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Aktmd : A series of monocyclic azetidinones were prepared, bearing, at position C-3, an acetylamino 

or a bromo substituent, at position N-l, a carboxymethyl group protected as p-nitrobenzyl ester (PNB) 
and a-functionalixed with a potential leaving group (LG). These structures were designed as potential 

suicide-inhibitors of enzymes containing a serine nucleophile in their active site. The p-lactam ring of 

these molecules was found to be stable in phosphate buffer (pH 7.5). but the PNB ester was rapidly 

cleaved. This constitutes a practical method of in situ deprotection. Depending on the nature of the LG 

group on the carboxymethyl chain, substitution of this group (LG = F) or dccarboxylation (LG = SC$Ph) 

was observed under hydrolytic conditions. The 1,3-disubstituted axetidinones were inactive against 8- 

lactamases of classes A, B, C, and D. Three compounds behaved as weak reversible inhibitors of porcine 

pancreatic elastasc (PPE). 0 1999 Elsevier Science Ltd. All rights reserved. 

Keywenls : monocyclic ~lactam, PNB ester hydrolysis, suicide-inhibition, P-lactamase, elastase. 

INTRODUCTION 

Since the discovery of penicillin and cephalosporin antibiotics [ 11, the fl-lactam ring (azetidin-2-one) is 

considered as a general lead-structure for the design of new inhibitors of enzymes containing an essential serine 

nucleophile in their active site [2-51. Presently, the most important medicinal targets are elastases [6] and p- 

lactamases [7,8]. whose inactivation is observed in the presence of adequately functionalized monocyclic 

azetidinones. In tbe inhibitors, the azetidinone ring is equipped with substituents required for specific enzyme 

recognition (Z,Z’), on the one hand, and for chemical activation of the lactnm bond towards nucleophilic attack 

(EWG), on the other hand (Scheme 1). Moreover, the presence of a potential leaving group (LG) is generally 

planned for promoting suicide-type irreversible inhibition [9]. Accordingly, monocyclic p-lactams considered as 

potential &lactamaae inhibitors have been heterofunctionalized at positions C-4 [ 10.1 11, or N-l [ 121; bridged 

sulfactams (N-l substituent = OS03H) were recently found to be effective inhibitors of class A and class C 

P-lactamases [ 131. 
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Z,Z : substituents for specific recognition by elastases or IMaCtamaSeS 
EWG : electron - withdrawing group (Ar, CO, SO*) for chemical activation of the lactam bond 

LG : leaving group (OR, S(O)& F) designed to promote irreversible inhibition 

N-aryl azetidinones susceptible to release of a latent quinonimmonium methide function into the 

enzymatic cavity on p-lactam cleavage were proposed by Wakselman et al. as human leukocyte elastase (HLE) 

inhibitors [ 14,151. Other suicide-inhibitors were constructed following the design outlined in the general 

structures A and B (Scheme 1) [l&17]. Processing of such p-lactams by the target enzyme (i.e. nucleophilic 

attack of the active serine onto the azetidinone carbonyl) creates a Schiff base (after elimination of the leaving 

group) that could be quenched by a nucleophilic residue of the active site. This strategy led to the discovery of 

potent, orally active, HLE inhibitors such as L-680,833 [ 181 and L-694,458 [ 191, corresponding to structure A 

in which LG = O-A& EWG = CONH-CHR’-Aryl, Z and z’ = Et; the loss of the aryloxy moiety in the 

enzymatic cavity has been experimentally proved [20]. HLE Inhibitors related to structure B (Scheme l), in 

which LG = SOzAryl, EWG = COzR, 2 = Et and Z’ = H, were also disclosed [21]; but in this case, the 

potential leaving group was not expelled from the acyl-enzyme intermediate [22]. 

Recently, we considered the possibility of putting the EWG and LG substituents together in position N- 

1. The first molecules prepared were 1 -alkoxycarbonyl-3-bromoazetidin-2-ones, corresponding to structure C 

(Scheme 1) in which EWG-LG = CO-OR, Z = Br and Z’ = H [23]. We hypothesised that, on ring opening by a 
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serineenzyme, the loss of the leaving group could release a highly electrophilic cumulene (i.e. an isocyanate 

function), leading to a covalent inhibitor-enzyme complex by reaction with a nucleophilic residue in the active 

site. In fact, b-lactams C behaved as transient inhibitors of the porcine pancreatic elastase (PPE). In control 

experiments on the chemical reactivity, we found that basic hydrolysis led to the cleavage of the Iactam ring, but 

not of the urethane bond [23]. Thus, the design of p-lactams which will form stable complexes (via a suicide 

mechanism or not) with serine-enzymes appears to remain a difficult task [22]. 

In this paper, we describe another approach for combining the EWG and LG substituents on the 

azetidinone nitrogen atom. According to the general structure D (Scheme l), we have considered substituting the 

N-l position with various a-heterofunctionalized carboxymethyl chains (LG = F, OR, SR, S(O)aR and EWG = 

C02R); in such compounds, P-lactam ring opening could unmask a reactive Schiff base into the enzymatic 

cavity of serine-proteases. The recognition selectivity would mainly depend on the nature and orientation of the 

C-3 substituent, and the nature of the EWG group. Potential b-lactamase inhibitors feature a short (3S)- 

acylamino chain, and a free carboxylic acid as EWG group (for interaction with carboxypeptidases [24]), while 

potential elastase inhibitors contain a (3R)-bromo substituent (or eventually a short (3R)-acylamino chain), and a 

lipophilic ester as EWG group (for interaction with endopeptidases [25]). This paper deals with the synthesis, 

the chemical reactivity, and the inhibition potential of a series of monocyclic p-lactams of general structure D 

(Scheme 1). 

RESULTS 

Synthesis 

3-(t-Butyloxycarbonyl)aminoazctidin-2-one 1 was used as starting material [26]; the (S) and (R)- 

enantiomers could be prepared in five steps from (L) and (Q-serine, respectively. Most of our syntheses were 

conducted in both enantiomeric series, but for conciseness, we will describe here the reactions concerning the 3- 

(s> enantiomers (Scheme 2). 

Condensation of 1 with p-nitro-[27,28] or p-methoxybenzylglyoxylate [29] gave the N-hydroxyacetyl 

derivatives 2a or 2h [28,30] as approximately 60 : 40 mixtures of diastereoisomers, according to the 1H NMR 

analysis. The substitution of the C-5 hydroxyl group with fluorine was performed with diethylaminosulfur 

trifluoride (DAST) in dichloromethane at low temperature; the resulting fluoride derivatives 3a or 3h were 

isolated as 60 : 40 mixtures of diastereoisomers (Scheme 2). 

Replacement of the C-5 hydroxyl group with a thioaryl or thioalkyl substituent required an activation 

step. Thus, the alcohol 2a was first treated with mesyl chloride and triethylamine, then added to a solution of 

thiophenol and triethylamine in dichloromethane, or of sodium thiomethoxide in dimethylformamide, to furnish 

respectively 4a or Sa (= 60 : 40 mixtures of diastereoisomers; Scheme 2). Controlled oxidation of 4a into 

sulfoxide could be performed using an oxaziridme reagent; reaction with 2-(phenylsulfonyl)-3-phenyloxaziridine 

[3 11 gave 6a as a 5 1.5 : 34 : 8.5 : 6 mixture of four diastereoisomers. Complete oxidation of 4a and Sa with 

potassium permanganate in aqueous acetic acid led to the corresponding sulfones 7a and 8a (= 60 : 40 mixtures 

of two diastereoisomers; Scheme 2). 

N-Boc deprotection was conducted as usual by dissolution in trifluoroacetic acid at room temperature; 

treatment of compounds 2a (X = OH), 4a (X = SPh). 6a (X = SOPh), 7a (X = S02Ph) and 8a (X = S02Me) 
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quantitatively furnished the corresponding ammonium trifluoroacetates 9 (Scheme 3), while under similar 

conditions, 3a (X = F) led to unidentified products. The crude salts 9 were directly reacted with acetic 

anhydride under Schotten-Baumann conditions : 1Oa resulted from the NH2 (C-3) and OH (C-5) acylation; lla 

to 14a corresponded to the expected NH2 (C-3) acylation (Scheme 3). All the compounds were isolated as 

mixtures of diastereoisomers (ratios of 54 : 46 to 70 : 30, after cohmm chromatography). 

The 3-bromo-azetidinones 15a (X = OH), 16a (X = SPh) and 17a (X = SaPh) were prepared from 

the corresponding 3-amino-precursors 9 by diazotization in the presence of sodium bromide (Scheme 3) 

[32,33]. Due to the absence of a C-4 substituent in compounds 9, chiral control at C-3 by steric effect was not 

achieved during the substitution. Thus, contrary to what is observed in the penam series, the former reaction led 

to C-3 racemization. This had been observed previously in the o-lactam C series (Scheme 1) [23]; moreover, 

epimerization of a-bromo-azetidinones in aqueous acidic solution, via an enolization process, has been reported 

[34]. Reaction of 15a (X = OH) with DAST or acetic anhydride gave respectively the fluoro- derivative 18a (X 

= F) and the acetoxy- derivative 19a (X = OAc). All the bromo-azetidinone compounds were isolated as 

mixtures of 35 stereoisomers (Scheme 3). 

