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Catalytic, Asymmetric Synthesis of the Carbacephem Framework 
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A catalytic, asymmetric synthesis of the carbacephem B-lactam framework is reported. The initial 
asymmetric center was established by catalytic hydrogenation of j3-keto ester 12 with (S)-Ru-BINAP. 
The /3-lactam ring was prepared using the hydroxamate approach (14 - 16). The nitrogen 
substituent at  C7 was introduced by the nucleophile transfer reaction (15 - 171, and the six- 
membered ring of the carbacephem was prepared by a directed Dieckmann condensation (24 - 
25). 

Introduction 

After 50 years, p-lactam antibiotics are still among the 
most beneficial compounds for the treatment of often 
otherwise fatal infections. However, the developed re- 
sistance by bacteria to p-lactam antibiotics has motivated 
the scientific community to seek solutions to this daunt- 
ing problem. In an ongoing search for new and better 
antibiotics, the carbacephem p-lactam nucleus 1, a carbon 
analog of the most widely used cephalosporin class of 
antibiotics 2, was first introduced in 1974.' In 1992, 
Lorabid (31, the first in the new class of carbacephem 
antibiotics, received FDA approval for marketing. In- 
terestingly, Lorabid (3) possesses a spectrum of biological 
activity similar to Ceclor (41, the largest selling oral 
antibiotic, but is substantially superior in chemical 
stability.2 Thus, there is considerable potential for 
designing new and more reactive carbacephems with 
potent antibacterial activity that have no parallel cepha- 
losporin der i~a t ive .~  
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The carbacephem nucleus has been the target of much 
synthetic effort, although the development of practical 
syntheses for pharmaceutical application is still of con- 
siderable i n t e r e ~ t . ~  A previous publication from our 
laboratory described a short, diastereoselective synthesis 
of the carbacephem framework from a key P-hydroxy-a- 
amino acid derivative 6 (equiv l).5 In addition, a new 

@ Abstract published in Advance ACS Abstracts, August 1, 1994. 
(1) Guthikonda, R. N.; Cama, L. D.; Christensen, B. G. J. Am. Chem. 

Soc. 1974,96, 7584. 
(2) (a) Mataukma, I.; Yoshiiye, S.; Mochida, K; Hashimoto, Y.; Sato, 

K; Okachi, R.; Hirata, T. Chem. Pharm. Bull. 1989, 37, 1239. (b) 
Blaszczak, L. C.; Brown, R. F.; Cook, G. K.; Homback, W. J.; Hoying, 
R. C.; Indelicato, J. M.; Jordan, C. L.; Katner, A. S.; Kinnick, M. D.; 
McDonald, J. H., 111; Morin, J .  M., Jr.; Munroe, J. E.; Pasini, C. E. J. 
Med. Chem. 1990, 33, 1656. (c) Howard, A. J.; Dunkin, K. T. J. 
Antimicrob. Chemother. 1988, 22, 445. (d) Mochida, K; Ogasa, T.; 
Shimada, J.; Hirata, T.; Sato, K; Okachi, R. J. Antibiot. 1989,42,283. 
(e) Sato, K.; Okachi, R.; Matsukuma, I.; Mochida, K; Hirata, T. J. 
Antibiot. 1989,42,1844. (0 Pasini, C. E.; Indelicato, J. M. Pharm. Res. 
1992, 9, 250. 
(3) Cooper, R. D. G. In The Chemistry ofBeta-lactans; Page, M. I., 

Ed.; Chapman & Hall: London, 1992; p 272-305. 

0022-3263I94/1959-4862$Q4.50/0 

RccmH+l 

method for the synthesis of a carbacephem precursor was 
developed from key intermediate P-hydroxy ester 6.6 
Described herein is the first catalytic, asymmetric syn- 
thesis of this important ring system from a simple 
,&hydroxy acid derivative 6. 

Results and Discussion 
Optically active p-lactams can be prepared from chiral 

B-hydroxy acid derivatives utilizing the hydroxamate 
approach developed in our laboratories.' In the realm 
of burgeoning asymmetric reactions, the BINAP chiral 
catalysts (e.g., 7) are now well established for catalyzing 

S-Ru-BINAP 
7 

several synthetic transformations with high enantiose- 
lectivity.8 The high enantioselectivity and the remark- 
able substrate to catalyst ratios observed with Ru-BINAP 
in the asymmetric hydrogenation of /3-keto esters was 
particularly encouraging for developing an efficient route 
to the carbacephems and /3-lactam derivatives in general.g 
The Ru-BINAP-catalyzed asymmetric reduction has been 
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Synthesis of the Carbacephem Framework 

Scheme 1 
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used to make the a-hydroxyethyl side chain of a key 
intermediate for the synthesis of thienamycin and other 
biologically active  lacta tam^.^^-^ 

