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Abstract: Photolysis of optically active aminocarbene chromium complexes with N-protected imidazolmes 

produced u-amino-N-protected azapenams in good yield and with high diastereoselectivity. Removal of the 

protecting group resulted in cleaving of the plactam to give N-acylimidazolines. 

Introduction 

Despite an enormous amount of research directed towards the synthesis of new classes of fi-lactams, 

there are very few reports dealing with the synthesis of azapenams and azapenems (nitrogen analogs of the 

penicillin family). Racemic azapenems, having an sp2 hybridized center in the five membered ring, have been 

prepared by intramolecular addition of a 4-azido group to an N-allylazetidinone,l or N-propargylazetidinone,2 

by the base induced cyclization of an ester enolate to a I-isothiocyanato gro~p,~ by palladium(O) catalyzed 

carbonylation of aryl azirines, 4 and by triphenyl phosphine desulfurization of a 2-azacepham.5 Optically active 

azapenems have been prepared by the base induced ester enolate - isothiocyanate cyclization of an optically 

active monocyclic j3-lactam.6 Azapenams are considerably less common. The reaction of azido ketene with an 

imldlzoline was claimed to produce an unstable, unisolated a.zapenam.7 

Over the past several years, photochemical reactions of chromium carbene complexes have been 

Intensively studied in these laboratories. Irradiation of chromium carbcne complexes (visible light, Pyrex) 

appears to drive a reversible insertion of carbon monoxide into the metal carbon double bond, generating a short 

lived species which has the reactivity of a ketene (Scheme l).* These species undergo reaction with electron 

rich alkenes to give cyclobutanones,9 with alcohols to give a-amino acids,10 with amino acid esters to give 

dlpeptides,ll with stabilized ylides to give allenes*2 and with imines to give p-lactams.13 With optically active 

chromium aminocarbene complexes, optically active amino p-lactams are produced in excellent yield and with 

very high stereoselectivity (Eq. 1). 3e,f,h Although a very wide range of p-lactams were made by this procedure, 

azapcnams were not attempted because of their reported unstability. However. the reaction of simple chromium 

alkoxy carbene complexes with N-protected imidazolines produced alkoxy azapenams which were quite stable 

and Isolable,14 although they underwent a novel cleavage/dlmerization/cleavage reaction15 in the presence of 

acids (Eq. 2). Herein we describe studies combining the chemistry presented in Eq. 1 and Eq. 2 for the 

synthesis of amino azapenams. 
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Scheme 1 

0 R3 (CO).Cr=(Nx + 
H 

0% 1) 

297% de 
180-95% yield 

V-W 

(Eq. 2) 

Results and Discussion 

The requisite N-protected imidazolines were prepared from the knownt4Je 4,4-dimethyl-AZ-imidazoline 

1 by treatment with the appropriate electrophile (Eq. 3). The protected imidazolines 2a, 2c and 2e were 

obtained in good yield from di-terf-butyldicarbonate, p-toluenesulfonyl chloride, and benzyl chloroformate, 

respectively, whereas benzyl bromide gave 2b in only 20% yield, and benzyl sulfonyl chloride gave a 1:l 
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mixture of isomeric imidazolines 2d and 2d’. (Protection of the free NH was required to prevent its reaction 

with the photogenerated ketenes). 

NH2 
+ tBuNC T$;$ f$ $ (Eq. 3) 

NH, 

la R=tBOC 87% 
lb R=Bn 26% , 36% 
lc R=pTs 87% 

‘1 d’ 

ld R=BnSQ 36%’ 
le R=CBz 72% 

This range of protecting groups was deemed necessary because the @-lactam-forming reaction is 

sensitive to the structural features of both the carbene complex and imidazoline,t7 and not all combinations are 

successful. Indeed, imidazohnes la, lb, and le failed to form p-lactams when irradiated in the presence of the 

simple N,N-dtmethylaminocarbene chromium complex 3. Only N-tosylimidazoline lc converted cleanly to the 

destred protected or-amino azapenam 4 (Eq. 4) and the yield of the reaction was dependent on reaction 

con&tions (Table 1). As expected,lf compound 4 was produced as a single, (racemic) rruns isomer. 

$0,~Tol 

w&r+ 

NMe, 
+ [ 

hV 

- (Eq 4) 
H N 

3 
IC 4 

Table 1 

I Conditrons I 4 yie1d.a % 

CH3CN, Ar atm, 19 hr 36b 

CH$N, Ar atm, 74 hr 45”; 38c 

Et20, CO atm, 24 hr 43b 

Et20, CO atm, 7 1 hr 82” 

(a) After oxidation in sun light or in the light box and filtration through 

Celite to remove chromium residues. (b) Determined by *H NMR 

spectroscopy on the crude product. (c) After purification of the crude 

product by preparative chromatography on silica gel (ethyl acetate). 
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In contrast, optically active aminocarbene complex 5 was generally reactive towards imidazolines la-e. 

Irradiation of 5 with la-e under the optimum conditions developed in Table 1 led to fair to excellent yields of 

trans-amino azapenams 6a, 6c, 6d, 6d’, and 6e with fair to excellent stereoselectivity (Eq. 5). Only N-benzyl 

imidazoline lb failed to produce a p-lactam, converting instead to an unidentified by-product. The N- 

tosylimidazoline lc gave the best yield as well as excellent diastereoselectivity. Reaction of the t-BOC protected 

imidazoline also proceeded with very high diastereoselectivity, although two rotamers about the carbarnate group 

were obtained. The CBz-protected imidazoline gave similar yields, but with reduced diastereoselectivity, and, 

agnn, two rotamers about the carbarnate bond were obtained. In all cases, the major diastereoisomer could be 

isolated pure and in good yield. With these materials in hand, removal of the nitrogen protecting groups was 

next addressed. 

18 R=tBOC 68 76%a >97% de 

lb R=Bn ___ 

lc R=pTs 6c 93% 96% de 

Id R=BnSO, 6d 66% 60% de 

1 d ’ (Isomer) 6d’ (isomer) 79% 90% de 

le R=CBz 6e 60% 64%de 

a Yield of pure, stngle d@stereolsomer after separation. 