Using the classical hydrogenolysis conditions for PNB deprotection, we were able to obtain the free 

acids 4c (2 = BocNH, X = SPh; Scheme 2), 1Oc (Z = AcNH, X = OAc; Scheme 3) and llc (Z = AcNH, X = 

SPh; Scheme 3). But similar treatment led to intractable mixtures in the case of the PNR precursors 3a (Z = 

BocNH. X = F; Scheme 2), 12a (Z = AcNH, X = SOPh; Scheme 3) and 13a (Z = AcNH, X = SOZPh; 

1 

i- 
(HO)$H-CO*- 

2 OH F 
3a, 64% 
3b, 48% 
3c 

III, 3 
iv a, R’ = PNB, 69% 
or v b, R’ = PMB, 73% 

c,R’=H 

phSozV$+HPh 

- 
vi 

6a, 62% 4a, R* = Ph, 56% 
6a,R2=Me,20% 
4c, 76% 

7a, R* = Ph, 76% 
6a, R* = Me, 67% 

Reagents and conditions : (i) glyoxylate (1.3 equiv.), benzene, reflux, lo - 19h; (ii) DAST (1.3 equiv.), CH2C12. 
-76°C to 20°C+, 5h; (iii) MeSO& (1.3 equiv.), EtsN (1.3 equiv.), CH2C12, 0°C to 20°C, 30 min; (ii) PhSH (1.3 equiv.), 
EW (1.3 ewlv.), CH&I2,2O”C~ 3h; (v) MeSNa (1.1 equiv.). DMF, 20°C,2h; (vi) oxaziridine (1 equiv.), CH2C12. OOC 
to 2o”C, 3h; (vii) Kkk104 (2 ~~uIv.), HOAc - H20 (4:1), -WC, 3h; (viii) H2, Pd - C, MeOH, 20°C, 2h. 

scheme 2 
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KEk, NaNC&, 2N H&O,, 5°C - BOG 4h3O mif& (ii) DAST, CH&~, -78% to WC, 1 h; (v) Ac#, pyrSie, C&C&, 
2iPC, 3h; {vi) Hz, Pd - C, k&OH, 204Z 2h (MdiiIb of N-ethyl colic) 

Scheme 3). However, the PNB esters could be smoothly hydroiysed in a mixture of phosphate buffer (pH 7.5) 

and DMSO (see the following section: chemical re~tivity). Finally, various conditions were tested for PMB 

depletion of com~und 3b (2 = BocNH, X = F; Scheme 2) , i.e. (i) oxidative neatens with 2,3_dichloro- 

5,~cy~o~n~~~none (Dm) or cerium ~o~urn nitrate (CAN); (ii) reaction with ~~yfsiiy~ iodide; 

{iii) hydrolysis with trifh~roacetic acid-a&sole or upturn ~cho~de-~isoie; (iv) catalytic hy~geuoiys~s, 

Aft attempts were u~su~essful, leading to intractabb mixtures, the tH and 19F NMR analyses of which 

revealed the abbe of the fluorine atom. 

The various derivatives were ch~~te~s~ in IH NMR by a typical ABX pattern due to the ~-la~tam 

protons H-4, H-4‘ and H-3. The ~upling nonstop 544: Jxis, and J34tans varied, respectively. between 3.8- 

6.8 Hz, 4.9-7.0 Hz, and 2.I-5.5 Hz. The chemical shifts of H-3, H-4 (cis) aud H~(t~s) appeared, 
~s~~ve~y, at 4.6-4.9 6.3.64.0 6, and 3.4-3-8 6. The H-5 proton, characteristic of the functionalized acetyl 

chain, was visible at 5.5-6.3 6. In the t3C NMR spectra, four typical lines were found at W-168 ppm (C-2), 

46-50 ppm (C-4). 60-85 ppm (C-S), and 56-59 ppm (C-3 linked to NH) or 41-42 ppm (C-3 linked to Br). 

Chemiea) Reactivity 

As the potential inhibitor eff”ect of the 1,3~substitu~d ~eti~nones will be tested on several target 

enzymes, ~~~n~ ofthe hy~lydc stability in aqueous buffer wem ~~0~~ as a ~~u~sjt~. 
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Moreover, the rate constants of hydroxide-ion catalysed hydrolysis of p-lactams are usually considered as a 

good measure of their intrinsic chemical reactivity. Since nucleophilic attack on the p-lactam ring is a key step in 

the inhibition of enzymes containing an essential serine in the active site, susceptibility towards nucleophilic 

attack has been used in structure-activity relationships of serine enzyme inhibition [35-371. The presence of an 

EWG-substituent at position N-l of the @-lactam can dramatically increase the rate of hydrolysis [23,38] or 

aminolysis [39-411. In structures lla, 12a, 13a, 16a, 18a, and 19a, this effect should be reduced since the 

EWG-group (PNB ester) is not directly linked to the b-lactam nitrogen atom. Being multifunctional, the 1,3- 

substituted azetidinones are susceptible to nucleophilic attack on several electrophilic centres. Reactions at the 

sp2 carbon atoms of the carbonyl functions (scheme 4 : routes (a), (b) and (c’) when LG = AcO), and at the sp3 

carbon atoms bearing a potential leaving group (scheme 4 : routes (c) and (d)) can be envisaged. 

To determine the products formed under hydrolytic conditions, the PNB ester of p-lactams lla, 13a, 

16a. 18a and 19a were dissolved in DMSO-d6 and added to deuterated phosphate buffer (pH 7.5, final 

concentration : between 5 x 10-4 and 10-3 M, DMSO : 7% for lla, 40% for the others). The solutions were 

analysed by 1H NMR (500 MHz) as a function of time. The following reactions should be easily detected: (i) p- 

I lb) 

Z. AcNH. 

(4 

% 

ring opaning 
products 

I 
(a) 

. . 
20 (R = ‘3, H) 

mute 
mute 

a) : azetidinone hydrolysis (ring opening) ; route (b) : ester hydrolysis 
c) 

mute d) 
: nucleophilic substitution of LG ; mute (c’) : LG = OAc; acetyl hydrolysis 
: Z = Br; nucleophilic substitution of Z 

scfteme 4 



C. Beauve et al. /Tetrahedron 55 (1999) 1330143320 13307 

Iactam ring opemng should lead to a modification of the coupling constants of the cyclic protons H-3, H-4 and 

H-4’; (ii) PNB ester hydrolysis would release p-nitrobenzyl alcohol. while the acetyl hydrolysis (compounds 

lla, 1311, and 1%) would produce acetate. two known references; (iii) nueleophilic substitution at C-3 or C-5 

should lead to the modification of the chemical shifts of the H-3 and H-S protons. After 24 hours in phosphate 

buffer, quantitative deprotection of the PNB ester was the only reaction observed for compounds lla (Z = 

AcNH, X = SPh), Ma (Z = Br, X = SPh) and 19a (Z = Br, X = OAc). For them, in~uba~on in a phosphate 

buffer-DMSO mixture constitutes a practical and smooth method of in situ deprotection of the ester function. 

With compound 13a (Z = AcNH, X = S&Ph), ester hydrolysis was accompanied by H-5 hydrogen exchange 

and decarboxylation leading to the P_lactam 20 (R = D; scheme 4); the non &t&rated product (R = H) has been 

isolated and fully characterized from a reaction run in H20. Compound 18a (Z = Br, X = I?) evolved into a 

complex mixture of products : the fust NMR spectrum recorded during the course of hydrolysis pointed to the 

cleavage of the ester function as the first event; however, on standing, the initial mixture of diastereoisomers 

decomposed into a mixture of six secondary products in which the fluorine was lost, as evidenced by the 

disappearance of the typical H/F couplings for the protons H-5, H-4 and H-4’. These products still contain a p- 

lactam nucleus, they could not be isolated, nor further characterized. 

The rates of hydrolysis of compounds lla, 12a, Ma, lSa, and 19a have been followed by UV 

spectrophotometry (IO-4 - 10-5 M solution in phosphate or borate buffer containing 10% of CH3CN), at 240 or 

270 mn. First order rate constants (bbs) were measured at different pHs (see experimental section). Plots of 

b versus hydroxide ion concentration are linear. The pH dependence of the rate of hydrolysis of 17a, on the 

other hand is consistent with a kinetic scheme including a deprotonation equilib~um (pica = 7.9 f 0.1) and a 

hydroxide ion catalyzed hydrolysis of the neutral ester (scheme 5) : 

S@ + H@ s SH - P 
Ka kOH 

Scheme 5 

This scheme is supported by the observation of H-5 exchange in D2G by NMR. Table 1 summarizes the second 

order rate constants lto~ obtained; they are observed to increase with the electron withdrawing character of the 

C-5 substituent. 