The differentiated B-keto diester 12, which contains six 
of the eight carbons of the carbacephem framework, was 
prepared to test the Ru-BINAP methodology (Scheme 1). 
Refluxing succinic anhydride 10, t-BuOH, and catalytic 
amounts of DMAP and N-hydroxysuccinimide in toluene 
provided mono tert-butyl ester 11. The magnesium salt 
9 from acid 81° was prepared as an acetate anion 
equivalent. Activation of acid 11 with carbonyldiimida- 
zole and addition of magnesium salt 9, according to 
literature precedent, gave @-keto ester 12.11 

The (SI-Ru-BINAP catalyst was prepared from com- 
mercially available (S)-BINAP and (RuClycyclooctadiene), 
according to precedent. l2 The crude catalyst smoothly 
reduced /?-keto ester 12 to afford p-hydroxy ester 13 
under the routinely accessible conditions of 50 psi of 
hydrogen and 80 "C. Enantiomeric excesses were gener- 
ally 98% or better, and substrate to catalyst ratios greater 
than 3000 could be obtained without any observable loss 
of enantioselectivity. The enantioselectivity of the reduc- 
tion could be accurately measured by integration of the 
tert-butyl ester resonance in the lH NMR spectrum in 
the presence of the chiral shift reagent E ~ ( h f d 3 . l ~  The 
( S )  absolute configuration shown for @-hydroxy ester 12 
is based upon considerable precedent.8aJ2 Interestingly, 
if temperatures greater than 100 "C were used a loss of 
enantioselectivity was observed. 

&Hydroxy ester 13 was transformed into crystalline 
hydroxamates 14a,b by two different procedures. Hy- 
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droxaminolysis of 13 followed by acetylation provided 
hydroxamate 14a after an aqueous extractive workup.14 
Alternatively, hydroxamate 14b was prepared in higher 
yield by treatment with 0-benzylhydroxylamine*HCl in 
the presence of a stoichiometric amount of M e d l  catalyst 
without coincident elimination of the @-hydroxyl group.l5 
Several other procedures for preparing hydroxamate 14b 
directly from methyl ester 13 and O-benzylhydroxy- 
lamine were unsuccessful. Both hydroxamates 14a,b 
were cyclized to the corresponding @-lactams 16a,b using 
tiphenylphosphine and carbon tetrachloride in the pres- 
ence of triethylamine.14J6 The lower yield of @-lactam 
15a probably reflects the lability of the acetate group 
upon column chromatography. 

Having set the absolute stereochemistry a t  C4 of the 
@-lactam, a nitrogen substituent was still needed at the 
C3 position. A mild and general reaction was recently 
discovered in this laboratory for the introduction of 
nucleophiles to the a-position of @-lactams utilizing the 
additional reactive NO functionality. l7 Both @-lactams 
16a,b were transformed to azido /?-lactam 17 utilizing 
the "nucleophile transfer reaction". A one-pot reaction 
was developed for transforming @-lactam 16a to azido 
@-lactam 17. The acetate of 16a was easily removed by 
base hydrolysis, and the intermediate N-hydroxy-@- 
lactam was immediately carried on due to known rear- 
rangements of this type of compound.18 Reaction with 1 
equiv of tosylazidelg and 2 equiv of triethylamine pro- 
vided for moderate yields (30%) of azido @-lactam 17. The 
addition of 0.5 equiv of TMSNa to the same reaction 
increased the yield of the reaction to 58% for the overall 
transformation of 16a to 17 accomplishing acetate re- 
moval, diastereoselective azide introduction, and N-0 
bond reduction in one pot. 

The overall conversion from 15b to 17 could also be 
carried out stepwise. The benzyl group of 16b was 
removed by hydrogenolysis, and the intermediate N-hy- 
droxy-@-lactam was converted to tosylate derivative 16 
which could be isolated after chromatography and char- 
acterized. The azide substituent was introduced by 
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Scheme 6 Scheme 3 

18 17 

a Conditions: (a) one-pot reaction to 17 from Ea, (1) NaZCOs, 
CH3OH; HC1, (2) TsN3, EtsN, TMSN3, CHsCN, 58%; (b) (1) Pd/C, 
Hz, CH30H; (2) TsC1, EtsN, CHzClz 96%. 

Scheme 4 

18 19 20 

treatment of activated /?-lactam 16 with ( iPr )gEt  and 
TMSN, in CH&N to provide 17 in 67% yield following 
chromatographic purification. , 

Although other mechanisms have not been rigorously 
excluded, the mechanism for addition of nucleophiles to 
the a-position of N-(tosy1oxy)-/?-lactams is believed to 
proceed through an SN~' addition of appropriate nucleo- 
philes to enol 19 providing /?-lactams 20 with predomi- 
nantly trans stereochemistry. Due to the generality of 
the Ru-BINAP methodology and the nucleophile transfer 
reaction, the methodology described here offers tremen- 
dous potential for the synthesis of a variety of /?-lactams 
20 with near-exclusive control of absolute stereochemis- 
try and type of substituents at  both the C3 and C4 
stereocenters. Although there are several strategies for 
asymmetric synthesis of /?-lactams, this synthesis rep- 
resents a flexible catalytic, asymmetric synthesis.20 Also, 
considering the structural variety of nontraditional /?-lac- 
tams having inhibitory activity against serine protease, 
human leukocyte elastase,2l and cysteine proteases,22 this 
synthesis offers much potential for preparation of a large 
variety of /?-lactams for determinin structure-activity 

