (1, J=7.1, 3H, CH2CH3), 1.31-1.45 (m, 1H, CH-CH2C=), 1.77 (1, J=2.5,
3H, =CCH3), 1.92-2.07 (m, 1H, CH>CH2C=), 2.09-2.34 (m, 2H, CHyCs=), 2.24 (dd, J=16.7 and 9.6, 1H,
COCH32), 2.60 (dd, J=16.7 and 8.4, 1H, COCH3), 3.02-3.14 (m, 1H, CH), 4.18-4.38 (m, 4H, 2 x CHyCH3),
6.48 (br s, 1H, NH); 13C nmr 8 3.3, 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 C15H21NOs (M+) 295.1420, found 295.1434.

1-(Diethyl malonate-2-yl)-4-(4-methyl-3-pentenyl)azetidin-2-one (9a). To a stirred solution of 1.2 ml (8.6
mmol) of iProNH in 5.0 ml of anhyd. THF at 0° 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 0°C, this LDA solution was transferred
dropwise over 5 min to a stirred solution of 1.04 g (2.56 mmol) of mesylate (20a} in 18 ml of anhyd. THF at
0°C under argon. After stirring for 15 min, the reaction was quenched with 1 M HCl and extracted with
EtQAc. The extract was washed with H20, satd. NaHCQj3, and satd. NaCi, dried, concentrated, and then
chromatographed eluting with 1:4 EtOAc-hexanes to afford 623 mg (78%) of B-lactam (9a), as a clear, light
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yellow liquid; ir (neat) 1755 br cm-1; IH nmr & 1.30 (1, /=7.1, 3H, CH2CH3), 1.31 (t, /=7.1, 3H, CH2CH3),
1.47-1.55 (m, 1H, CH»CH»CH=), 1.59 (d, /=0.5, 3H, CHz3), 1.68 (d, /=0.6, 3H, CH3), 1.90-2.04 (m, 3H,
CH>CH2CH=), 2.68 (dd, J=14.8 and 2.7, 1H, COCHz-cis), 3.10 (dd, /=14.8 and 5.2, 1H, COCHz-rans),
3.98-4.06 (m, 1H, CHCHy3), 4.20-4.33 (m, 4H, 2 x CH2CH3), 5.07 (tm, J=7.0, 1H, CH=), 5.15 (s, 1H,
CHCO2); 13C nmr §13.7, 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 C16H25NO5 (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 B-lactam (9a). The crude product was chromatographed eluting with 2:3 EtOAc-
hexanes to afford 657 mg (87%) of B-lactam (9b), as a clear, light yellow liquid; ir (neat) 1773 (CON), 1750
(COz) em-t; 1H nmr 6 1.312 (1, J=7.1, 3H, CH2CH3), 1.319 (1, /=7.1, 3H, CH2CH3), 1.66-1.75 (m, 1H,
CH2CH2C=), 1.76 (t, J=2.4, 3H, CH3), 2.07-2.23 (m, 3H, CH2CH2C=), 2.79 (dd, J=14.9 and 2.7, 1H,
COCHzy-cis), 3.15 (dd, /=14.9 and 5.2, 1H, COCHz-trans), 4.08-4.18 {m, 1H, CHCH»), 4.22-4.34 (m, 4H, 2 X
CH2CH3), 5.17 (s, 1H, CHCO»); 13C nmr §2.8, 13.43, 13.47, 14.7, 31.8, 42.2, 52.7, 56.6, 61.9, 62.0, 76.0,
770, 164.4, 165.1, 166.8; EIms m/z (rel. int.} 295 (M*, 2), 253 (M* - C3H20, 100); CIms (isobutane) gave
266 (MH*); HREIms calcd for C13H19NOy4 (MY - CoH20) 253.1314, found 253.1320.