Table Cakulated second order rate constants for the hydroxidecatalyzed hydrolysis of PNR esters 

Cmpd(a) zcb) LG(b) kQR (M-‘min-*) 

lla NHAC SPh (2.4 f 0.3) 10“ 
12a NHAC sow (3.4 f 0.3) 104 
168 Br SPh (4.7 f 2.3) 10s 
17a Br S%Ph (8.4 f 1.0) 104 (c) 
18a Br F (5.7 f 1.3) 105 
19a Br OAC (1.4 f 0.3) 10s 

(a)seeScheme3;(b)seeSchemel;(c)seeSchemeS,pKa=7,9ItO.1 
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Biological Evaluation 

The free acids 4c (Z = BocNH, X = SPh), 1Oc (Z = AcNH, X = OAc), llc (Z = AcNH, X = SPh), 

and the PNB esters 121~ (Z = AcNH, X = SOPh), 13a (Z = Br, X = S@Ph), 14a (Z = AcNH, X = S@Me) 

were evaluated, as such or after in situ hydrolysis of the PNB ester, for their potential inhibitory effect on 

various representatives j&ctamases. All the tested compounds (with (S)-configuration at C-3) were inactive 

against the RTEM (EC&) [42] and NMCA [43] &lactamases of class A, the 5/B/6 B-iactamase [44] of class B, 

the Q908R ~lactarnase [45] of class C, and the OXA p-lactamase [46] of class D. 

The bromo-azetidinones (racemic mixtures of PNB esters) 1611 (Z = Br, X = SPh), 17a (Z = Br, X = 

SOzPh), l&x (Z = Br, X = F), and 19a (Z = Br, X = OAc) were tested for their inhibitory effect on porcine 

pancreatic elastase (PPE) [47]. Three compounds (16a, 18a. 19a) behaved as weak reversible inhibitors at 

concentrations between 10-4 and 2 x 10-4 M with percentages of inhibition between 12% and 35% (see 

experimental). The hydrolysis of these compounds was not catalyzed by the enzyme. Replacement of the C-3 

bromo subs&tent with the bulky BocNH group ( in the (R)-configuration) totally suppressed the PPE inhibitory 

activity : the tested PNB esters were 3’a (Z = (R)BocNH, X = F) and 4’a (Z = (R)BocNH, X = SPh). 

CONCLUSION 

A series of monocyclic p-lactams sharing the general structure D (Scheme 1) have been prepared. They 

display various substituents or side-chains at positions C-3 and N-l and were designed to promote the suicide- 

inhibition of serine-enzymes. Before testing these compounds as potential inhibitors of carboxypeptidases or S- 

lactamases, it is essential to deprotect the carboxyl function. For several compounds, this could not be achieved 

by hydrogenolysis of the p-nitrobenzyl function. The problem could, however, be solved by the discovery of an 

in situ deprotection of the PNB ester by smooth basic hydrolysis in the phosphate buffer. Under these 

conditions, the p-lactam ring of compounds D and their potential leaving group at C-5 were found to be stable, 

as controlled by *H NMR at 500 MHz. However, after 24 h, we observed that the fluorine leaving group was 

removed and that the presence of a strong electron withdrawing substituent at C-5 induced the loss of CR from 

the carboxylate obtained by PNB hydrolysis. Indeed, the S02Ph substituent is able to stabilize a negative 

charge; accordingly, the H-5 proton of 13a was also rapidly exchanged with deuterium in deuterated phosphate 

buffer. 

All the tested compounds were found to be inactive against p-lactamases of classes A, B, C, and D. Yet, 

a modeling study has shown a good docking of one representative structure (11~: Z = (S)AcNH, X = (R)SPh) 

into the enzymatic cavity of RTEM P-lactamase [48]. On the other hand, the p-lactams D bearing a bromo- 

substituent at position C-3 were recognised by the porcine pancreatic elastase, but without leading to the 

expected irreversible inhibition. This could be due to their low level of intrinsic chemical reactivity. From the 

ratios of the apparent hydrolysis rates of the natural substrate by PPE in the absence or in the presence of the 

synthetic inhibitors, we could estimate that the inhibition constants (Ki) of 16a, 18a, and 19s are superior to 

2.10-4M. 
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EXPERIMENTAL SECTION 

13309 

General 

The IR spectra were recorded on Perkin Elmer Serie 1700 or Bio-Rad FIS 135 spectrometers. The NMR 
spectra were obtained on a Brucker AM-500 apparatus. The Mass spectra were recorded on Finnigan MAT- 
TSQ70 (70 eV, EI) and ION TECH (8 KeV, FAB) equipments. Melting points were determined with an 
Electrothermal microscope and are uncorrected. Elemental analyses were performed at the Imperial College 
(London, UK). HRMS analyses ( VG-Autospec-Q, 20 KeV) were obtained from the University of Libge 
(Belgium). The UV measurements were made on a Gilford Response spectrophotometer and on a Varian Cary 
3 BIO apparatus. Reagents and solvents were purchased from Acres, Janssen, Aldrich, Fluka or Sigma. 

RTEM p-lactamase and porcine pancreatic elastase (PPE) were obtained from Sigma. The p-lactamases 
Q908R, OXA2, 5/B/6 and NMCA were supplied by Prof.J.M.Fr&re (U.Lg, Belgium). The column- 
chromatographies were performed with Merck 60 silica gel (70-230 Mesh ASTM); the analytical plates were 
Merck 60 F254. 

Synthesis 

(3S)-3-(t-Butyloxycarbonyl)aminoazetidin-2-one (l).This compound was prepared from (L)-serine 
(5.25 g, 50 mmol), in five steps, according to reference [26], with an overall yield of 23 % (2.15 g of 1, 
purified by crystallization in EtOAc). [cc]02’ - 19.8 (c = 0.1, MeOH; Lit [26]: - 19.8); mp 171.5 - 172.5 “C; 

vrnax (Nujol) 1760, 1730, 1690 cm? 8” (acetone - d6) 4.80 (lH, dd, J 5.2, 8.0 Hz, H-3), 3.52 (lH, dd, J 

5.0, 5.2 HZ, H-4), 3.24 (lH, dd, .I 3.0, 5.0 Hz, H-4’), 1.42 (9H, s); 6~ (acetone - d6) 169.02 (CO 
azetidinone), 155.79 (CO carbamate), 79.51, 59.69 (C-3), 44.21 (C-4), 28.52. 

(3R)-3-(t-Butyloxycarbonyl)aminoazetidin-2-one (1). This compound was prepared as above, from 
(D)-serine. [a]~~’ + 19.8 (c = 0.1, MeOH; Lit [26]: + 19.8). 

(3S)-l-[(p-Nitrobenzyloxy)2-hydroxyacetyl]-3-(t-butyloxycarbonyi)aminoazetidin-2-one 
@a). A solution of p-nitrobenzyl glyoxylate monohydrate (1.8 g, 8.6 mmol, 1.6 equiv.) in benzene (50 mL) 
was refluxed during 3 h in a flask (100 mL) equipped with a Dean-Stark condenser. After cooling, (3,!+3-(t- 
butyloxycarbonyl)amino - azetidin-2-one 1 (1 g, 5.3 mmol, 1 equiv.) was added, and the mixture was 
refluxed again for 7 h. After distillation of the solvent, the residue was dissolved in ethyl acetate (30 mL), 
washed with brine, and dried over MgSO.+ The crude product was purified by column chromatography on 
silica gel (elution with dichloromethane - ethyl acetate, 90 : 10 then 70 : 30) to furnish 2a (1.46 g, 69 %) as a 
white solid, m.p. 144-145 “C; [Found: C,51.82; H, 5.34; N, 10.46. C17H~lOsN3 requires C, 51.64; H, 5.35; 
N, 10.62%]; the two diastereoisomers (60 : 40 mixture) were co-eluted; RF(Si02; CH2C12 - EtOAc, 50 : 50) 
0.43; Vmax (KBr) 3476, 3343, 2984, 1784, 1732, 1682, 1529, 1349 cm-‘; 8~ (acetone - d6) major isomer, 
8.27 (2H, d, J 7.5 Hz), 7.75 (2H, d, J 7.5 Hz), 6.83 (lH, d, J 8.3 Hz, NH), 5.63 (lH, d, J 7 Hz, H-5), 
5.39 (2H, s, CHzAr), 4.77 (lH, ddd, J 8.3, 5.5, 3.0 Hz, H-3), 3.76 (lH, dd, J 5.5, 5.3 Hz, H-4). 3.49 
(lH, dd, J 3.0, 5.3 Hz, H-4’), 1.41 (9H, s) - minor isomer, 6.80 (lH, d, J 8.3 Hz, NH), 5.40 (lH, d, J 7 
Hz, H-5). 3.58 (lH, dd, J 5.5, 5.3 Hz, H-4), 3.37 (lH, dd, J 3.0, 5.3 Hz, H-4’), 1.40 (9H,s); 