To complete the synthesis of the carbacephem frame- 
work, several methods were contemplated. The six- 
membered ring of the bicyclic carbacephem nucleus has 
been formed by a rhodium-catalyzed insertion reaction 
of a-diazo-&keto esters in our laboratory and others.23 
The directed Dieckmann cyclization also is efficient for 
forming the six-membered ring of ~a rbacephems .~~  To 
demonstrate the flexibility of our methodology, appropri- 
ate precursors for the Dieckmann condensation were 
made (Scheme 5). Azido /?-lactam 17 was alkylated with 
benzyl bromoacetate using cesium carbonatez5 as base 
to furnish 21 with all the carbons needed for the carba- 
cephem framework. The tert-butyl ester was selectively 
removed with trifluoroacetic acid to give acid 22, which 

relationships in these new areas of 7 rapid development. 
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was purified by aqueous extraction. The phenyl ester 23 
was obtained by treating acid 22 with phenyl chlorofor- 
mate and triethylamine. Treatment of diester 23 with 
NaO-t-Bu a t  -78 "C for 5 min gave a bicyclic /?-lactam 
which was generally not isolated. Instead, the crude 
mixture was treated with tert-butyldimethylsilyl chloride 
and EtsN in DMF to provide the protected carbacephem 
framework 24 in good yield. 

For biological activity with carbacephems, cis stereo- 
chemistry is required for the substituents on C6-C7 of 
the /?-lactam ring.26 There are several procedures for 
epimerizing the C7 stereocenter of the /?-lactam based 
upon quench of a kinetic enolate:' thermodynamic 
epimerization with weak base,26 or hydride reduction of 
chloral imines a t  C7.28 To avoid the need for a stereo- 
chemical correction, methods for stereoselective introduc- 
tion of a nitrogen substituent with an intramolecular 
nucleophile transfer reaction are being investigated and 
will be reported in the future. 

In conclusion, a catalytic, asymmetric synthesis of the 
carbacephem framework was developed. Through the 
use of the Ru-BINAP-catalyzed asymmetric hydrogena- 
tion and the nucleophile transfer reaction methodology, 
there is great potential for the synthesis of P-lactam 
derivatives in general with near-exclusive control of 
stereochemistry and types of substituents a t  C3 and C4 
of the /?-lactam ring. 

Experimental Section 

General Methods. Descriptions of instruments, general 
procedures, and chromatographic procedures have been pub- 
lished prev io~s ly .~~  

Butanedioic Acid, Mono-1,l-dimethylethyl Ester (11).30 
Succinic anhydride (60 g, 0.6 mol) was suspended in 350 mL 
of toluene under an argon atmosphere. N-Hydroxysuccinimide 
(0.3 equiv, 20 g, 0.18 mol), 4-(dimethylamino)pyridine (0.1 
equiv, 0.06 mol, 7 g), dry tert-butyl alcohol (3 equiv, 170 mL), 
and EtsN (0.3 equiv, 0.18 mol, 25 mL) were added to the 
solution. Dissolution occurred upon refluxing for 1 day. After 
cooling, ethyl acetate (150 mL) was added, and the organic 
layer was washed three times with 10% citric acid and once 
with brine, dried over MgSOr, filtered, and evaporated to give 
74.3 g (71%) of brown solid. Recrystallization with ether gave 
white crystals of 11 [mp = 49-51°C, (lit.30 mp = 50-51.5 "C)]. 
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Hexanedioic Acid, S-Oxo-l-methyl-&(l,l-dimethyleth- 
yl) Ester (12L31 Monomethyl malonate (8, 1.1 equiv, 7.522 
g, 63.7 mmol) was dissolved in THF (100 mL) and cooled to 
-78 "C. A 0.5 M solution of dibutylmagnesium in heptane 
(0.55 equiv, 31.8 mmol, 63.7 mL, Aldrich) was added slowly. 
The solution was stirred at -78 "C for 10 min and then allowed 
to warm to room temperature for 1 h. The solvent was 
removed to give 9 as a white hygroscopic solid. 

Succinate 11 (10.08 g, 57.9 "01) was dissolved in THF (100 
mL) and cooled to 0 "C. Vigorous bubbling was observed upon 
addition of 1,l'-carbonyldiimidazole (1.1 equiv, 10.327 g, 63.7 
mmol). The solution was warmed to room temperature for 1 
h and then transferred to solid 9 via cannula. After 2 days, 
the solution was evaporated to half volume, and 150 mL of 
EtOAc was added. The resulting organic solution was washed 
with three 75-mL portions of 10% citric acid, two 75-mL 
portions of saturated NdC03,  and 50 mL of brine, dried over 
MgS04, filtered, and evaporated. Chromatographic purifica- 
tion of the residue with 30% EtOAc in hexanes gave 10.89 g 
(82%) of 12 as an oil: 'H NMR (CDC13) 6 3.74 (s,3H), 3.51 (8, 
2H), 2.81 (t, 2H, 6.3 Hz), 2.53 (t, 2H, J = 6.3 Hz), 1.44 (S,9H); 

29.39, 28.13; IR (neat, cm-l) 3440 (br), 2960-2850, 1740 + 
1715 (as a shoulder); HRMS calcd for C ~ H Q O ~  (M -73, C&O) 
157.0501, found 157.0521. 