The sulfonamide is among the most stable nitrogen protecting groups and its removal from sensitive 

compounds can be problematic. Photolytic cleavage (U.V. hv, i-PrOH,t8 U.V. hv/EtOH/H~O/NaBIQiDMEE,19 

U.V. hv/Et2020) under relatively mild conditions is often successful. Unfortunately, subjecting azapenam 6c to 

a vanety of these conditions resulted in extensive degradation. 

Removal of tosyl groups from amines can also be accomplished by reductive cleavage by sodium 

naphthalenide.21 The procedure consists of mixing a solution of the sulfonamide in THF with 3-6 equivalents 

of sodmm naphthalenide at -6O”C, stirring for a few hours, and quenching with aqueous triethylammonium 

chloride. Subjecting N-tosyl azapenam 6c to these conditions cleanly removed the tosyl group. However, the 

resulting azapenam was not obtained. Rather cleavage of the p-lactam ring to produce the N-acyl imidazoline 7 

occurred In high yield (Eq. 6). This unexpected cleavage was initially attributed to the strongly basic, strongly 

reducmg conditions of the detosylation procedure. However, detosylation of the corresponding a-alkoxy-N- 

tosylazapenam 8, (synthesized as in Eq. 2) under identical conditions gave the free azapenam 9 in virtually 

quantitative yield (Eq. 7). A confirmation that tins unusual cleavage was nor due to the reductive deprotection 

conditions was the observations that the very mild hydmgenolytic cleavage of the CBz-protected azapenam gave 

the same product (Eq. 8). Protolytic cleavage of the t-BOC protected azapenam 6a (trifluoroacetic 

acid/CHzClflS’) resulted in unidentified degradanon products, another indication of the sensitivity of a-amino 
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azapenams. relative to the much more stable a-alkoxy azapenams. The reasons for this difference in stability 

were next addressed. 

Be 

‘a+ ‘)::hr * Ph (Eq. 6) 

2) EtNHCl 

0 

7 -96% 

same 
(Eq. 7) 

8 
9 =98% 

0.1 eg pd/c (10%) 
*+Ph 

n 

MeOH, 45 psi H2 
4 mm. 

- 0,/t+> (Eq.8) 

0 

6e 7 =98% 

a-Aminoazapenams 6 differ from a-alkoxy azapenams 8 (and those in reference 14) in at least two 

ways: (1) azapenams 6 have bulky, nitrogen substituents a to the carbonyl group while azapenams 8 has a 

relatively small alkoxy group; (2) the a-carbon of azapenams 6 are tertiary, while that of 8 is quaternary. To try 

to clarify which of these features accounts for the differences in stability between 6 and 8 the transformations in 

Scheme II were carried out, and each intermediate 10-15 was subjected to the standard sodium naphthalenide 

cleavage procedure. Aminoalcohol 10, imine 11, amine 12, and azide 13, underwent degradation to mixtures 

of unidentified products, while carbamate 14 and quaternary system 15 underwent the same undesired @lactam 

cleavage as the parent compound. Thus, regardless of the oxidation state of the nitrogen, the steric bulk of the 

amine substituent, or the presence of lack of a quaternary P-carbon, stable a-amino azapenams could not be 

generated. Attempts to synthesize stable a-amino azapenams continue. 
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Ph 

6c 

0.2N HCI 

THF, 0” 
4h 

-100% 

iPr2NEt 
c 

Trlphosgene 

CHzCh 
76% 

53% 

I 

NalO, 
0.2N HCI 

Ph 

0 4N HCI 
-- 

MeOH 
52% 

12 

60% ;r; CH,CI, 

I 

3 

Ph 

1) KHMDS 
2) DMF 
3) Mel 

(76%) 

1 

Ph 
++ 

15 

Scheme II 

17 R=H 33% 
18 R = Me 31%; 72% de 

Experimental Section 

NMR spectra were recorded on a BrukerABM 270 or a Bruker/IBM 300 NMR spectrometer in General. 

deuteriochloroform (CDC13), and the chemical shifts are expressed in 6 ppm relative to tetramethylsilane (tH 

NMR, 6 = 0 ppm) or to CDC13 (l3C NMR, 6 = 77 ppm) as an internal standard. IR spectra were recorded on a 

Perkin Elmer 1600 FTIR spectrometer and the signals are given in cm- 1. Mass spectra were recorded on a VG 

Micromass Ltd., Model 16F spectrometer. Melting points were determined on Mel-Temp apparatus and are 

uncorrected (open capillary). Optical rotations were measured on a Perkin-Elmer 24 polarimeter at 589 nm 

(sodium D line) in a 1.0 dm cell with a total volume of 1 ml. Specific rotations ([CC]& are reported in degree per 

decimeter at room temperature and the concentration (c) is given in grams per 100 ml in the specified solvent. 

Elemental analyses were performed by M-H-W Laboratories, Phoenix, AZ. 
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4,4-Dimethyl-AZ-imidazoline,*e I-benzyloxycarbonyl-4,4-dimethyl-AZ-imidazoline 6e, fert- 

butylisocyanide.22 pentacarbonyl[(dimethylamino)methylene]-chromium 3,8a pentacarbonyl[((W-2,2- 

dimethyl-5-phenyl-l-aza-3-oxacyclopentyl)methylene]-chromium 5,8a pentacarbonyl[(methoxy)(methyl)- 

carbenelchromium complex23 and triflic azidfl were prep& by literature prooed~res. 

l-rer~-Butyloxycarbonyl-4,4-dimethyl-A~-imidazoline (la). The imidazoline (0.49 g, 5.0 

mmol) and triethylamine (0.79 ml, 5.7 mmol) were dissolved in tetrahydrofuran (10 ml) and cooled in an 

icebath. Di-rerr-butyl dicarbonate (1.16 g. 5.30 mmol) was added dropwise as a solution of 2 ml of 

tetrahydrofuran. After 15 min at 0“C the reaction was stirred 4 h at r.t. A part of the solvent was evaporated and 

ethyl acetate was added. The solution was washed with 5% NaHCO3 and brine, dried over MgS04 and the 

solvent was evaporated to yield 0.86 g of la as a colorless oil (4.34 mml, 87%); 1H NMR 6 7.35 (s, lH), 3.36 

(s, 2H), 1.52 (s, 9H), 1.30 (s, 6H); t3C NMR 6 149.8 (CO), 145.4 (C=N), 81.6 (CMe2). 55.2 (CH2), 28.7 

(CH3). 27.9 (CH3); IR (neat) v 1719 (CO), 1619 (C=N); MS (NH3, CI) m/e 198 (M+). 