6~ (CDC13) major isomer, 168.6 (CO ester), 168.03 (CO azetidinone), 155.81 (CO carbamate), 148.74, 
144.21, 129.62, 124.44, 79.87, 72.82 (C-5), 66.45 (CH2-Ar), 58.29 and 58.19 (C-3, two conformers), 
45.95 (C-4), 28.5 - minor isomer, 168.51, 167.72, 72.71 (C-5), 66.40, 58.62 and 58.52 (C-3, two 
conformers), 46.15 (C-4); MS (FAB+) m/z 396 (M + l), 136,56; MS (FAB-) m/z 394 (M-l), 277, 122. 
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(3S)-l-[(p-Methoxybenzyloxy)2-hydroxyacetyl]-3-(t-butyloxycarbonyl)aminoazetidin-2-one 
(2b). 2b Was prepared as described for 2a, from p-methoxybenzyl glyoxylate monohydrate (2.7 g, 9.6 
mmol, 1.3 equiv.) and 1 (1.36 g, 7.3 mmol. 1 equiv.) in refluxing benzene (50 mL) during 16 h. Column 
chromatography on silica gel of the crude mixture gave pure 2b (2 g, 73 8) as a white gummy material; 
[Found: C, 56.09; H, 6.59; N, 6.78. CtsH24N207.0.3 Hz0 requires C, 56.03; H, 6.42; N, 7.16%]; the two 

diastereoisomers (67 : 33 mixture) were co-eluted; RF (SiO,; CH& - EtOAc, 50 : 50) 0.35: v,, (Film) 3450, 

3338, 2954, 1747, 1614, 1517, 1178 cm-‘; 8” (CDCls) major isomer, 7.29 (2H, d, J 7.6 Hz), 6.82 (2H, d, J 
7.6 HZ), 5.80 (lH, d, J7.5 Hz, NH) 5.56 (lH, d, J7 Hz, H-5), 5.12 (2H, s, CH2Ar), 5.0 (lH, d, 57 Hz, 
OH), 4.78 (IH, m, H-3), 3.75 (3H, s, OMe), 3.63 (lH, t, J 5 Hz, H-4), 3.11 (lH, dd, J 5, 3 Hz, H-4’), 
1.46 (9H, s) - minor isomer, 7.25 (2H, d, J 8 Hz), 5.60 (lH, d, J 7.5 Hz, NH), 5.42 (lH, d, J 7 Hz, H-5), 

5.10 (2H, s); 8~ (CDCls) 168.51 (CO ester), 167.64 (CO azetidinone), 160.45, 155.29 (CO carbamate), 
130.87, 127.34, 114.49, 80.9, 72.67 (C-5), 68.43 (CH2Ar), 57.99 (C-3), 55.60, 47.13 (C-4), 28.62. 

(3S)-l-[(p-Nitrobenzyloxy)2-fluoroacetyl]-3-(t-butyloxycarbonyl)aminoazetidin-2-one (3a). 
To a cold (- 78” C) solution of diethylaminosulfur trifluoride (DAST, 0.7 mL, 7 mmol, 1.375 equiv.) in 
CHzClz (5 mL) was added dropwise, under argon atmosphere, a solution of 2a (2 g, 5.11 mmol, I equiv.) in 
CH$I2 (5 mL). At the end of the addition, the mixture was allowed to reach room temperature and stirred for 
5 h at 20” C. After washing with water, drying over MgS04 and concentration, the crude product was purified 
by column chromatography on silica gel (elution with dichloromethane - ethyl acetate, 98 : 2 then 90 : 10) to 
furnish 3a (1.1 g, 54 %) as a pale yellow gum; [ Found: C, 50.98; H, 4.89; N, 10.15. Ct7H2cFN307 
requires C, 5 1.38; H, 5.07; N, 10.57%]; the two diastereoisomers (59 : 41 mixture) were co-eluted; RF (SiOz; 

CH2Clz - EtOAc, 90 : 10) 0.60; vmax (KBr) 3009, 2984, 1803, 1764, 1739, 1714, 734 cm-‘; 8~ (acetone - 
d6) major isomer,8.27 (2H, d,J7.2 Hz), 7.76 (2H,d, J7.2 Hz), 6.92 (lH, d, J8.1 Hz, NH), 6.27 (lH, d, 
JH+ 51.5 Hz, H-5), 5.47 (2H, s, CH2Ar), 4.92 (lH, ddd, J 8.1, 4.9, 3.8 Hz, H-3), 3.75 (lH, dd, J 4.9, 
4.8 Hz, H-4). 3.64 (IH, dd, J 3.8,4.8 Hz, H-4’), 1.42 (9H, s); 6~ (acetone - d6) major isomer, 168.86 (CO 
ester), 164.74 (CO azetidinone), 155.7 (CO carbamate), 148.75, 143.5, 129.77, 124.36, 85.07 (C-5), 80.05, 
67.09, 59.26 (C-3), 48.81 (C-4), 28.44; MS (FAB‘) m/z 396.1 (M - l), 261, 122. 

(3S)-l-[(p-Methoxybenzyloxy)2-fluoroacetyl]-3-(t-buty~oxycarbonyl)aminoazetidin-2-one 
(3b). 3b Was prepared as described for 3a, from DAST (0.36 mL, 3.61 mmol, 1.375 equiv.) in CHrC12 (5 
mL) at - 78” C and 2b (lg, 2.63 mmol, 1 equiv.) in CH2C12 (5 mL). Purification by chromatography on 
silica gel gave 3b (0.48 g, 48 %) as a oil; [ Found: C, 56.01; H, 5.97; N, 6.99. C1sH23FN206 requires C, 
56.53; H, 6.06; N, 7.32%]; the two diastereoisomers (60 : 40 mixture) were co-eluted; RF (SiO,; CH&.- 

EtOAc, 90 : 10) 0.64; vmax (Film) 2984, 1803, 1764, 1680, 1529, 1349, 850,832 cm-‘; 88 (CDClj) major 
isomer, 7.31 (2H, d, J 7.5 Hz), 6.90 (2H, d, J 7.5 Hz), 6.05 (lH, d, JH+ 51 Hz, H-5), 5.19 (2H, s, 
CHzAr), 5.12 (lH, br d, NH), 4.90 (lH, ddd, J 8, 5, 3.8 Hz, H-3), 3.82 (3H, s, OMe), 3.79 (lH, t, J 5 Hz, 
H-4). 3.48 (lH, dd, J 5, 3.8 Hz, H-4’), 1.44 (9H, s) - minor isomer, 6.03 (lH, d, JH_F 51 Hz, H-5), 5.07 
(lH, br d, NH), 4.88 (lH, ddd, J 8, 5, 3.8 Hz, H-3), 3.59 (lH, t, J 5 Hz, H-4), 3.35 (lH, dd,J 5, 3.8 Hz, 

H-4’); 8, (CDC13) major isomer, 167.1 (CO ester), 163.43 (CO azetidinone), 160.1, 154.38 (CO carbamate), 
130.55, 126.21, 114.02, 83.56 (d, JCvF 210 Hz, C-5), 80.73, 68.1, 58.2 (C-3), 55.18, 47.29 (C-4), 28.09 - 
minor isomer, 167.42 (CO ester), 163.71 (CO azetidinone), 58.34 (C-3), 46.92 (C-4); MS (FAB+) m/z 383 
(M + l), 121. 

(3S)-l-[(p-Nitrobenzyloxy)2-thiophenylacetyl]-3-(t-butyloxycarbonyl)aminoazetidin-2-one 
(4a). To a solution of 2a (0.7 g, 1.8 mmol, 1 equiv.) and mesyl chloride (0.18 mL, 2.33 mmol, 1.3 equiv.) 
in CHrC12 (5 mL) was added dropwise (with a syringe through a rubber stopper) triethylamine (0.335 mL, 
2.33 mmol, 1.3 equiv.). The mixture was stirred for 30 min. at room temperature, then thiophenol 
(0.255 mL, 2.33 mmol, 1.3 equiv.) and triethylamine (0.335 mL, 2.33 mmol, 1.3 equiv.) were added 
successively. After 3 h at 20” C, the organic solution was washed with water, dried over MgS04 and 
concentrated. Column chromatography on silica gel (elution with CH$lz, then CH2C12 - EtOAc, 90 : 10) 
furnished 4a (0.50 g, 58 %) as a pale yellow gum; [ Found: C, 55.89; H, 5.37; N, 8.19. C2sHzsN307S.0.3 
Hz0 requires C, 56.04; H, 5.23; N, 8.52%]; the two diastereoisomers (64 : 36 mixture) were co-eluted; RF 
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(SiOz; CHzC12 - EtOAc, 90 : 10) 0.52; vmax (Film) 2977, 1749, 1766, 1716.1522, 1347 cm“; 8” (acetone - 
d6) major isomer, 8.26 (2H, d, J 7.2 Hz), 7.71 (2H, d, J 7.2 Hz), 7.58 (2H, d, J 7.3 Hz), 7.38 (3H, m), 
6.80 (1H. d, J 8 Hz, NH), 6.02 (lH, s, H-5). 5.40 (2H, s, CH2Ar), 4.59 (IH, m, H-3), 3.84 (lH, t, J 4.9 
HZ, H-4). 3.58 (lH, dd, J 4.9, 3.8 Hz, H-4’). 1.39 (9H, s) - minor isomer, 7.67 (2H, d, J 7.2 Hz), 7.65 
(2H, d, J 7.2 HZ), 6.68 (lH, d, J 8 Hz, NH), 5.91 (lH, s, H-5). 5.35 (2H, s, CH2Ar), 4.84 (lH, m, H-3). 