Hexanedioic Acid, 3-Hydroxy-l-methyl-6-( 1,l-dimeth- 
ylethyl) Ester (13). j3-Keto diester 12 (1.703 g, 7.40 mmol) 
was dissolved in methanol (25 mL) and cooled to -30 "C under 
an argon atmosphere. Bubbling was observed upon addition 
of NaBH4 (84 mg, 0.3 equiv, 2.22 mmol). The mixture was 
warmed to  10 "C and after 15 min quenched with 25 mL of 
cold brine. The solution was extracted with three 25-mL 
portions of ether. The organic layer was dried over MgS04, 
filtered, and evaporated. The residue was purified chromato- 
graphically with 30% ethyl acetate in hexanes to give 1.326 g 
(77%) of alcohol 13 as an oil: lH NMR (CDC13) 6 4.04 (m, lH), 
3.71 (9, 3H), 3.2 (s br, lH), 2.38-2.50 (m, 4H), 1.72-1.8 (m, 
2H), 1.45 (9, 9H); 13C NMR (CDC4) 6 173.08, 173.05, 80.48, 
67.40, 51.75, 41.27, 31.72, 31.51, 28.11; IR (neat) cm-' 3460 
(s br), 2900-2980 (s), 1725 (vs); HRMS calcd for C7H1105 (M 
-56, C&) 176.068 47, found 176.0681. 

Preparation of (S)-Ruthenium(I1) Chlorobis(diphe- 
ny1phosphino)binaphthyl. The Ru-BINAP catalyst is air 
sensitive; all procedures were carried out under an argon 
atmosphere. The reaction vessel was a thick-walled round- 
bottom flask equipped with a pressure resistant stopcock. Use 
of a Firestone valve allowed manipulations without air con- 
tamination. The reaction vessel was charged with BINAP (100 
mg, 0.161 mmol, Aldrich), RuClz-cyclooctadiene (39 mg, 0.139 
"01, Fluka), triethylamine (0.275 mL), and toluene (4 mL). 
The mixture was deoxygenated by repeatedly (4x) drawing a 
vacuum and venting to argon through a Firestone valve. The 
vessel was sealed and heated with an oil bath to 130 "C for 
2.5 h. After 45 min, the solution became dark red. After the 
solution was cooled to room temperature, the solvent was 
removed in vacuo for 1.5 h to give a bright orange solid. The 
solid was dissolved in 10 mL of THF to give an orange liquid 
with some undissolved precipitate. The catalyst was generally 
used on the same day that it was prepared; however, it was 
usually active for 1 week, and color was indicative of activity. 
Orange to red color represented an active catalyst while dark 
green to brown catalysts generally led to lower enantioselec- 
tivities and catalyst turnover. 

Hexanedioic Acid, 3-Hydroxy-l-methyl-6-( 1,l-dimeth- 
ylethyl) Ester ((SI-13). @-Keto ester 12 (9.8 g, 42.6 mmol) 
was dissolved in deoxygenated methanol (25 mL) and placed 
in a Parr Shaker bottle under argon. The catalyst in 1.0 mL 
of THF (0.0139 mmol) was added to the solution by syringe. 
The Parr Shaker bottle was quickly attached to the Parr 
Shaker equipped with a Teflon stopper. The bottle was 
evacuated and filled with 20 psi of hydrogen three times and 

13C (CDCl3) 6 200.62, 171.46, 167.35,80.78, 52.14,49.07,37.69, 
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Snally filled to 50 psi, wrapped in a heating mantle, and heated 
(80 "C outside temperature, 65 "C internal solution tempera- 
ture). After 20 h, the bbttle was removed and the solvent was 
evaporated to give a brown liquid. The residue was purified 
chromatographically with 30% EtOAc in hexanes on silica gel 
to give 8.89 g (90%) of an oil. A 10-mg portion of 13 and 16 
mg of tris[3-(heptafluoropropy~hydroxymethylene~-~+)-cam- 
phorato]europium(III) derivative (Eu(hfc)s, Aldrich) were dis- 
solved in CDCl3 and filtered through a cotton plug into an 
NMR tube. Analysis by 1H NMR revealed only one enantiomer 
(>98% ee) by integration of the tert-butyl ester region. [al~ = 