I-Benzyl-4,4-dimethyl-AZ-imidazoline (lb). The imidazoline (0.49 g, 5 mmol) and 

methylamine (0.79 ml, 5.7 mmol) were dissolved in tetrahydrofuran (10 ml) and cooled in an icebath. Benzyl 

bromide (0.63 ml, 5.3 mmol) was added dropwise. After 15 min at 0°C the reaction was stirred 4 h at r.t. A 

part of the solvent was evaporated and ethyl acetate was added. The solution was washed with 5% NaHCO3 

and brine, dried over MgS04 and the solvent was evaporated to yield 0.33 g of a pink solid which was washed 

with hexane. The filtrate was concentrated to yield 0.19 g of lb as an orange oil (1 mmol, 20%); 1H NMR 6 

7.34-7.20 (m, 5H), 6.87 (s, 1H) 4.27 (s, 2H), 2.87 (s, 2H), 1.23 (s, 6H); IR (neat) v 1671 (C=N). 

I-p-Toluenesulfonyl-4,4-dimethyl-AZ-imidazoline (1~). The imidazoline (0.49 g, 5.00 

mmol) and triethylamine (0 79 ml, 5.70 mmol) were dissolved in dichloromethane (10 ml) and cooled in an 

icebath. p-Toluenesulfonyl chloride (0.95 g, 5.0 mmol) was added dropwise as a solution in 8 ml of 

dichloromethane. After 15 min at 0°C the reaction was stirred overnight at r.t. The solution was washed with 

5% NaHC03 and brine, dried over MgS04 and the solvent was evaporated to yield 1.09 g of lc as a white solid 

(4.32 mmol, 87%); mp 7O’C; tH NMR 6 7.72-7.68 (d, 2H), 7.36-7.32 (d, 2H), 7.24 (br s, lH), 3.14 (s, 2H), 

2.44 (s, 3H), 1.16 (s, 6H); 13C NMR 6 145.01 (CH=N), 144.69, 129.99, 127.26, 126.87 (Ar), 70.00 (C), 

56.45 (CH2), 28.51 (CH3), 21.45 (CH3, Ar); IR (KBr) v 1615 (CH=N), 1356, 1166, 1093 (SO2N); MS 

(NH3, CI) m/e 97 (32%), 252 (100%) (M+); Anal. Calcd for C12Ht6N202S: C, 57.12; H, 6.39; N, 11.10; S, 

12.71 Found. C, 57.27; H, 6.27; N, 11.16, S, 12.56. 

1-Benzylsulfonyl-4,4-dimethyl-AZ-imidazoline (Id) and 1-benzylsulfonyl-5,5- 

dimethyl-AZ-imidazoline (Id’). The imidazoline (0.49 g, 5.0 mmol) and triethylamine (0.79 ml, 5.7 

mmol) were dissolved in dichloromethane (10 ml) and cooled in an icebath. Benzylsulfonyl chloride (0.95 g, 

5.0 mmol) was added dmpwise as a solution in 8 ml of dichloromethane. After 15 min a OY! the reaction was 

stirred overnight at r.t. The solution was washed with 5% NaHC03 and brine, dried over MgS04 and the 

solvent was evaporated to yield 1.19 g of a white solid (ld/ld’ = 1:l). Flash chromatography on silica gel 

(AcOEUhexane = 3:2) gave, III order of elution, 0.46 g of Id as a white solid (1.82 mmol, 36%); mp 86’C, and 

0 46 g of Id’ as a yellow 011 (1.82 mmol, 36%); (Id): tH NMR 6 7.40-7.24 (m, 5H), 6.68 (s, lH), 4.37 (s, 

2W, 3.16 (s, 2H), 1.21 (s, 6H); IR (KBr) v 1622 (CH=N), 1347, 1139, 1096 (S02N). (Id’): tH NMR 6 

7.40-7.32 (m, 5H), 6.50 (s, lH), 4.34 (s, 2H), 3.67 (s, 2H), 1.49 (s, 6H); IR (neat) v 1683, 1628 (CH=N), 

1360, 1143, 1074 (SOzN). 
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General procedure for the photoreaction of chromium aminocarbene complexes with 

imidazolines. 

The chromium aminocarbene complex (0.5 mmol) and the imidazoline (0.5 mmol) were dissolved in 20 

ml of diethyl ether in a pressure Pyrex tube equipped with a MathesonAVhitey Brand 100 psi pressure head and 

a pressure release valve. The solution was pressurized with CO to -60 psi and then the pressure was released, 

three times. Finally, the solution was pressurized to 60 psi CO and carefully transported, using a protective 

shield, to an irradiation box and exposed to a 450W UV lamp (Conrad-Hanovia 7825 medium mercury lamp, 

Pyrex well) for the time desired. The progress of the reaction was monitored by use of analytical TLC (silica 

gel). Then, the pressure was released, the solvent was evaporated and the residue was oxidized in a mixture of 

ethyl acetate/hexane = 1:l either on the roof in the sun light or in the light box. Filtration through Celite and 

evaporation of the solvent gave the crude product which was purified either by preparative plates on silica gel 

(ethyl acetate) or by flash chromatography on silica gel (ethyl acetataexane = 1:2). A similar procedure could 

be achieved in acetonitrile under Ar pressure but the photoreaction was slower. The oxidation of residue after 

photolysis was not necessary and purification could directly be achieved. 

diazabicyclo[3.2.0lheptan-7-one (4). The chromium aminocarbene complex 3 (0.13 g, 0.50 mmol) and 

the imidazoline lc (0.14 g. 0.60 mmol) were dissolved in acetonitrile (20 ml) and irradiated under Ar pressure. 