3.65 (lH, t, J 4.9 HZ. H-4’). 1.42 (9H, s); S, (acetone - d6) major isomer, 167.8 (CO ester), 166.54 (CO 
azetidinone), 155.54 (CO carbamate), 148.51, 143.6, 134.6, 131.51, 130.21, 129.86, 129.47, 124.3, 79.79, 
66.82, 59.5 (C-5), 58.01 (C-3), 47.26 (C-4), 28.50 - minor isomer, 166.75 (CO azetidinone), 143.5, 134.2, 
131.34, 130.08, 129.57, 129.4, 59.92 (C-5), 58.11 and 57.88 (C-3, two rotamers), 47.66 (C-4); MS 
(FAB+) m’z 487.7 (M + 1), 307, 136, 89,77, 57; MS (FAB’) m/z 486 (M - 1), 135.5, 121.6, 109,46. 

(3S)-l-[(p-Nitrobenzyloxy)2-thiomethylacetyl]-3-(t-butyloxycarbonyl)aminoazetidin-2-one 
(5a). To a solution of 2a (0.1 g, 0.25 mmol, 1 equiv.) and mesyl chloride (25 uL, 0.28 mmol, 1.1 equiv.) in 
CH2C12 (3 mL) was added triethylamine (40 FL, 0.28 mmol, 1.1 equiv.). After 30 min. at 20’ C, the mixture 
was concentrated under vacuum and the residue dissolved in DMF (3 mL). Sodium thiomethoxide (2 1 mg, 
0.28 mmol, 1.1 equiv.) was added. After 2 h at 20” C, the mixture was poured into cold water (20 mL) and 
extracted with EtOAc (3 x 5 mL). Drying of the organic layers over MgSO,+, concentration and column 
chromatography on silica gel (elution with CH#& - EtOAc, 95 : 5) gave 5a as a yellow oil (21 mg, 20 % 
yield, RF 0.75). This product was directly oxidized into 8. 

(3S)-l-[(p-Nitrobenzyloxy)2-thioxyphenylacetyl]-3-(t-butyloxycarbonyl)aminoazetidin-2- 
one @a>. To a cold (0’ C) solution of 4a (330 mg, 0.68 mmol, 1 equiv.) in CH2C12 (5 mL) was added 
dropwise a solution of 2-phenylsulfonyl-3-phenyloxaziridine (218 mg, 68 mmol, 1 equiv.) in CH2C12 (3 mL). 
After 3 h at 20“ C, the organic solution was washed with water, concentrated and purified by column 
chromatography on silica gel (elution with CH2C12 - EtOAc, 90 : 10 then 50 : 50) to furnish 6a (280 mg, 82 
%) as a pale yellow gum; [ Found: C, 54.64; H, 4.94; N, 8.94. Cz3H25N30sS requires C, 54.86; H, 5.0; N, 
8.34%]; the four diastereoisomers (5 1.5 : 34 : 8.5 : 6 mixture) were coeluted; RF (Si02; CH2C12 - EtOAc, 90 : 
10) 0.24; V,,, (KBr) 2978,2933, 1772, 1713, 1523, 1348, 1163,852 cm-‘; 8~ (acetone - d6) major isomer, 
8.3 (2H, d, J 7.3 Hz), 7.81 (3H, m), 7.63 (4H, m), 6.77 (lH, d, .I 8.3 Hz, NH), 5.66 (lH, s, H-5), 5.55 
(2H, s, CH,Ar), 4.91 (lH, m, H-3), 4.04 (lH, t, J 5 Hz, H-4), 3.75 (lH, dd, J 5, 3 Hz, H-4’), 1.39 (9H, s) 

minor isomer (34 %), 6.44 (lH, d, J 8.3 Hz, NH), 5.63 (lH, s, H-5), 5.5 (2H, s, CH2Ar), 4.69 (lH, m, 
H-3), 4.1 (lH, t, J 5 Hz, H-4), 3.88 (lH, dd, J 5, 3 Hz, H-4’) -minor isomer (8.5 %), 6.96 (lH, d, J 8.3 
Hz, NH), 5.65 (lH, s, H-5), 5.41 (2H, sharp m, CHzAr), 4.45 (lH, m, H-3), 4.0 (lH, t, J 5 Hz, H-4), 
1.45 (9H. s) - minor isomer (6 %), 6.67 (lH, d, J 8.3 Hz, NH), 5.36 (2H, sharp m, CH2Ar), 1.43 (9H, s); 

6~ (acetone - d6) major isomer, 168.15 (CO azetidinone), 165.06 (CO ester), 155.65 (CO carbamate), 
148.85, 143.61, 142.56, 132.81, 130.26, 129.78, 126.07, 124.44, 79.96, 74.99 (C-5), 67.34, 59.3 (C-3), 
50.78 (C-4), 28.48 - minor isomer (34 %), 133.05,75.47 (C-5), 66.95, 59.7 (C-3) - minor isomer (8.5 %), 
50.27 (C-3); MS (FAB+) m/z 504 (M + l), 323, 136, 77, 57. 

(3S)-l-[(p-Nitrobenzyloxy)2-thiodioxophenylacetyl]-3-(t-butyloxycarbonyl)aminoazetidin- 
2-one (7a). To a cold (- 10” C) solution of 4a (200 mg, 0.412 mmol, 1 equiv.) in 4 : 1 acetic acid - water 
(12.5 mL) was added very slowly (during about 2 h) a solution of potassium permanganate (137 mg, 0.866 
mmol, 2.1 equiv.) in water (4 mL). After the addition, the mixture was stirred further for 1 h at - 10’ C, then 
10 % H202 was added dropwise, until decolourization occurred. Extraction with CHzCl2 (2 x 50 mL), 
washing of the organic phase with water (2 x 20 mL), 5 % NaHCOs (20 mL) and water (20 mL), followed by 
drying (MgSOJ and concentration gave the crude sulfoxide which was purified by column chromatography 
on silica gel (elution with CHzC12 - EtOAc, 90 : 10); 7a was recovered (166 mg, 78 %) as a pale yellow solid, 
m.p. 173.4-174.1 “C; [ Found: C, 53.03; H, 4.84; N, 8.0. C23H2sN309S requires C, 53.17; H, 4.85; N, 
8.09%]; the two diastereoisomers (60 : 40 mixture) were co-eluted, RF (SiOz; CHzClz - EtOAc, 90 : 10) 0.65; 
v,,,~~ (KBr) 2976, 1762,1749, 1716, 1522, 1347, 1162 cm-‘; 8~ (DMSO - d6) major isomer, 8.23 (2H, d, J 

7.5 Hz), 7.93 (2H, d. J 7.5 Hz), 7.78 (lH, t, J 7.2 Hz), 7.64 (4H, m), 6.38 (lH, s, H-5), 5.42 (2H, s, 
CH2Ar), 4.43 (lH, ddd, J 8.5, 6.7, 5.5 Hz, H-3), 3.83 (lH, dd, J 6.7, 5.5 Hz, H-4), 3.67 (lH, t, J 5.5 Hz, 
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H-4’), 1.34 (9H, s) - minor isomer, 6.20 (lH, s, H-5), 5.36 (2H, s, CHzAr), 4.70 (lH, ddd, J 8.5, 6.7, 

5.5 Hz. H-3), 3.57 (lH, t, J 5.5 Hz, H-4’), 1.39 (9H, s); 6~ (DMSO - d6) major isomer, 167.22 (CO 
azetidinone), 161.38 (CO ester), 154.46 (CO carbamate), 147.25, 142.31, 136.3, 135.09, 129.64, 128.84, 
128.7, 123.46, 78.78, 71.94 (C-5). 66.47, 57.30 (C-3). 47.96 (C-4), 27.96 - minor isomer, 167.31 (CO 
azetidinone), 161.26 (CO ester), 154.59 (CO carbamate), 136.62, 134.91, 72.33 (C-5), 66.42, 57.38 (C-3), 
47.77 (C-4), 28.03; MS (FAB-) m/z 518.2 (M - I), 462,418, 141. 

(3S)-l-[(p-Nitrobenzyloxy)2-tbiodioxomethylacetyl]-3-(t-butyloxycarbonyl)aminoazetidin- 
Z-one (8a). 8a Was prepared as described for 7a from 5a (45 mg, 0.1 mmol, 1 equiv.) dissolved in 4 : 1 
AcOH-Hz0 (5 mL) and KMnO., (35 mg, 0.21 mmol, 2.1 equiv.) dissolved in Hz0 (3 mLJ. The crude 
sulfone 8a (40 mg, 87 9%) was directly used for the preparation of 14a. 