Hexanoic Acid, 4-Hydroxy-6-0xo-B-[( 1-0xoethoxy)ami- 
no]-(1,ldimethylethyl) Ester ((S)-(14a). Hydroxylamine 
hydrochloride (3.73 g, 53.66 mmol) was dissolved in methanol 
(60 mL) with gentle steam heating, and KOH (6.0 g, 107 "01) 
was suspended in methanol (60 mL) with steam heating. After 
being cooled to room temperature, the KOH solution was added 
to the NH2OHaHC1 solution to give an immediate white 
precipitate of KC1. This solution was added to  methyl ester 
13 (8.30 g, 35.78 mmol) with ice cooling. After 24 h, acetic 
anhydride (4.5 mL, 48.3 mmol) was added followed by 0.25- 
mL portions until the mixture was 1% aqueous FeCL negative 
(no red color). The solution was quickly added to a separatory 
funnel containing 100 mL of 5% NazC03 and 250 mL of ethyl 
acetate. The organic layer was washed with two 75-mL 
portions of 5% Na2C03. The combined aqueous extracts were 
acidified with 6 M HC1 to pH 5-6 and extracted with four 150- 
mL portions of CH2Clz. The organic extracts were dried over 
MgSOc, filtered, and evaporated to give a white crystalline 
material 14a (5.22 g, 53%). Recrystallization from ether gave 
an analytical sample (mp = 72-74 "C): lH NMR (CDC13) 6 
4.07 (m, lH), 2.47-2.39 (m, 4H), 2.23 (s,3H), 1.81 (q,2H, J =  
6.6 Hz), 1.45 (s, 9H); (CDCl3) 6 173.73, 169.61, 168.88, 
81.05, 67.89, 40.76, 31.92, 31.57, 28.05, 18.27;  ID = +12.8" 

-3.9" (CH30H, c = 1). 

(CH2C12, c = 1); IR cm-l3650 br, 3200 br, 1790-1780,1730- 
1675; HRMS calcd for C8H13N06 (M - 56, C4Hd 219.074 29, 
found 219.0741. Anal. Calcd for C12HzlN06: C, 52.35; H, 7.69; 
N, 5.09. Found: C, 52.09; H, 7.72; N, 5.06. 

Hexanoic Acid, 4-Hydroxy-6-0~0-6-[ (phenylmethoxy)- 
amino]-1,l.dimethylethyl Ester ((S)-14b). To a suspension 
of HCbH2NOBn (2.8 g, 17.5 mmol, Aldrich) in CHzClz (40 mL) 
with ice bath cooling was added Me& (8.8 mL, 17.5 mmol, 2 
M solution in hexanes, Aldrich) over 10 min. The solution was 
warmed to room temperature for 1 h and then recooled with 
an ice bath. Methyl ester 12 (2.32 g, 10 mmol) in 10 mL of 
CHzClz was added dropwise. The cloudy solution was stirred 
overnight to give a clear solution. The solution was cooled in 
an ice bath, and 50 mL of 10% citric acid solution was added 
slowly and stirred for 1 h. The mixture was extracted with 
three 50-mL portions of CHzC12. The organic layer was 
extracted with two 50-mL portions of 10% citric acid, once with 
50 mL of NaHC03, and once with 40 mL of brine, dried over 
NaS04, filtered, and evaporated to give 2.65 g (82%) of 14b as 
a white solid. An  analytical sample was obtained by recrys- 
tallization from etherhexanes (mp = 72-74 "C): Rf = 0.18 
(1:l Et0Ac:hexanes); 'H NMR (CDCl3) 6 9.45 (br s, lH), 7.35 
(s, 5H), 4.87 (s, 2H), 3.94 (m, lH), 3.45 (br s, lH), 2.1-2.5 (m, 
4H), 1.6-1.75 (m, 2H), 1.43 (s,9H); 13C NMR (CDCl3) 6 173.24, 
169.54, 135.06, 128.98, 128.41, 128.26, 80.39, 77.91, 67.53, 
39.99, 31.62, 31.52, 27.85; IR cm-' in CHC13 3330 br, 2880- 
3040, 1735, 1650, 1365, 1150, 740; [UID = +13.3" (CHCl3, c = 
1); HRMS IBCI calcd MH+ for C17H25N05 324.1811, found 
324.1820. Anal. Calcd for C17H~5N05 C, 63.14; H, 7.79; N, 
4.33. Found: C, 63.01; H, 7.74; N, 4.37. 

2-Azetidinepropanoic Acid, 1-(1-Oxoethoxy)-4-oxo-( 1,l- 
dimethylethyl) Ester ((R)-lSa). To hydroxamate 14a (2.188 
g, 7.95 mmol) dissolved in CH3CN (55 mL) and CCl4 (2 mL) 
was added triethylamine (1.2 mL, 8.74 mmol) and triph- 
enylphosphine (2.30 g, 8.74 mmol). The reaction was stirred 
overnight and evaporated to  give a solid. The residue was 
purified chromatographically with 30% EtOAc in hexanes to 
give 1.545 g of 1Sa (76%) as a clear oil: lH NMR (CDC13) 6 
4.11 (ddd, lH, J = 2.7 Hz, 6 Hz, 12.3 Hz), 3.04 (dd, lH, J = 
13.8 Hz, 5.7 Hz), 2.56 (dd , lH, J = 13.8 Hz, 2.7 Hz), 2.39 (t, 