After 74 h. the solvent was evaporated under reduced pressure and the residue was oxidized in a mixture of 

ethyl acetate/hexane = 1:l (70 ml). The solid was removed by filtration through Celite and the filtrate was 

concentrated to yield 0.13 g of a yellow oil. A crude 1H NMR spectrum showed that only single rruns racemic 

diastereomer was formed as sole product (45% yield by tH NMR conversion). This was purified by 

preparative plates on silica gel (ethyl acetate) to give 0.064 g (0.19 mmol, 38%) of 4 as a white solid; mp 11O’C; 

‘H NMR 6 7.76-7.72 (d, 2H), 7.36-7.32 (d, 2H), 4.97 (s, lH), 3.74 (s, lH), 3.32 (AB, 2H, JAB = lOHz), 

2.45 (s, 6H), 2.43 (s, 3H), 1.53 (s, 3H), 0.75 (s, 3H); 13C NMR 6 171.50 (CO lactam), 129.96, 127.79, 

127.47, 127.36 (Ar), 80.76 (NCHN), 71.57 (NBCO), 62.33 (CHzN), 42.63 (C-N), 25.75 (CH3N), 22.15 

(CH3), 22.03 (CH3). 21.41 (CH3Ar); IR (KBr) v 1775 (CO lactam), 1346, 1158 (S@N); MS (NH3, CI) m/e 

97 (46%), 252 (lOO%), 337 (2%) (M+), 338 (0.3%) (MH+); Anal. Calcd for Ct6H23N@jS: C, 56.95; H, 

6.87; N, 12.45; S. 9.50. Found: C, 56.86; H, 6.96; N, 12.26; S, 9.54. 

(5S,6S,5’S)-6-(2’,2’-Dimethyl-5’-phenyl-l’-aza-3’-oxacyclopentyl)-2,2-dimethyl-4-t- 

butyloxycarbonyl-1,4-diaaabicyclo[3.2.0]heptane-7-one (4a). The chromium aminocarbene 

complex 5 (0.16 g, 0.42 mmol) and the imidazoline la (0.08 g, 0.42 mmol) were dissolved in diethylether (10 

ml) and irradiated under CO pressure (45 psi). After 69 h, the solvent was evaporated under reduced pressure 

and the residue was oxidized in a mixture of ethyl acetate/hexane = 1:l (50 ml). The solid was removed by 

filtration through Celite and the filtrate concentrated to give 0.16 g of a yellow oil. A crude tH NMR spectrum 

showed that only one of the two possible ~czans diastereomers was formed as a mixture of two rotamers in 75:25 

ratio. These were purified by flash chromatography on silica gel (AcOEt/hexane = 1:4) to yield 0.136 g (0.33 

mmol, 78%) of 6a (as a mixture of two rotamers in 75:25 ratio) as a white solid; *H NMR (major rotamer) 6 

7.42-7.24 (m, 5H), 4.24 (m, 2H), 4.09 (s, br, lH), 3.87 (s, br, lH), 3.75 (t, br, IH), 3.46 (d, lH, J = 10.4 

Hz), 3.06 (d, IH, J = 10.2 Hz), 1.53 (s, 3H), 1.49 (s, 3H), 1.47 (s, 9H), 0.85 (s, 3H); lH NMR (minor 

rotamer) 6 4.56 (s, br, lH), 4.41 (m, lH), 4.24 (m, lH), 3.87 (m, lH), 3.69 (m, lH), 3.33 (m, lH), 3.06 
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(m, 1H). 13C NMR 6 173.30 (CO lactam), 152.67 (CO carbamate), 142.12/128.24/127.96 (Ar), 96.02 (O-C- 

N), 80.61 (C-O), 73.86 (N-CH-N), 72.41 (N-m-CO), 71.19 (CH20). 62.52 (N-CH-Ph), 60.47 (C-N). 

59.90 (CHzN), 28.46 (CH3 t-Bu), 27.75 (CH3), 25.66 (CH3). 24.10 (CH3). 21.91 (CH3); XR (KBr) 8 1755 

(CO lactam), 1706 (CO carbamate); MS (NH3, Cl) m/e 83 (13%), 98 (17%). 99 (45%). 104 (15%), 142.9 

(lOO%), 177.9 (17%), 189.9 (12%), 198.9 (69%), 216.9 (11%). 217.9 (78%). 218.9 (12%). 415.4 (5%) (M). 

(5S,6S,5’S)-6-(2’,2’-Dimethyl-S’phenyl-l’-aza-3’-oxacyclopentyl)-2,2-dimethyi-4-~- 

toluenesulfonyl-1,4-diazabicyclo[3.2.0]heptane-7-one (6~). The chromium aminocarbene complex 

5 (0.19 g, 0.50 mmol) and the imidazoline 6c (0.13 g. 0.50 mmol) were dissolved in diethylether (20 ml) and 

irradiated under CO pressure. After 16 h, the solvent was evaporated under reduced pressure and the residue 

was oxidized in a mixture of ethyl acetateihexane = 1: 1 (70 ml). The solid was removed by filtration through 

Celite and the filtrate was concentrated to yield 0.17 g of a yellow oil. A crude 1H NMR spectrum showed that 

only rra~ diastereomers were formed as a mixture of two rruns isomers in 98:2 ratio. This was purified by 

flash chromatography on silica gel (ethyl acetate/hexane = 1:2) to give 0.22 g (0.47 mmol, 93%) of tic optically 

pure as a white solid; mp 134-135’C, tH NMR 8 7.48-7.21 (m, 9H), 4.29-4.20 (m, 3H), 3.98 (d, lH, J = 

lHz), 3.78 (dd, lH, Jl = 5Hz, J2 = 7Hz), 3.26-3.05 (AB, 2H, JAB = IOHz), 2.41 (s, 3H), 1.52 (s, 3H). 1.45 

(s, 3H), 1.38 (s, 3H), 0.36 (s, 3H); 13C NMR 8 172.31 (CO lactam), 144.36, 142.56, 134.10, 130.00. 

128.41, 128.03, 127.82, 127.34 (Ar), 96.28 (O-C-N), 74.10 (N-CH-N), 73.85 (CC-CH-N), 72.31 (CHzO), 

62.56 (C-N), 62.43 (Ph-CH-N), 60.77 (CHzN), 27.69 (CH3). 25.64 (CH3). 24.23 (CH3). 22.44 (CH3). 