A representative Mn(QAc)3-promoted experiment: The reaction of B-lactam (9a) with Mn(QAc);z in
HOAc.%abe A degassed solution of 306 mg (0.98 mmol) of B-lactam (9a) in 3.0 ml of degassed HOAc was
added to a degassed suspension of 579 mg (2.2 mmol) of Mn{OAc)3+2H70 in 7.0 ml of degassed HOA¢. The
resulting stirred suspension was heated at 55°C under Nj for 1 h, then diluted with HpO, extracted with
CH1Cly, the extract was washed with H2O and satd. NaHCO3, dried, concentrated, and then chromatographed
eluting with a solvent gradient of 3:7 EtOAc-hexanes — EtOAc to afford the following products:
(1S*, SR*, 85*)-1-ethoxycarbonyl-9,9-dimethyl-2-aza-10-exatricyclo[6,3,0,0>5lundecane-3,11-dione
-(22). 56 mg (20%), as colorless crystals: Ry 0.57 (EtOAc); mp 114-116°C; ir (KBr) 1785, 1750, 1730, 1270,
1220, 1170 cm-!; 'H nmr 8 1.30-1.62 (m, 2H, one each of CHCHp), 1.367 (1, J=7.2, 3H, CH2CH3), 1.370 (s,
3H, CHs), 1.41 (s, 3H, CHj3), 2.01-2.19 (m, 2H, one each of CH2CH?2), 2.70-2.76 (m, 1H, CH), 2.71 (dd,
J=15.0 and 2.3, 1H, COCHj-cis), 3.13 (dd, J=15.0 and 4.8, 1H, COCHjz-trans), 3.34-3.43 (m, IH, NCH),
4.29-4.48 (m, 2H, CH2CH3); 13C nmr & (multiplicity of off-resonance decoupled 13C nmr) 13.6 (), 22.5 (),
24.2 (), 27.1 (1), 28.2 (q), 43.6 (1), 45.3 (d), 47.9 (d), 63.8 (1), 66.8 (s), 83.5 (5}, 165.3 (5), 166.0 (s), 169.3 (5);
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HREIms caled for CjaH19NOs (M*) 281.1263, found 281.1243; Anal. Caled for C14H19NOs: C, 59.78; H,
6.81; N, 498, Found: C, 59.80; H, 6.72; N, 5.03.
1-Aza-2,2-bis(ethoxycarbonyl)-3-(1-methylethenyl)bicyclo[4,2,0]octan-8-one {23). 20 mg (7%) as a clear,
coloriess oil: Ry 0.34 (1:19 EtOAc-CH3Clp); ir (neat) 1750 br, 1270, 1225, 1210, 1200 cm-l; 1H nmrd 1.27
(t, /=7.2, 3H, CHyCH3), 1.31 (t, /=7.2, 3H, CH2CH3), 1.42 (gd, /=11.3 and 3.7, 1H, NCHCH>-cis(axial)),
1.73 (br s, 3H, CHz3), 1.75 (qd, J=12.4 and 2.9, 1H, NCHCHCHj-trans(axial)), 1.86 (dq, J=14.1 and 3.8, 1H,
NCHCH2CH3z-cis(equatorial)), 2.14 (dq, J=12.8 and 3.3, 1H, NCHCH2-rrans(equatorial)), 2.58 (dd, /=14.6
and 2.1, 1H, COCHy-cis), 3.08 (dd, J=12.2 and 3.6, 1H, CH), 3.10 (dd, J=14.6 and 4.8, TH, COCHp-trans),
3.89 (dtd, /=11.3, 4.5, and 2.1, 1H, NCH), 3.99-4.12 and 4.21-4.45 (two m, 4H, 2 x CH2CH3), 4.86 (br s, iH,
=CHE), 4.89 (pentet, J=1.4, 1H, =CHz); 13C nmr 8 (multiplicity of off-resonance decoupled 13C nmr) 13.7
(@, 13.9 (@), 23.1 (g), 25.0 (t), 30.5 (1), 43.8 (1), 46.5 (d), 48.4 (d), 61.4 (1), 62.6 (1), 68.5 (s), 114.5 (1), 144.1
(s), 164.1 (s), 165.6 (s), 167.3 (5); HREIms calcd for C1gH3NO5 (M*) 309.1576, found 309.1566.
Diastereomeric malonyl dimers (24a}:

One diastereomer: 21 mg (4 mass%), as a colotless oil: R¢0.47 (1:1 EtOAc-hexanes); 1H nmr & 1.308 (1,
J=1.2,2 % 3H, CHoCH»), 1.314 (t, J=7.2, 2 x 3H, CHCHs), 1.45-1.57 {(m, 2 x 1H, CH>CH;CH=), 1.58 (br s,
2 x 3H, CH3), 1.67 (br s, 2 x 3H, CH3), 1.78-2.06 (m, 2 % 3H, CH>CH= and one of CH2CH>CH=), 2.44 (dd,
J=14.4 and 1.9, 2 x 1H, COCH3-cis), 3.06 (dd, /=14.5 and 3.5, 2 x 1H, COCHg-trans), 3.87-3.98 (m, 2 x 1H,
NCH), 4.23-4.38 (m, 8H, 4 x CH2CH3), 5.05 (im, J;=6.9, 2 x 1H, CH=); CIms (isobutane) m/z (rel. int.) 621
(MH*, 100}, 579 (MH* - CoH20, 72), 310 (M =+ 2)*, 13); FABms m/z 579 (MH* - CzHz0).

One diastereomer: 30 mg (5 mass%}). as a colorless oil: Rr0.42 (1:1 EtOAc-hexanes); IH nmr & 1.30 (1,
J=7.1,2 x 3H, CHyCHz3), 1.31 (t, J=7.2, 2 x 3H, CHpCHs}, ~1.5 — ~1.7 (m, 2 x 1H, CH2CHpCH=), 1.57 (br s,
2 x 3H, CH3), 1.67 {br s, 2 x 3H, CHzy), 1.79-2.05 (m, 2 x 3H, CH»CH= and one of CH2CHCH=), 2.46 (dd,
J=14.6 and 2.1, 2 x 1H, COCHy-cis), 3.07 (dd, J=14.5 and 5.5, 2 x 1H, COCHp-trans), 3.74-3.86 (m, 2 x 1H,
NCH), 4.29 (app. pentet, J=7.0, 8H, 4 x CHoCH3), 5.02 (tm, Ji=7.0, 2 x 1H, CH=); EIms m/z 620 (M*, small),
310 (M + 2)*, large); Clms (isobutane) m/z 621 (MH*, small), 310 (M + 2)*, large}; FABms m/z 579 (MH* -
CH0).

Malonyl acetate (252a): 42 mg (12%)—an authentic sample of this compound was prepared previously by an
independent route:

1-(Diethyl 2-acetoxymalonate-2-yl)-4-(4-methyl-3-pentenyl)-2-azetidinone (25a). To a stirred solution of
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103 mg (315 pmol) carbinclamine (15) in 1.5 ml pyridine was added 0.4 ml (4.2 mmol) AcaO. After stirring
for 17 h at 25°C, the solution was diluted with EtOAc, washed with several portions of 1 M HC] until the
aqueous wash remained strongly acidic, then washed with satd. NaHCQO3 and satd. NaCl, 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 (neaty 1770 br, 1230 cml; YH nmr § 1.31 (t, J=7.1, 6H, 2 x CH2CH3), 1.45-1.57 (m, 1H,
CH2CH;CH=), 1.60 (s, 3H, CHg3), 1.69 (d, /=1.0, 3H, CHz3), 1.99 (br q, /=7.2, 2H, CHa2CH=), 2.04-2.18 (m,
1H, CH2CHzCH=), 2.19 (s, 3H, COCH3), 2.63 (dd, J=15.2 and 2.9, 1H, COCHy-cis), 3.06 (dd, J=15.2 and
5.6, 1H, COCH3z-trans), 4.05-4.15 (m, 1H, NCH), 4.32 (q, J=7.1, 4H, 2 x CH>CHa), 5.08 (tm, J;=7.0, 1H,
CH=); 13C nmr 8 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 Ci1gH23NOs (M - CH3COzH)* 309.1576, found 309.1574; FABms
gave MH* 370.