(31) Brooks, D. W.; de Lee, N. C.; Peevey, R. Tetrahedron Lett= 
25, 4623. 
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2H, J = 7.5 Hz), 2.18 (8, 3H), 2.08-1.95 (m, 2H), 1.45 (8, 9H); 

31.41,28.03,27.90,17.98; IR cm-l (neat oil) 1810-1770,1720; 
HRMS calcd for CsHllNOs (M - 56, C a s )  201.063 72, found 
201.0635; isobutane CI for ClzHlgN05 MH+ of 258; [ a l ~  = 

2-Azetidinepropanoic Acid, 4-Oxo-l-(phenylmethoxy)- 
(1,l-dimethylethyl) Ester ((R)-lSb). Prepared by the same 
procedure as for Ma: Rf = 0.50 (50% EtOAc in hexanes); lH 
NMR (CDCl3) 6 7.4 (m, 5H), 4.98 (d, lH, J = 11.1 Hz), 4.930 
(d,1H,J=11.1Hz),3.57(m,1H),2.719(dd,1H,J=5.1,13.5 
Hz), 2.311 (dd, lH, J = 2.4,13.5 Hz), 2.19-2.25 (m, 2H), 1.85- 
1.95 (m, lH), 1.65-1.80 (m, lH), 1.44 (s,9H); 13C NMR (CDCb) 
6 171.60, 163.85,135.06, 129.21,128.92,128.54,80.66,78.03, 
56.87,37.49,31.29,27.96,27.63; IR cm-' neat oil 1770 s, 1725s, 

calcd for C17H23N04 306.1703, found 306.1691. 
2-Azetidinepropanoic Acid, 1-[[(4-Methylphenyl)sul- 

fonyl]oxy]-4-0~0-2-( 1,l-dimethylethyl) Ester ((R)-16). To 
@-lactam 1Sb (890 mg, 2.92 mmol) dissolved in MeOH (6 mL) 
was added 10% Pd/C (200 mg). The solution was then placed 
under a Hz atmosphere with a balloon for 1.5 h until judged 
complete by TLC (product Rf = 0.17, PMA visualization, 50% 
EtOAc in hexanes). The catalyst was filtered off through a 
Celite pad and rinsed thoroughly with EtOAc. The filtrate 
was evaporated, redissolved ___  CHzClz (5 mL), and tosyl 
chloride (557 mg, 2.92 mmol) followed by Et3N (407 pL, 2.92 
mmol) were added. After 30 min, the solvent was evaporated. 
The residue was redissolved in a minimal amount of CHC13 
and purified chromatographically with 40% EtOAc in hexanes 
to give 1.03 g (96%) of 16 as a clear oil which crystallized in 
the freezer (mp 60-61.5 "C): 'H NMR (CDCl3) 6 7.87 (d, 2H, 
J = 8.4 Hz), 7.38 (d, 2H, J = 8.4 Hz), 4.04 (m, lH), 2.86 (dd, 
lH, J = 6.0, 14.4 Hz), 2.46 (8 ,  3H) overlapped with (dd, lH), 
2.25-2.33 (m, ZH), 2.1-2.2 (m, lH), 1.8-1.95 (m, lH), 1.45 

129.91, 129.03,80.75,58.97,37.82,30.97, 27.91,27.13, 21.70; 
IR cm-l neat oil 1800, 1725, 1595; [ a h  = 81.0" (CHC13, c = 1); 
HRMS (FAB) MH+ calcd for C I ~ H Z ~ N O ~ S  370.1324, found 
370.1330. 
2-Azetidinepropanoic Acid, 3-Azido4-oxo-(l,l-dimeth- 

ylethyl) Ester (trana-(2R,3R)-17). To B-lactam acetate M a  
(334 mg, 1.298 mmol) dissolved in 10 mL of methanol and 5 
mL of water was added Na2C03 (343 mg, 3.25 mmol, 2.5 equiv) 
followed by another 2 mL of water to  promote dissolution of 
the salt, After 20 min, only N-hydroxy-@-lactam was apparent 
by TLC (Rf = 0.16,1:1 Et0Ac:hexanes). The reaction mixture 
was acidified to pH 5 with 3 M HC1 and extracted with four 
15-mL portions of CHzC12. The organic layer was dried over 
MgS04, filtered, and evaporated. The residue was immedi- 
ately dissolved in 9 mL of dry CH&N with ice bath cooling. 
To this solution was added tosyl azide (427 mg, 1.389 mmol, 
1.07 equiv), triethylamine (452 pL, 3.245 mmol, 2.5 equiv), and 
trimethylsilyl azide (77 pL, 0.584 mmol, 0.45 equiv). The 
reaction was stirred and warmed to room temperature over- 
night. The solution turned red. The solvent was evaporated, 
and the residue was dissolved in 15 mL of EtOAc and washed 
once with 10% citric acid solution and three times with 10% 
NaHCO, solution. The organic layer was dried over MgS04, 
filtered, and evaporated. The residue was chromatographed 
with 25% EtOAc in hexanes to give, after evaporation, 172 
mg (58% overall) of 17 as colorless crystals which were 
recrystallized from CHZClz/hexanes (mp = 61-63 "C): 'H N M R  
(CDCl3) 6 6.6 (br s, lH), 4.26 (t, lH, J = 1.65 Hz), 3.56 (dt, 