21.67 (CH3Ar); IR (KBr) v 1765 (CO lactam), 1359, 1163 (S@N); MS (NH3, CI) m/e 57.9 (IO%), 96.9 

(15%), 98.9 (48%), 217.9 (14%), 252.8 (lOO%), 253.8 (28%), 254.8 (ll%), 269 (0.5%) (M+), Anal. Calcd 

for C2~H3tN304S: C, 63.94; H, 6.65; N, 8.95; S, 6.83. Found: C, 63.13; H, 6.50; N, 8.99; S, 7.00. [o]D 

= +26.3 (c = 0.54, CH2Clz). Minor fruns isomer: 1H NMR 8 7.60-7.10 (m, 9H), 4.67 (br s, lH), 4.54 (m, 

lH), 4.30 (t, lH, J = 8Hz), 4.19 (s, lH), 3.69 (m, lH), 3.23 (AB, 2H, JAB = llHz), 2.38 (s, 3H), 1.55 (s, 

3H), 1.51 (s, 3H), 1.45 (s, 3H), 0.39 (s, 3H). 

(5S,6S,5’S)-6-(2’,2’-Dimethyl-5’-phenyl-l’-aza-3’-oxacyclopentyl)-2,2-dimethyl-4- 

benzylsulfonyl-1,4-diazabicyclo[3.2.0]heptane-7-one (6d). The chromium aminocarbene complex 

5 (0.09 g. 0.25 mmol) and the imidazoline Id (0.06 g, 0.25 mmol) were dissolved in diethylether (10 ml) and 

irradiated under CO pressure. After 15 h, the solvent was evaporated under reduced pressure and the residue 

was chromatographed on silica gel (ethyl acetate/hexane = 1:2) to give 0.10 g (0.21 mmol, 86%) of a white 

solid. A crude lH NMR spectrum showed that only frwrs diastereomers were formed as a mixture of two zr0n.r 

isomers in 9O:lO ratio. Major tram isomer: ‘H NMR 8 7.43-7.17 (m, 1OH). 4.28-4.18 (m, 3H), 4.16-4.04 

(A& 2H, J = 14Hz), 3.89 (s, lH), 3.71 (t, lH, J = 6Hz), 3.04-2.83 (AB, 2H, J = lOHz), 1.43 (s, 3H), 1.40 
(s, 3H), 1.31 (s, 3H), 0.76 (s, 3H). Minor rruns isomer: lH NMR 8 7.50-7.12 (m, lOH), 5.14 (s, lH), 4.30 

3.65 On, 6H), 3.15 (d, lH, J = lOHz), 2.70 (d. IH, J = lOHz), 1.50 (s, 3H), 1.41 (s, 3H), 1.30 (s, 3~). 

0.90 (s, 3H). Major and minor rrans isomers: IR (KBr) v 1765 (CO lactam), 1333 (S@N); MS (NH.3, CI) m/e 

90.9 (56%). 97.0 (70%), 98.9 (25%), 107.9 (14%) 172.9 (ll%), 177.9 (16%). 188.9 (20%), 189.9 (ll%), 

217.9 (32%). 252.9 (loo%), 253.9 (55%), 254.9 (21%), 468.9 (0.5%) (M+). Major rruns mxner: mp 117OC, 

[al26 = +21.5 (c = 0.53, CH2C12); 13C NMR 8 172.05 (CO lactam), 141.28 (C, Ar), 

130.51/128.97/128.46/127.69 (CH, Ar), 95.90 (O-C-N), 77.18 (U-I), 74.10 (CH), 73.08 (CHzO), 61.54 
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CI) m/e 90.9 (58%), 107.9 (18%), 177.9 (ll%), 217.9 (38%), 232.9 (27%), 233.0 (lOO%), 234.0 (28%). 

449.4 (1%) (M). 

(+)-2,2,6-Trimethyl-6-methoxy-4-p-toluenesulfonyl-l,4-diazabicyclo-[3.2.O]heptane- 

7-one (s). The (methoxy)(methyl)chromium carbene complex (95 mg, 0.40 mmol) and the imidazoline lc 

(101 mg, 0.40 mmol) were dissolved in acetonitrile (10 ml) and irradiated (45OW UV lamp) under 1 atm argon 

at room temperature. After 18 h, the solvent was evaporated and the residue was oxidized in a mixture of ethyl 

acetate/bexane = 1:l (70 ml) in a light box. Filtration through Celite and evaporation of the solvent gave 135 mg 

of crude product as a yellow solid. A crude 1H NMR spectrum showed that only rrulls isomer was formed. 

The crude product was purified by flash chromatography on silica gel (ethyl acetate/hexane = 1:3) to yield 91 mg 

(0.27 mmol, 67%) of 8 as a white solid; mp = 115°C; 1H NMR 8 7.78 (d, 2H, J = 8.3Hz), 7.37 (d, 2H, J = 

8Hz), 4.96 (s, lH), 3.48 (s, 3H), 3.49-3.20 (AB, 2H, JAB = 10.6Hz), 2.46 (s, 3H), 1.53 (s, 3H), 1.42 (s, 

3H), 0.63 (s, 3H); IR (KBr) v 1782 (CO lactam), 1343/l 157 (S@N); 13C NMR 8 172.79 (CO lactam), 144.47 

(C, Ar). 134.96 (C, Ar), 130.04 (2CH. Ar), 127.34 (2CH, Ar). 90.72 (C-O), 76.29 (N-CH-N), 62.12 

(CHzN), 60.91 (C-N), 53.48 (CH3-0), 25.19 (CH3), 21.88 (CH3). 21.57 (CH3), 14.15 (CH3); MS (NH3, 

CI) m/e 98.9 (32%). 182.9 (lo%), 252.7 (lOO%), 310.7 (40%), 338.7 (76%) (M), 339.7 (14%) (MH+). 

356.8 (1%) (MNH4+). 

General procedure for the cleavage of the p-toluenesulfonamide group with sodium 

naphthalenide. 