A representative Mn((QAc)z-promoted reaction: The reaction of B-lactam (9b) with Mn(QAc)3 in
EtOH.52b¢ To a degassed solution of 682 mg (2.5 mmol) of Mn(QAc)3#2H0 in 5 ml of EtOH under N
was added a degassed solution of 302 mg (1.0 mmol} of f-lactam (9b) in 5 ml of EtOH. After stirring for 20
h at 25°C, the suspension was diluted with H20 and extracted with EtOAc. The organic phase was washed
with satd. NaHCO3 and satd. NaCl, dried, concentrated, and chromatographed eluting with I:1 EtOAc-
hexanes to afford 228 mg (76%) of diastereomeric malonyl dimers (2db), which were partially separated by
chromatography to obtain samples of the individual racemic diastereomers for characterization:

One diastereomer: Ry0.35 (1:1 EtOAc-hexanes); ir (neat) 1760 br, 1240 cm!; IH nmr 8 1.32 (1, J=7.2, 2 X
3H, CHCHa), 1.33 (1, J=7.2, 2 x 3H, CHCH3), 1.61-1.73 (m, 2 x 1H), 1.75 (1, /=2.3, 2 x 3H, =CCHj), 1.95-
2.12 (m, 2 x 2H), 2.14-2.28 (m, 2 x 1H), 2.52 (dd, J=14.6 and 2.0, 2 x 1H, COCHz-cis), 3.17 (dd, /=14.6 and
5.4, 2 % 1H, COCHgp-trans), 4.04-4.14 (m, 2 x 1H, NCH), 4.31 (g, J=7.2, 8H, 4 x CH>CH32); 13C nmr § 3.3,
13.6,15.3,32.1,41.9, 55.2, 63.1, 76.5, 77.5, 164.2, 164.6, 167.5; FABms m/z (rel. int.} 589 (MH*, 13), 547
(MH?* - CoH20, 100); CIms (isobutane) m/z (rel. int.) 589 (MH*, 64), 547 (MII* - CoH20, 19), 296 (100).
One diastereomer: Ry0.29 (1:1 EtOAc-hexanes); ir (neat) 1760 br, 1240, 1030 cm-1; 1H nmr § 1.31 (1,
J=1.2,2x 3H, CHCHs), 1.34 (t, /=7.2, 2 x 3H, CHyCH3), 1.61-1.79 (m, 2 x 1H), 1,75 (t, /=2.4, 2 x 3H,
=CCH3), 1.88-2.12 (m, 2 X 2H), 2.14-2.27 (m, 2 x 1H), 2.54 (dd, /=14.8 and 1.9, 2 x 1H, COCH3-cis), 3.13
(dd, J=14.7 and 5.6, 2 x 1H, COCHy-trans), 3.91-4.02 (m, 2 x 1H, NCH), 4.31 (g, /=7.2, 2 X 2H, CH»CH3),
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432 (g, J=7.2, 2 x 2H, CH2CH3); 13C nmr 5 3.4, 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 m/z (rel. int.) 586 (MH*, 10}, 547 (MH* - C2H20, 100); CIms (isobutane) m/z
(rel. int.} 589 (MHT, 48), 547 (MH* - CoH,0, 12), 296 (100).

1-(Diethyl 2-acetoxymalonate-2-yl)-4-(3-pentynyl)-2-azetidinone (25b). Ir (neat) 2220w (C=C), 1760 br,
1230, 1050 cm-1; 1H nmr & 1.310 (t, J=7.1, 3H, CH2CH3), 1.314 (t, /=7.1, 3H, CH2CH3), 1.61-1.73 (m, 1H,
CHCH,CHa), 1.76 (1, 7=2.5, 3H, =CCH3), 2.13-2.33 (m, 3H, CHCH>CHb»), 2.20 (s, 3H, COCH3), 2.76 (dd,
J=15.3 and 2.9, 1H, COCHa-cis), 3.12 (dd, J=15.3 and 5.6, |H, COCHp-trans), 4,17-4.25 (m, 1H, NCH), 432
(q. J=7.1, 4H, 2 x CHoCH3); 13C nmr 8 3.4, 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 C7H24NO7 (MH*) 354.1553, found 354. 1540.