(m, 2H), 1.46 (s,9H); 13C (CDC13) 6 171.68,164.26,81.28,69.55, 
56.38, 31.84, 28.53, 28.06; IR cm-l 3280 br, 2110 vs, 1770, 
1720; [a]24 = +94.4" (CHzClz, c = 1.35); CIMS mle MH+ = 
241. Anal. Calcd for C10H16N403: C, 49.99; H, 6.71; N, 23.32. 
Found: C, 50.37; H, 6.74; N, 23.29. 
Preparation of 17 from 16. To j3-lactam 16 (2.21 g, 5.99 

mmol) dissolved in CH3CN (75 mL) was added iPrzNEt (2.8 
mL, 16.75 mmol,2.75 equiv) and TMSN3 (1.6 mL, 11.98 mmol, 
2 equiv, Aldrich). After 2 h, the solution turned from clear to 
red. After 2 days, the solvent was evaporated and the residue 

13C NMR(CDCl3) 6 171.53,167.88,164.18,80.89,58.20,38.00, 

-18.8" (CHzC12, c = 1). 

1415 9, 1200s; [ a ] ~  = $14.6" (CHCl3, c = 1); HRMS IBCI MH' 

(8 ,  9H); 13C NMR (CDCl3) 6 171.41, 164.94, 146.37, 130.42, 

lH, J = 2.1 Hz, 6.6 Hz), 2.34 (t, 2H, J = 7.2 Hz), 1.90-2.02 

Guzzo and Miller 

was purified chromatographically with 40% EtOAc in hexanes 
to give 960 mg (67%) of 17 as a white solid. 
2-Azetidinepropanoic Acid, 1-[2-(Phenylmethoxy)-2- 

oxoethyl]4-oxo-3-azido-( 1,l-dimethylethyl) Ester (trane- 
(2lQ-21). To azido j3-ladam 17 (1.0 g, 4.149 mmol) dissolved 
in dry CH3CN (65 mL) under an argon atmosphere was added 
cesium carbonate (1.43 g, 4.387 mmol, 1.07 equiv) and benzyl- 
2-bromoacetate (985pL, 6.22 mmol, 1.5 equiv). After 4 h, TLC 
analysis with 50% EtOAc in hexanes showed the bromoacetate 
starting material at Rf = 0.54 (W visualization) and product 
at Rf= 0.40 (W, PMA blue). The precipitate was filtered and 
the solvent removed in uucuo. The residue was purified 
chromatographically with 30% EtOAc in hexanes to give 1.18 
g (73%) of 21 as an oil: 'H NMR (CDC13) 6 7.37 (s, 5H), 5.18 
(s, 2H), 4.29 (d, lH, J = 1.8 Hz), 4.22 (d, lH, J = 18 Hz), 3.84 
(d, lH, J = 18 Hz), 3.74 (ddd, lH, 2.1, 4, 9 Hz), 2.31 (t, 2H, J 
= 7.5 Hz), 2.0-2.1 (m, lH), 1.77-1.90 (m, lH), 1.45 (s, 9H); 

81.29, 69.01,67.59,60.39,41.74, 31.08 , 28.04,25.82; IR cm-l 
neat oil 2105 s, 1770 s, 1745 s, 1720 s; [ a l ~  = 78.9" (CHCl3, c 
= 0.9); HRMS calcd for C19H2&06 (M+ - 28, N2) 360.16852, 
found 360.1676. 
2-Azetidinepropanoic Acid, 1-[2-(Phenylmethoxy)-2- 

oxoethyl]4oxo-3-azide (trana-(2R)-22). To tert-butyl ester 
21 (152 mg, 0.392 mmol) was added anisole (43 pL, 0.392 
mmol) and trifluoroacetic acid (1.5 mL). After 15 min the 
solution was evaporated. The residue was dissolved in 10 mL 
of EtOAc and extracted with four 4-mL portions of saturated 
NaHC03. The aqueous layer was acidified to pH 2 with 3 M 
HC1 and extracted with four 10-mL portions of CHZC12. The 
organic layer was dried over MgS04, filtered, and evaporated 
to give 106 mg (82%) of 22 as an oil: 'H NMR (CDCl3) 6 9.5 
(br s, lH), 7.35 (s, 5H), 5.17 (s, 2H), 4.32 (d, lH, J = 1.8 Hz), 
4.19 (d, lH, J = 18 Hz), 3.87 (d, lH, J = 18 Hz), 3.73 (ddd, 
lH, J =  2.1,4.2,9 Hz), 2.43 (t, 2H, J =  7.2Hz), 2.10-2.15 (m, 
lH), 1.80-1.93 (m, 1H); 13C (CDCl3) 6 176.91, 167.31, 164.40, 
134.61,128.58,128.41,68.72,67.52,60.36,41.75,29.58,25.37; 
IR cm-l neat oil 3500-3000 br, 2110,1770-1700; [ a l ~  = 109.8" 
(CHCl3, c = 0.9); HRMS calcd for C15H16N205 (M+ - 28, N2) 
304.10592, found 304.1061; FAB MH+ 333. 
2-Azetidinepropanoic Acid, 1-[2-(Phenylmethoxy)-2- 