(3.V3-Aminoazetidin-2-ones (9) : general procedure for t-butyloxycarbonyl deprotection. 
A solution of azetidinone (2a, 4a, 6a, 7a or 8a) in trifluoroacetic acid (+ 0.4 mmol/5 mL.) was stirred for 
15 min. at 20” C, then concentrated under vacuum. Addition of toluene and evaporation (2 x) allowed 
removal of all the acid. The residue was washed with diethylether and dried under vacuum to furnish crude 9 
as a trifluoroacetate salt (100 %). 

(3S)-l-[(p-Nitrobenzyloxy)2-acetyloxyacetyl]-3-(acetylamino)azetidin-2-one (10a). 
Deprotection of 2a (150 mg, 0.38 mmol, 1 equiv.) gave 9 (155 mg, 100 %) which was dissolved in Hz0 
(20 mL). The pH was adjusted to 7 with 0.5 M K#JOs. A 1 M solution of acetic anhydride in CHsCN 
(0.840 mL, 0.42 mmol. 2 equiv.) was added dropwise. During this addition, the pH was maintained at 7 by 
addition of 0.5 M K&03. Extraction with EtOAc (2 x 15 mL), drying over MgS04, concentration and 
column chromatography on silica gel (elution with CH& - MeOH, 99 : 1 then 95 : 5) gave 10a (130 mg, 
90 %) as a colourless oil; [Found: C50.33; H, 4.67; N, 10.98. CteH#sN3 requires C, 50.66; H, 4.52; N, 
11.07%]; the two diastereoisomers (63 : 37 mixture) were co-eluted; RF (SiO,; CH#& - EtOAc, 50 : 50) 
0.17; v,,, (Film) 3067, 2959, 1761, 1683, 1522, 1348 cm-‘; 8~ (CDCls) major isomer, 8.31 (2H, d, J 7.5 
Hz), 7.50 (2H, d, J 7.5 Hz), 6.68 (lH, d, J 7.3 Hz, NH), 6.39 (lH, s, H-5). 5.30 (2H, s, CH2Ar), 4.83 
(lH, ddd, J 7.3, 5.8, 3.1 Hz, H-3), 3.69 (lH, t, J 5.8 Hz, H-4), 3.55 (lH, dd, J 3.1, 5.8 Hz, H-4’), 2.14 
(3H, s), 1.98 (3H, s) - minor isomer, 8.19 (2H, d, J 7.5 Hz), 7.53 (2H, d, J 7.5 Hz), 6.74 (lH, d, J 7.3 
Hz, NH), 6.34 (lH, s, H-5). 4.87 (IH, ddd, J 7.3, 5.8, 3.1 Hz, H-3), 3.73 (lH, t , J 5.8 Hz, H-4), 3.51 

(lH, dd, J 3.1, 5.8 Hz, H-4’), 2.13 (3H, s), 1.99 (3H, s); 8~ (CDCls) major isomer, 170.58 (CO amide), 
169.42 (CO ester), 166.84 (CO ester PNB), 164.21 (CO azetidinone), 147.77, 141.59, 128.48, 123.7,71.84 
(C-5). 66.4, 57.08 (C-3), 47.26 (C-4), 22.47, 20.23 - minor isomer, 170.65 (CO amide), 167.07 (CO ester 
PNB), 164.3 (CO azetidinone), 147.84, 141.47, 123.76, 71.58 (C-5), 46.82 (C-4); MS (FAB+) m/z 379.9 
(M + l), 320, 136. 

(3S)-l-[(p-Nitrobenzyloxy)2-thiophenylacetyl]-3-(acetylamino)azetidin-2-one (lla). 
Deprotection of 4a (200 mg, 0.41 mmol, 1 equiv.) gave 9 (205 mg, 100 %) which was dissolved in water 
(20 mL). The pH was adjusted to 7 with 0.5 M K&03, and maintained at 7 during the dropwise addition of a 
1 M solution of acetic anhydride in CH$ZN (0.45 mL, 0.45 mmol, 1.1 equiv.). Work-up as for lOa, and 
column chromatography on silica gel (elution with CHrCls - EtOAc 50 : 50) furnished lla (130 mg, 74 %) as 
a white gum; [Found: C. 55.49; H, 4.41; N, 9.36. CzuHtsNsOsS.O.2H20 requires C, 55.48; H, 4.48; N, 
9.6981; the two diastereoisomers (54 : 46 mixture) were co-eluted; RF (SiOr; CH2C12 - EtOAc 50 : 50) 0.34; 

vmax (Film) 3076, 2967, 1761, 1748, 1521, 1347, 1223 cm-‘; 8” (CDCls) major isomer, 8.24 (2H, d, J 7.4 
Hz), 7.50 (4H, m), 7.37 (3H, m), 5.90 (lH, s, H-5), 6.06 (lH, d, J 7 Hz, NH), 5.26 (2H.shat-p m, 
CHzAr), 4.75 (lH, ddd, J 7.0, 5.8, 2.8 Hz, H-3), 3.82 (lH, t, J 5.8 Hz, H-4). 3.36 (lH, dd, J 2.8, 5.8 Hz, 
H-4’), 1.98 (3H, s) - minor isomer, 5.95 (lH, s, H-5), 5.46 (IH, d, J 7 Hz, NH), 5.29 (2H, sharp m, 
CHsAr), 4.95 (lH, ddd, J 7.0, 5.8, 2.8 Hz, H-3). 3.87 (lH, t, J 5.8 Hz, H-4), 3.50 (lH, dd, J 2.8, 5.8 Hz, 

H-4’), 1.94 (3H, s); 6~ (CDCIs) major isomer, 169.94 (CO amide), 166.3 (CO ester), 165.87 (CO 
azetidinone), 147.94, 141.47, 133.58, 130.04, 129.51, 129.34, 128.46, 123.84, 66.23, 58.18 (C-5), 56.08 
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(C-S), 47.36 (C-4). 22.71 - minor isomer, 169.74 (CO amide), 166.44 (CO ester), 165.75 (CO azetidinone), 
133.75, 130.7, 129.31, 129.01, 128.49, 56.25 (C-3), 47.59 (C-4). 22.65; MS (FAB+) m/z 430 (M + l), 
320, 167, 136; MS (FAB-) m/t 428 (M - I), 293,249,109. 

(3S)-l-[(p-Nitrobenzyioxy)2-thioxyphenylac~tyl]~3-(a~etyIamino)azetidin-2-one (12a). 
Reprotection of 6a (110 mg, 0.22 mrnol, 1 equiv.) gave 9 f 113 mg, 100 %) which was treated with acetic 
anhydride ( 1.1 equiv.) as described for lla. Column c~~to~aphy on silica gel (elution with CH&12 - 
EtOAc, 70 : 30 then 50 : 50) gave 12a (56 mg, 55 %) as a white solid, m.p. 71-72 OC; [Found: C, 52.89; H, 
4.29; N, 8.98. C~OH~QN~O~S.O.~H~O requires C, 52.86: H, 4.40; N, 9.25%]; the four stereoisomers (43 : 
27 : 17 : 13 mixture) were co-eluted; RF (SiO,; CH$& - EtOAc, 70 : 30) 0.16; vmax (KJ3r) 3067,2917, 1744, 

1684, 1518, 1349, 1224 cm-‘; 6~ (CDC&) major isomer, 8.23 (ZH, d, J 7.5 Hz), 7.63 f2H, d, J 7.5 Hz), 
7.56 (3H, mX 7.54 (2H. d, J 7.3 Hz), 6.41 (IH, d, J 7.6 Hz, NH), 5.36 (3H, s, H-5 and CH2Ar), 4.84 
(lH, ddd, J 7.6, 5.8, 2.7, H-3), 4.09 (lH, dd, J 6,1,5.8 Hz. H-4), 3.87 (lH, dd, J 2.7, 6.1 Hz, H-4’) 1.94 
(3H, s) - minor isomer (27 %), 8.23 (2H, d, J 7.5 Hz), 7.56 (5H, m), 7.48 (2H, d, J 7.3 Hz), 6.33 (1H. d, 
J 7.6 Hz, NH), 5.47 (IH, s, H-5). 5.30 (2H, s, CH2Ar), 5.3 (lH, ddd, J 7.6, 5.8, 2.7 Hz, H-3), 4.07 (IH, 
dd, J 6.1 and 5.8 Hz, H-4), 3.55 (lH, dd, J 2.7, 6.1 Hz, H-4’). 1.99 (3H, s) - minor isomer (17 %), 8.17 
(2H, d, J 7.5 Hz), 7.68 (2H, d, J 7.5 Hz), 7.48 (3H, m), 7.33 (2H, d, J7.3 Hz), 6.76 (IH, d, J 7.6 Hz, 
NH), 5.59 (lH, s, H-S), 5.08 (2H, sharp m, CH&), 4.98 (IH, ddd. J 7.6, 5.8, 2.7 Hz, H-3), 4.0 (lH, dd, 
J 5.8,6.1 HZ, H-41, 3.74 (IH, dd. J 2.7,6.1 Hz, H-4’). 2.02 (3H, s) - minor isomer (13 %), 8.17 (2H, d, J 
7.5 Hz), 7.68 (2H, d. J 7.5 Hz), 7.58 (3H, m), 7.38 (2H, d, J 7.3 Hz), 6.50 (IH, d, J 7.6 Hz, NH), 5.42 
(lH, s, H-S), S.13 {2H, sharp m, CH*Ar), 4.94 (lH, ddd, J 7.6, 5.8, 2.7 Hz, H-3), 3.81 (lH, dd, J 5.8, 