Bicyclic alcohol (27). Ozone-enriched oxygen was bubbled through a stirred suspension of 113 mg (363
umol) of B-lactam (9a) in 2.0 ml of anhyd. CH2Cly 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 room temperature while stirring overnight under N2. After stirring for 16 h at 25°C,
the solution was diluted with EtQAc, washed with HoO and satd. NaCl, dried, and concentrated to afford 110
mg of a dark yellow oil, 'H nmr showed a mixture of B-lactams, 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.

1-Aza-2,2-bis(ethoxycarbonyl)-3-acetoxybicyclo[4.2.0}octan-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 9.20 ml (2.1 mmol} of Ac;O.
After stirring for 18 h at 25°C, the solution was diluted with EtQAc, washed with several small portions of

1 M HCI until the aquepus phase remained strongly acidic, then washed with H20, satd. NaHCQO3, and satd.
NaCl, dried, concentrated, and then chromatographed eluting with 2:3 EtOAc-hexanes to afford 27 mg (40%)
of acetate (28), as a clear, colorless oil; ir (neat) 1750 br, 1230 em-1; 1H nmr & 1.30 (1, /=7.2, 3H, CH2CH3),
132 (t, J=7.1, 3H, CHaCHj3), 1.54-1.79 (m, 2H, one each of CH2CH>), 2.04 (s, 3H, CHa), 2.05 (dq, /=129
and 4.0, 1H, CH2CHO), 2.16 (dq, J=12.9 and 4.1, 1H, NCHCHy), 2.54 (dd, /=14.8 and 1.9, 1H, COCHz-cis),
3.18 (dd, J=14.8 and 4.9, 1H, COCHa-trans), 3.99 (dud, /=10.5, 4.8, and 1.9, 1H, NCH), 4.22-4.43 (m, 4H, 2
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% CHxCH3), 5.41 (dd, J=10.5 and 3.9, 1H, CHOAc); 13C nmr 513.7, 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 CisH21NO7 (M*) 327.1318, found 327.1332.
1-Aza-2,2-bis(ethoxycarbonyl)-3-methanesulfonoxybicyclo[4.2.0]octan-8-one (29). (Procedure?$) To a
stirred solution of 122 mg (428 pmol) of crude epimeric alcohol (27) in 1.0 ml of pyridine under Ny was
added 100 pl (1.3 mmol) of methanesulfonyl chloride. After stirring for 1.5 h at 25°C, the solution was
diluted with EtOQAc, washed repeatedly with 0.5 M HCl until the agueous phase remained strongly acidic, then
washed with H20, satd. NaHCO3, and satd. NaCl, dried, concentrated, and then chromatographed eluting with
2:3 — 1:1 EtQAc-hexanes to afford 43 mg (28%) of mesylate (29), as a clear, colorless oil; ir (neat) 1769
(CON), 1753, 1738, 1364, 1179 cml; 1H nmr 8 1.32 (1, J=7.1, 6H, 2 x CH2CH3), 1.60 (gm, J¢=13.3, 1H,
NCHCHp), 1.96 (gm, J4=13.4, 1H, CH2CHO), 2.23 (dq, J=13.6 and 4.2, 1H, NCHCH?2), 2.34 (dd, J=13.4 and
4,0, 1H, CH2CHO), 2.53 (dd, J=14.9 and 1.9, 1H, COCH2-cis), 3.13 (g, 3H, CH3}, 3.20 (dd, /=149 and 5.0,
1H, COCHz-trans), 4.02 (dtd, J=10.8, 4.7, and 1.8, 1H, NCH), 4.23-4.46 (m, 4H, 2 x CH2CH3), 5.08 (dd,
J=11.6 and 4.1, 1H, CHOMs); 13C nmr 3 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 caled for C14H21NOgS (M*) 363.0988, found 363.0981.
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