oxoethyll-4-oxo-3-azidophenyl Ester (trans-(2R)-23). To 
a solution of B-lactam 22 (115 mg, 0.346 mmol) in THF (1.5 
mL) with ice bath cooling was added E t a  (53 pL, 0.381 mmol), 
phenyl chloroformate (48 pL, 0.381 mmol), and aRer 5 min 
phenol (33 mg, 0.346 mmol). After 3 h, 15 mL of EtOAc was 
added and the solution washed with two 5-mL portions of 0.5 
M HC1, three 5-mL portions of 5% NazC03, and once with 5 
mL of brine. The organic layer was dried over MgS04, filtered, 
and evaporated. The residue was purified chromatographi- 
cally with 40% EtOAc in hexanes to give 107 mg (76%) of 23 
as an oil; Rf = 0.4 (50% EtOAc in hexanes); lH NMR (CDC13) 
6 7.31-7.41 (m, 7H), 7.24 (t, lH, J = 7.5 Hz), 7.07 (d, 2H, J = 
8.7 Hz), 5.16 (s, 2H), 4.34 (d, lH, J = 2.1 Hz), 4.21 (d, lH, J 
= 18 Hz), 3.86 (d, lH, J =  18 Hz), 3.80 (ddd, lH, J =  2.1, 4.2, 
8.7 Hz), 2.64 (t, 2H, J = 7.5 Hz), 2.18-2.31 (m, lH), 1.92- 
2.19 (m, 1H); 13C NMR (CDCl3) 6 170.62, 167.31, 163.92, 
150.26, 134.67, 129.44, 128.61, 128.45, 126.01, 121.27, 68.84, 
67.49,60.15,41.73,29.94,25.60; IR cm-l neat oil 2115,1775- 
1740, 1200; [ a ] ~  = +72.0" (CHCl3, c = 1); HRMS (FAB) calcd 
for C21H~oN405 (MH+) 409.1512, found 409.1509. 
1-Azabicyclo[4.2.0loct-2-ene-2-carboxylic Acid, 3-[[(1,1- 

Dimethylethyl)dimethylsilylloxyl-8-oxo-7-azidophenyl- 
methyl Ester (trana-(GR)-24). To @-lactam 23 (59 mg, 0.1446 
mmol) dissolved in THF (1.5 mL) at -78 "C was added t-Bu 
ONa (55 mg, 0.578 mmol, 4 equiv). The resultant yellow 
solution was quenched with 1 mL of 0.5 M HC1 and 1 mL of 
brine. To this solution was added 30 mL of ethyl acetate, and 
the organic layer was washed with 10 mL of saturated 
NaHC03 and 10 mL of brine, dried over MgS04, filtered, and 
evaporated. The residue was dissolved in 1 mL of DMF, and 
Et3N (45 pL, 0.317 mmol) and tert-butyldimethylsilyl chloride 
(48 mg, 0.317 mmol) were added. A precipitate was visible 
after 5 min. After 30 min, 30 mL of EtOAc was added. The 

13C (CDCls) 6 171.34, 167.39, 164.10, 134.79, 128.72, 128.59, 
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organic layer was washed with three 10-mL portions of 
saturated NaHCOs, and 10 mL of btine, dried over MgS04, 
filtered, and evaporated. The residue wr+s pqified chromato- 
graphically with 30% EtOAc in hexanes to give 46 mg (74%) 
of an oil after evaporation: Rf = 0.50 (50% EtOAc in hexanes, 
W, PMA); 'H NMR (CDCl3) 6 7.25-7.33 (m, 5H), 5.34 (d, lH, 
J = 12.3 Hz), 5.18 (d, lH, J = 12.3 Hz), 4.19 (d, lH, J = 1.5 
Hz), 3.52 (ddd, lH, J = 1.5, 3.6, 11.1 Hz), 2.24-2.45 (m, 3H), 
1.68-1.83 (m, lH), 0.90 (s, 9H), 0.16 ( 8 ,  3H), 0.14 (s, 3H); 13C 
NMR (75 MHz) 6 160.76, 160.15, 152.18, 135.66, 128.50, 
128.33,128.04,112.37,68.89,66.67,54.11,29.33,25.48,25.25, 
18.24, -3.81, -3.84; IR cm-' neat oil 2115, 1770, 1725, 1350; 
[ a ] ~  = f96.9 (CH2C12, c = 0.9); HRMS (FAB) calcd for 
C21H28N404Si (MH+) 429.1958, found 429.1960. 
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