A solunon of sodium naphthalenide (0.4M/THF) was prepared by addition of Na (0.23 g, 0.01 mol) 

over solid naphthalene (1.28 g, 0.01 mol) followed by 25 ml of tetrahydrofuran at room temperature under 

argon. The dark green solution was stirred at room temperature under argon overnight before use. Protected 

azapenam was dissolved in tetrahydrofuran and cooled under argon at -6O’C. A solution of sodium 

naphthalenide (2-4 eq.) in tetrahydrofuran was added dropwise and the mixture stirred at -6O’C for 2-4 h. An 

aqueous solution of EtsNH+Cl- was added, the product was extracted by CH2Cl2 and dried over MgS04. After 

filtration and removal of the solvent on a rotatory evaporator, the product was chromatographed on silica gel 

(AcOEt). 

Cleavage of the p-toluenesulfonamide group in h. Azapenam 6c (23 mg, 0.05 mmol) was 

dissolved in tetrahydrofuran (1 ml) and cooled under argon at -6OOC. Sodmm naphthalenide (0.4M/THF) (0.5 

ml, 0.2 mmol) was added dropwise and the mixture stirred at -6O“C for 3 h. After the usual workup, 16 mg of 

7 (0.05 mmol, 100% yield) was obtained as a colorless oil; [CX]D 25 = +20.5 (c = 0.88, CH2Cl2); 1H NMR 8 

7.57 (s, br, lH), 7.37-7.24 (m, 5H), 4.21 (t. lH, J = 7.9 Hz), 3.89 (t, lH, J = 7.3 Hz), 3.77 (t. lH, J = 7.5 

Hz), 3.55-3.35 (ABd, 2H, J = 2 Hz, JAB = 15.2 Hz), 3.45-3.26 (AB, 2H, JAB = 13.3 Hz), 1.61 (s, 3H), 1.32 

(s, 3H), 1.31 (s, 3H), 0.93 (s, 3H); *XC NMR 8 166.66 (C=O), 148.25 (Ar), 139.89 (CH=), 

128.76D28.26D28.13 (Ar), 96.44 (O-C-N), 71.91 (CHzO), 70.46 (N-m-CO), 67.41 (C-N), 61.18 (N-&I- 

Ph), 54.89 (CHzN), 27.13 (CH3), 25.13 (CH3), 24.66 (CH3), 19.92 (CH3); IR (KBr) 6 1678 (CO carbonyl), 

1618 (N-CH=N); MS (NH3, CI) m/e 98.9 (40%), 131.9 (23%), 189.8 (370/o), 217.9 (19.9%), 315.8 (100%) 

(M), 316.8 (20%) (MH+); Anal. Calcd for CtgH25N302: C, 68.54; H, 7.99; N. 13.32. Found: C, 68.52; H, 

8.06; N, 13.12. 

Cleavage of the p-toluenesulfonamide in & Alkoxy azapenam 8 (17 mg, 0.05 mmol) was 

drssolved in tetrahydrofuran (1 ml) and cooled under argon at -6OOC. A solution of sodium naphthalenide 
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(0.4AQTHF) (0.375 ml. 0.15 mmol) was added dropwise and the mixture was stirred at -60°C for 30 min. An 

aqueous solution of Et#H+Cl- was added, the product was extracted with ethyl acetate, dried over MgS04, 

filtrated and concentrated to give 16 mg of a yellow solid. This was purified by flash chromatography on silica 

gel (ethyl acetate) to yield 9 mg (0.05 mmol. 100%) of 9 as a colorless oil; identical in all respects to material 

prepared as in reference 14. 

Hydrogenation of k to z. Azapenam 6e (45 mg, 0.10 mmol) was dissolved in methanol (5 ml) in 

a small pressure tube under Argon. Hydrogenation was performed under 45 psi H2 at room temperature for 8 

min. Filtration through Celite, and nmoval of the solvent on a rotatory evaporator gave 7 (32 mg, 0.10 mmol, 

=lOO% yield) as a yellow oil. 

Hydrolysis of the oxazolidine group in a; synthesis of UT. A tetrahydrofuran solution (4 

ml) of 6c (72 mg, 0.15 mmol) was treated with 0.2 N HCl(4 ml) at mom temperature and stirred for 3 h. The 

reaction was monitored by TLC (AcOEVbexane = 1:l). Upon complete hydrolysis the tetrahydrofuran was 

removed on a rotatory evaporator and the aqueous solution was brought to pH 7.0 with aqueous sodium 

bicarbonate. The product was then extracted with CH2C12 and dried over MgS04. After filtration and removal 

of the solvent 10 was obtained as a white solid (64 mg, 0.15 mmol. 100% yield, 100% de); mp 132’C, [a]$5 

= +92.5 (c = 0.92, CH2C12); 1H NMR 6 7.56-7.22 (m, 9H), 4.72 (s, IH), 4.14-4.09 (m, 1H). 4.01 (s. lH), 

3.76 (dd, lH, J1 = 11 Hz, p = 4 Hz), 3.58 (dd. lH, J 1 = 11 Hz, p = 9 Hz), 3.20 (AB, 2H, J = IOHz), 2.41 

(s, 3H), 2.15 (s, br, lH), 2.01 (s, br, lH), 1.48 (s, 3H), 0.69 (s, 3H); IR (KBr) 6 3427 (NH. OH), 1772 

(CO, lactam), 1352/1160 (S@N); MS (NH3, CI) m/e 97 (37%), 98.9 (26%), 252.6 (lOO%), 253.6 (15%); t3C 

NMR 6 172.11 (CO lactam), 144.24D39.65D34.69 (C. Ar), 129.94/128.78/127.92/127.64/127.26 (U-I, Ar), 

75.63 (CH), 72.21 (CH), 67.05 (CH20), 62.12 (CHzN), 62.06 (CH, Ph), 61.42 (C), 25.58 (CH3). 22.20 

(CH3), 21.54 (CH3). 