6.1 HZ, H-4), 3.77 (IH, dd, J 2.7, 6.1 Hz, H-4’). 1.96 (3H, s); 6~ (CDC&) major isomer, 170.14 (CO 
amide), 167.05 (CO azetidinone), 163.51 (CO ester), 147.49, 141.23, 140.6, 132.32, 129.5, 128.61, 
124.47, 123.83, 73.85 (C-5), 66.7, 57.22 (C-3), 50.54 (C-4). 22.61 - minor isomer (27 %), 169.79 (CO 
amide), 168.35 (CO azetidinone), 163.51 (CO ester), 148.05, 129.47, 128.7, 123.7, 75.13 (C-5), 57.22 (C- 
3),50.1 (C-4) - minor isomer (17 %), 170.41 (CO amide), 167.55 (CO ~ti~none), 161.96 (CO ester), 
147.84, 129.24, 128.78, 125.22, 123.9, 73.75 (C-S), 66.15, 57.47 (C-3). 49.76 (C-41, 22.75 - minor 
isomer (13 %), 170.34 (CO amide}, 167,2 (CO azetidinone), 162.2 (CO ester), 129.31, 124.84, 123.87, 
73.55 (C-5), 66.2, 57.47 (C-3}, 49.96 (C-4); MS (FAB”) m/z 446.3 (M + 1), 402, 320, 136. 

(3S)-l-[(p-Nitrobenzyloxy)2-thiodioxophenylacetyl]-3-(acetylamino)azetidin-2-one (13a). 
~pr~~tion of 7a (155 mg, 0.299 mmol, 1 equiv.) gave 9 (159 mg, 100 8) which was treated with AczO 
(1.1 equiv.) as described for lla. Column chromatography on silica gel (elution with CH&& - MeOH, 99 : 1 
then 95 : 5) furnished 13a(lO2 mg, 74 %) as a white solid, m.p. 169-170 “C, pound: C, 52.09; H, 3.99; N, 
8.77. C~~QN~O~S requires C, 52.04, H, 4.15; N, 9.14%]; the two di~tereoisomers (66 : 34 mixture) were 

co-eluted; RF (SiOz; CH$12 - EtOAc, 50 : 50) 0.16; vmax (KBr) 3079,2934,1754.1677, 1520, 1323,1233 

cm“; & (DMSO - d6) major isomer, 8.55 (lH, d, J 7.9 Hz, NH), 8.24 (2H, d, J 7.5 Hz), 7.94 (2H, d, J 7.3 
Hz), 7.79 (lH, t, J 7.3 Hz), 7.66 (2H, d, J J.5 Hz), 7.62 (2H, t, J7.3 Hz), 6.4 (lH, s, H-5), 5.42 (2H, s, 
CH2Ar), 4.66 (lH, ddd, J 7.9, 5.8, 3.1 Hz, H-3), 3.83 (lH, t, J 5.8 Hz, H-4), 3.52 {IH, dd, J 3.1, 5.8 Hz, 
H-4’), 1.8 (3H, s) - minor isomer, 8.63 (lH, d, J 7.9 Hz, NH), 8.23 (2H, d, J 7.5 Hz), 7.96 (2H, d, J 7.3 
Hz), 7.77 (lH, t, J 7.3), 6.27 (lH, s, H-5), 5.34 (2H, s, CHzAr), 4.96 (lH, ddd, J 7.9, 5.8, 3.1 Hz, H-3}, 
3.88 (IH, t, J 5.8Hz, H-4). 3.66 (IH, dd, J 3.1, 5.8 Hz, H-4’). 1.87 (3H, s); & (DMSO - d6) major 
isomer, 169.51 (CO amide), 166.91 (CO azetidinone), 161.43 (CO ester), 147.27, 142.29, 136.33, 135.08, 
129.65, 128.68, 128.81, 123.46, 72.01 (C-5), 66.49, 56.21 (C-3), 47.83 (C-4), 22.17 - minor isomer, 
161.33, 129.41, 136.68, 134.96, 129.48, 129.11, 128.77, 72.44 (C-5), 66.42, 56.25 (C-3), 47.96 (C-4); 
MS (FAB+) m/z 462 (M + 1). 136; MS (FAB‘) mlz 460 (M - I), 306. 

(3S)-l-[(p-Nitrobenzyioxy)-2-thlodioxomethyiacetyIf-3-(acetyiamino)azetldin3-one @#a). 
Deprotection of 8a (40 mg, 0.09 mmol, 1 equiv.) gave 9 (41 mg, 100 %) which was treated with AczO 
(1.1 equiv.) as described for 11s. Column chromatography on silica gel (elution with CHzClz - EtOAc, 50 : 
50) furnished 14a (24 mg, 68 %) as a pale yellow gum; [Found: C, 43.38; H, 4.38; N, 10.17. 
C,SH~~N~O~S.H~O requires C, 43.16; H, 4.55; N, 10.07%]; the two ~~~r~i~~~ (70 : 30 mixture) were 
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co-eluted; RF (SiO& CHzCll - EtOAc, 50 : 50) 0.12; vmax (Film) 2927, 1775, 1740, 1671, 1654, 1381 cm.‘; 

8~ (CDC13) major isomer, 8.24 (2H, d, J 7.5 Hz), 7.58 (2H, d, J 7.5 Hz), 6.26 (lH, d, J 6.7 Hz, NH), 5.73 
(H-I, s, H-5), 5.44 (2H, s, CHzAr), 4.68 (lH, ddd, J 6.7, 5.8, 3.3 Hz, H-3), 4.12 (lH, t, J 5.8 Hz, H-4), 
4.05 (lH, dd, J 5.8, 3.3 Hz, H-4’). 3.3 (3H, s), 2.03 (3H, s) - minor isomer, 6.23 (1H. d, J 6.7 Hz, NH), 
5.59 (lH, s, H-5), 5.35 (2H, s, CHzAr), 4.86 (lH, ddd, J 6.7, 5.8, 3.3 Hz, H-3), 4.03 (lH, t, J 5.8 Hz, 
H-4), 3.99 (lH, dd, J 5.8, 3.3 HZ, H-4’). 3.13 (3H, s), 2.02 (3H, s); 6~ (CDCls) major isomer, 170.59 (CO 
amide), 166.97 (CO azetidinone), 161.26 (CO ester), 147.96, 140.96, 128.51, 123.87, 70.20 (C-5), 67.12, 
57.94 (C-3), 47.71 (C-4), 40.85, 22.56 - minor isomer, 170.42 (CO amide), 167.21 (CO azetidinone), 
161.53 (CO ester), 128.71, 71.57 (C-5), 67.22, 57.77 (C-3), 49.08 (C-4), 40.95, 22.62; MS (FAB+) m/z 
399.9 (M + l), 341. 

l-[(p-Nitrobenzyloxy)2-hydroxyacetyl]-3-bromoazetidin-2-one (15a). Deprotection of 2a (500 
mg, 1.26 mmol) gave 9 (400 mg, 0.978 mmol, 78 %) which was dissolved in 2.5 N H#04 (10 mL) at 5” C. 
After addition of KBr (580 mg, 4.89 mmol, 5 equiv.) and ethanol (2 mL), a solution of NaN02 (100 mg, 1.47 
mmol, 1.5 equiv.) in water (1 mL) was added dropwise during 1 h. The mixture was stirred further for 3 h 30 
min. at 8” C, then extracted with CHC& (2 x 15 mL; 4 x 10 mL; 2 x 5 mL). The organic layer was washed 
with brine, dried over MgS04, concentrated and chromatographied on silica gel (elution with CHzClz - EtOAc, 
95 : 5) to furnish 15a (235 mg, 67 %) as a yellow oil; [HRMS (FAB+): Found : 358.9872. C12H12BrNZ06 
requires 358.9879 1; the two diastereoisomers (29 : 71 mixture) were co-eluted; RF (SiO,; CH$& - EtOAc, 50 
: 50) 0.61; v,,, (Film) 3286, 2932, 1759, 1726, 1526, 1347, 1093 cm-l; 8~ (CDC13) major isomer, 8.24 
(2H, d, J 7.6 Hz), 7.54 (2H, d, J 7.6 Hz), 5.49 (IH, s, H-5), 5.35 (2H, sharp m, CH2Ar), 4.80 (lH, dd, J 
5.2, 2.4 Hz, H-3). 4.40 (lH, br s, OH), 3.90 (lH, dd, J 6.4, 5.2 Hz, H-4), 3.62 (lH, dd, J 6.4, 2.4 Hz, H- 
4’) -minor isomer, 5.59 (lH, s, H-5), 5.42 and 5.32 (2H, two d, J 12.8 Hz, CHzAr), 4.26 (lH, br s, OH), 