Oxidation of fi; Preparation of JJ. The amino alcohol azapenam 10 (63 mg, 0.15 mmol) was 

dissolved in tetrahydrofuran (4 ml) and 0.2N HCI (10 ml). The mixture was stirred at room temperature for 5 

min before solid NaIO4 (66 mg, 0.31 mmol) was added. The mixture was stirred at room temperature for 25 

min and neutralized by adding of a saturated aqueous solution of NsHC03. The product was extracted with 

CH2C12 and dried over MgS04. Filtration and removal of the solvent on a rotatory evaporator gave 50 mg of a 

yellow oil. Chromatography flash on silica gel (AcOEtiexane = 2:l) 5~ 31 mg of 11 (0.08 mmol, 53% 

yield, 100% de) as a colorless oil which gave a yellow solid; mp 42’C; [a]D = -10.5, (c = 0.285, CH2C12); *H 

NMR 6 8.35 (s, lH), 7.79-7.34 (m, 9H), 5.06 (s, lH), 4.70 (s, lH), 3.42 (s, 2H), 2.44 (s, 3H), 1.61 (s, 

3H), 0.84 (s, 3H); IR (KBr) 6 1775 (CO lactam), 1636 (HC=N), 1352/1161 (NSa); MS (NI-I3, CI) m/e 90.9 

(ll%), 97.0 (99%). 98.9 (22%), 252.3 (lOO%), 253.3 (32%), 254.2 (13%); 13C NMR 6 170.5 (CO lactam). 

164.9 (CH=N), 144.3D35.3D34.3 (C, Ar), 131.3/130.0/128.65/128.58/127.4 (CH, Ar), 81.2 (CH), 74.7 

(CH), 62.4 (CH$, 61.7 (C), 25.7 (CH3). 22.3 (CH3), 21.6 (CH3). 

(5S,6S)-6-Amino-2,2-dimethyl-4-p-toluenesulfonyl-l,4-diazabicyclo-[3.2.O]heptane- 

7-one u2). The amino alcohol azapenam 11 (75 mg, 0.18 mmol) was dissolved in tetrahydrofuran (4 ml) 

and stirred at room temperature with HCl 0.2N (11 ml), and NaIO4 (0.19 g, 0.88 mmol) was added. The 

rrnxture was stirred at room temperature for 1 h and neutralized by adding of a saturated aqueous solution of 

NaHC03. The product was extracted with CH2Cl2 and dried over MgS04. Filtration and removal of the 
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solvent on a rotatory evaporator gave 77 mg of crude 12 as a yellow oil. This was dissolved with methanol (10 

ml) and stirred at room temperature in the presence of HCl 0.4N (15 ml) overnight. The solvent and 

benzaldehyde were removed on a rotatory evaporator. Water (25 ml) was added, the mixture was neutralized by 

adding a saturated aqueous. solution of NaHC03, extracted with CH2Cl2, dried over MgS04, filtered and 

concentrated to give 54 mg of a yellow oil which was purified by flash chromatography on silica gel (ethyl 

acetate/hexane = 2: 1). giving 28 mg (0.09 mmol, 52%) of 12 as a yellow oil which gave a yellow solid; mp = 

43Oc; [o]‘D = +21.4 (c = 0.295, CHzCl2); tH NMR 6 7.74 (d, 2H, J = 8.2Hz). 7.34 (d, 2H, J = 8.1Hz). 4.62 

(s, 1H). 4.07 (s, br, lH), 3.28 (AB, 2H, JAB = 9.8Hz), 2.42 (s, 3H), 1.72 (s, br, 2H), 1.51 (s, 3H), 0.77 (s, 

3H); t3C NMR 6 167.0 (CC lactam), 144.43 (C, Ar). 134.69 (C, Ar). 130.02 (2CH. Ar), 127.32 (2CH. Ar), 

77.53 (CH), 68.36 (CH), 62.07 (CI-lz), 61.39 (C), 25.78 (CH3). 22.30 (CH3), 21.57 (CH3); IR v 1769 (CO 

lactam), 1347/1160 (NS02); MS (NH3, CI) m/e 96.9 (20%). 98.9 (20%). 252.4 (lOO%), 253.4 (15%), 309.2 

(0.4%) (M); Anal. Calcd for Cl4HleN303S: C, 54.35; H, 6.19 N, 13.58; S, 10.36. Found: C, 54.58; H, 

6.29; N, 13.56; S, 10.51. 

(5S,6S)-6-Azido-2,2-dimethyl-4-p-toluenesulfonyl-l,4-diazabicycio-[3.2.O]heptane-7- 

one m. The amino azapenam 12 (77 mg, 0.25 mmol) was dissolved under argon with CH2C12 (4.5 ml) 

and cooled in an ice-bath. A freshly prepared solution of triflic azidea in CH2C12 (1M solution) (5 ml, 5 mol) 

was added dropwise following by triethylamine (0.11 ml, 0.75 mmol). After being stirred with rce cooling for 

15 mitt, the mixture was allowed to stand at room temperature for 21 h with stirring. The solvent was removed 

on a rotatory evaporator to give a yellow oil which was purified by flash chromatography on silica gel (ethyl 

acetate/hexane = 1:2) to yield 84 mg (100%) of 13 as a colorless oil. This was taken up in 5% aqueous solution 

of NaHC03 (15 ml), extracted with CH2Cl2, dried over MgS04. filtrated and concentrated to give 49 mg (0.15 

mmol, 58%) of an analytical sample 13 as a white solid; mp = 93’C, [cc]: = +3 1.5 (c = 0.355, CH2Cl2); tH 

NMR 6 7.75 (d, 2H, J = 8.3Hz), 7.38 (d, 2H, J = 7.9Hz), 4.78 (d, lH, J = 0.8Hz), 4.45 (s, lH), 3.33 (AB, 

2H, J = 9.9Hz), 2.45 (s, 3H), 1.54 (s, 3H), 0.82 (s, 3H); l3C NMR 6 167.05 (CO lactam), 144.87 (C, Ar), 

134.28 (C, Ar), 130.23 (2 CH, Ar), 127.34 (2CH, Ar), 73.91 (CH), 70.79 (CH), 62.17 (C), 62.01 (CHz), 

25.60 (CH3), 22.25 (CH3). 21.60 (CH3); IR v 2115 (N3C), 1782 (CO lactam), 1353/l 161 (NS@); MS (NH3, 

CI) m/e 83.0 (19%). 90.9 (25%), 97.0 (lOO%), 99.0 (lOO%), 108.0 (23%), 124.0 (18%), 139.9 (19%), 152.0 

(lOO%), 168.9 (78%). 188.8 (16%). 253.1 (lOO%), 307.9 (38%). 335.9 (11%) (M). 352.9 (2.3%) (MNIQ+); 

Anal. Calcd for Cl4Hl7N503S: C, 50.14; H, 5.11; N, 20.88; S, 9.56. Found: C, 50.14; H, 5.29; N, 20.85; 

s, 9.31. 

toluenesulfonyl-1,4-diazabicyclo[3.2.0]heptane-7-one 14. Azapenam 10 (0.46 g, 1.08 mmol) was 

dissolved in CH2Cl2 (43 ml) and cooled in an icebath. Diisopropyl ethyl amine (0.75 ml, 4.32 mmol) was 

added and the mixture was stirred at 0°C for 10 min before triphosgene (0.39 g, 1.30 mmol) was added in 

portions. The mixture was stirred at 0°C for 2 h and filtered through Si@. The solvent was removed on a 

rotatory evaporator to give a yellow oil (0.652 g) which was chromatographed on silica gel (AcOEt/hexane = 

1:l) to yield 0.38 g (0.84 mol. 78% yield, 100% de) of 14 as a white solid; mp 65-70°C; [a]$ = +86.9 (c = 

0.47, CH2C12); lH NMR 6 7.67-7.30 (m, 9H), 5.00 (t, lH, J = 8.5 Hz), 4.82 (s, 1H). 4.70 (t, lH, J = 8.4 

Hz), 4.31 (s. lH), 4.20 (t, lH, J = 8.5Hz). 3.20 (AB, 2H, JAB = 9.8 Hz), 2.43 (s, 3H), 1.47 (s, 3H), 0.68 
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(s, 3H); IR (KBr) 6 1762 (CO lactam), 1352/1161 (S@N); MS (NH3, CI) m/e 97.0 (15%), 98.9 (65%), 106 

(IO%), 163.9 (14%), 180.9 (34%), 219.9 (17%), 252.8 (100%). 253.9 (15%), 455.2 (0.4%) (M). 

(5S,6S,5’S)-6~(5’-phenyl-l’-aza-3’-oxacyclopentyl-2-onyl)-2,2,6-trimethyl-4-~- 

toluenesulfonyl-1,4-diazabicyclo[3.2.0]heptane-7-one fi. Azapenam 14 (46 mg. 0.10 mmol) was 

dissolved in tetrahydrofuran (1.5 ml) and cooled at -78’C. Potassium bis(trimethylsily1) amide (O.SM/toluene) 

(0.80 ml, 0.40 mmol) was added dropwise and then the solution was stirred for 1.15 h at -78’C. N,N- 

dimethylformarm -de (0.5 ml) was added followed 5 mitt after by iodomethane (0.1 ml). The mixture was stirred 

at -78’C for 3 h and aqueous solution of NH&l (10 ml) was added. The product was extracted with CH2CI2 

and dried over MgS04. Filtration and removal of the solvent on a rotatory evaporator gave 52 mg of a yellow 

oil. A crude tH NMR spectrum showed that only one diastereomer was obtained with 67% of conversion. 

Chromatography flash on silica gel (AcOEVhexane = 1:1)gaveamixmreofthestartingazapenam14(11.5mg, 

25% yield, 100% de) and methylated compound 15 (24.5 mg, 52% yield, 100% de) as a yellow oil; 1H NMR 

(31) 7.79-7.32 (m, 9H), 5.08 (s, lH), 5.01 (t, lH, J = 8.5 Hz), 4.71 (t, lH, J = 8.5 Hz), 4.13 (t, lH, J = 8.5 

Hz), 3.29 (AB, 2H, JAB = 10.6 Hz), 2.46 (s, 3H), 1.47 (s, 3H), 1.24 (s, 3H), 0.58 (s, 3H). 

Cleavage of the p-toluenesulfonamide group in 19. Azapenam 14 (23 mg, 0.05 mmol) was 

dissolved in tetrahydrofuran (1 ml) and cooled under argon at -60°C. Sodium naphthalenide (0.4 M/II-IF) (0.38 

ml/O.15 mmol) was added dropwise and the mixture stirred at -6O“C for 2 h. After usual workup, 5 mg of 17 

(0.017 mmol, 33% yield) was obtained as a colorless oil; 1H NMR 6 7.44-7.25 (m, 6H), 5.15 (t. lH, J = 8.3 

Hz), 4.75 (t. lH, J = 8.8 Hz), 4.47 (d, lH, J = 16.8 Hz), 4.18 (q, IH, Jl = 8.7 Hz, J2 = 7.6 Hz), 3.73-3.68 

(m, 2H), 3.47 (d, IH, J = 16.8 Hz), 1.56 (s, 3H), 1.51 (s, 3H); IR (KBr) 6 1762 (C=O oxazolidinone), 1686 

(C=O carbonyl), 1622 (N-CH=N). 

Cleavage of the p-toluenesulfonamide group in fi. Azapenam 15 (24 mg, 0.05 mmol) was 

dissolved in tetrahydrofuran (1 ml) and cooled under argon at -60°C. Sodium naphthalenide (0.4M/TI-IF) (0.5 

ml, 0.2 mmol) was added dropwise and the mixture was stirred at -60°C for 4 h. After usual workup, 5 mg of 

18 (0.016 mmol, 31% yield, 72% de) was obtained as a colorless oil; *H NMR (major diastereomer) 6 7.49- 

7.26 (m, 6H), 5.19 (q, lH, Jl = 9 Hz, J2 = 5.5 Hz), 4.84 (q, lH, Jl = 14.7 Hz, p = 7.3 Hz), 4.70 (t, lH, J = 

8.8 Hz), 4.19 (q, lH, J1 = 8.6 Hz, 52 = 5.4 Hz), 3.74 (m, 2H), 1.56 (s, 3H), 1.51 (s, 3H), 1.01 (d, 3H, J = 

7.4 Hz); 1H NMR (minor diastereomer) 6 4.62 (t, lH, J = 8.8 Hz), 3.52 (AB, lH, JAB = 15 Hz). 
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