4.01 (lH, dd, J 6.4, 5.2 Hz, H-4). 3.32 (lH, dd, J 6.4, 2.4 Hz, H-4’); 6~ (CDC13) major isomer, 167.45 
(CO ester), 163.46 (CO azetidinone), 147.98, 141.19, 128.77, 123.84, 72.57 (C-5), 66.80, 48.39 (C-4). 
41.34 (C-3) - minor isomer, 167.65 (CO ester), 163.38 (CO azetidinone), 128.71, 123.86, 72.14 (C-5), 48.0 
(C-4), 41.49 (C-3); MS (FAB+) m/z 360.9 (M + 1). 136, 107. 

l-[(p-Nitrobenzyloxy)2-thiophenylacetyl]-3-bromoazetidin-2-one (16a). Deprotection of 4a 
(240 mg, 0.5 mmol) gave 9 (195 mg, 0.5 mmol, 100 %) which was dissolved in 2.5 N HzS04 (10 mL) and 
ethanol (1 mL) at 5’ C. Treatment with KBr (300 mg, 2.5 mmol, 5 equiv.) and NaN02 (51 mg, 0.75 mmol, 
1.5 equiv.) in Hz0 (1 mL) was performed as described for 15a. Purification by column chromatography on 
silica gel (elution with CHIC12 - EtOAc, 90 : 10) furnished 16a (120 mg, 53 %) as a yellow oil; [Found : C, 
48.05; H, 3.55; N, 5.96. C18H15BrNZ05S requires C, 47.90; H, 3.35; N, 6.21%]; the two diastereoisomers 

(52 : 48 mixture) were co-eluted: RF (SiO,; CH2C12 - EtOAc, 90 : 10) 0.85, vmax (Film) 3078, 2965, 1775, 

1747, 1521, 1347, 1224 cm-‘; 8~ (CDCIJ) major isomer, 8.24 (2H, d, J 7.6 Hz), 7.50 (4H, m), 7.37 (3H, 
m), 5.89 (lH, s, H-5), 5.28 (2H, sharp m, CH2Ar), 4.55 (lH, dd, J 4.9, 2.2 Hz, H-3), 4.02 (lH, dd, J 4.9, 
6.8 HZ, H-4), 3.67 (lH, dd, J 6.8, 2.2 Hz, H-4’) - minor isomer, 5.87 (lH, s, H-5), 4.74 (lH, dd, J 4.9, 

2.2 Hz, H-3), 4.12 (lH, dd, J 4.9, 6.8 Hz, H-4). 3.64 (lH, dd, J 6.8, 2.2 Hz, H-4’); 6~ (CDCb) major 
isomer, 165.7 (CO ester), 163.24 (CO azetidinone), 147.93, 141.43, 134.52, 133.82, 129.50, 129.40, 
128.46, 123.82, 66.26, 58.6 (C-5), 49.0 (C-4), 40.99 (C-3) - minor isomer, 165.48 (CO ester), 163.33 (CO 
azetidinone), 133.55, 129.57, 129.44, 58.67 (C-5), 49.12 (C-4), 41.15 (C-3); MS (FAB+) m/z 453 (M + l), 
272, 136, 77. 

l-[(p-Nitrobenzyloxy)2-thiodioxophenylacetyl]-3-bromoazetidjn-2-one (17a). Deprotection of 
7a (200 mg, 0.385 mmol) gave 9 (160 mg, 0.385 mmol, 100 %) which was dissolved in 2.5 N H$04 (10 
mL) and ethanol (1 mL). Treatment with KBr (230 mg, 1.92 mmol, 5 equiv.) and NaN02 (40 mg, 0.58 
mmol, 1.5 equiv.) in HZ0 (1 mL) was performed as described for Ha. Purification by column 
chromatography on silica gel (elution with CH&12 - EtOAc, 90 : 10) furnished 17a (73 mg, 39 %) as a 
yellow gum; [Found: C, 43.38; H, 3.13; N, 5.46. C1sH1=,BrN20+.0.7H20 requires C, 43.58; H, 3.30; N, 



C. Beauve et al. /Tetrahedron 55 (1999) 13301-13320 13315 

5.6581; the two diastereoisomers (50 : 50 mixture) were co-eluted; RF (SiOz CHzClr - EtOAc, 90 : 10) 

0.80, vmax (Film) 2941, 1781, 1752, 1522, 1348, 1227, 482 cm-‘; 8~ (CDCls) one stereoisomer, 8.25 (2H, 
d, J 7.5 Hz), 7.94 (2H, d, J 7.3 Hz), 7.58 (2H, d, J 7.5 Hz), 7.75 (lH, t, J 7.3 Hz), 7.61 (2H, t, J 7.3 Hz), 
5.73 (lH, s, H-5), 5.44 and 5.35 (2H, two d, J 10 Hz, CHaAr), 4.77 (lH, dd, J 5.2, 2.4 Hz, H-3), 4.38 
(lH, dd, J 7, 5.2 HZ, H-4), 3.92 (lH, dd, J 7, 2.4 Hz, H-4’) - other isomer, 8.23 (2H, d, J 7.5 Hz), 7.86 
(2I-4 d, J 7.3 Hz), 7.72 (IH, t, J 7.3 Hz), 7.57 (2H, t, J 7.3 Hz), 7.51 (2H, d, J 7.3 Hz), 5.72 (lH, s, H-5), 
5.38 and 5.32 (2H, two d, J 10 Hz, CH&), 4.79 (lH, dd, J 5.2, 2.4 Hz, H-3), 4.46 (lH, dd, J 7, 5.2 Hz, 

H-4), 4.03 (lH, dd, J 7,2.4 Hz, H-4’); S, (CDCls) one stereoisomer, 163.58 (CO azetidinone), 161.09 (CO 
ester), 147.98, 140.67, 136.59, 135.25, 129.8, 128.78, 128.67, 123.83, 71.4 (c-5), 67.17, 51.13 (c-4). 
41.79 (c-3) - other isomer, 163.07 (CO azetidinone), 140.82, 136.08, 135.18, 129.61, 128.7, 128.58, 
72.58 (C-5), 67.06, 51.51 (C-4), 41.58 (C-3); MS (FAB+) m/z 484.9 (M + 1). 136, 107. 

l-[(p-Nitrobenzyloxy)2-fluoroacetyl]-3-bromoazetidin-2-one (Ma). To a cold solution (- 78” C) 
of DAST (40 &, 0.38 mmol, 1.375 equiv.) in CHrClz (3 mL) under argon atmosphere, was added a solution 
of 15a (0.1 g, 0.28 mmol, 1 equiv.) in CH#.& (3 mL). The mixture was stirred for 1 h at 20” C, then 
concentrated and chromatographied on silica gel (elution with CHzClz - EtOAc, 90 : 10) to give 18a (60 mg, 
59 %) as a yellow oil; [HRMS (FAB+): Found: 360.9839. CtzHttBrNzOsF requires 360.98351; the two 

diastereoisomers (79 : 21 mixture) were co-eluted; RF (SiO,; CH& - EtOAc, 90 : 10) 0.88; vmax (Film) 

2972, 1791, 1767, 1522, 1348, 1034 cm-t; 8H (CDCls) major isomer, 8.25 (2H. d, J 7.5 Hz), 7.56 (2H, d, J 
7.5 Hz), 6.09 (lH, d, Ju_r 50.8 Hz, H-5). 5.38 (2H, s, CH&), 4.89 (lH, dd, .I 5.3, 2.4 Hz, H-3), 4.13 
(lH, ddd, J 5.3, 6.8 Hz, Ju_r 4.1 Hz, H-4), 3.57 (lH, ddd, J 2.4, 6.8 Hz, Ju_r 4.1 Hz, H-4’) - minor 
isomer, 6.03 (lH, d, Ju+ 50.8 Hz, H-5), 4.05 (lH, ddd, J5.3, 6.8 Hz, .&4.1 Hz, H-4). 3.69 (lH, ddd, J 

2.4, 6.8 Hz, JH_F 4.1 Hz, H-4’); ijo (CDCls) major isomer, 163.53 (CO azetidinone), 162.87 (CO ester, d, Jc_ 
F 34.1 Hz), 148.1, 140.9, 128.77, 123.93, 83.74 (C-5, d, JC+ 213.6 Hz), 66.63, 49.0 (C-4), 41.65 (C-3) - 
minor isomer, 6 163.0 (CO ester, d, Jc_~ = 34.1 Hz), 83.94 (C-5, d, JC_F = 213.6 Hz), 66.69; MS (FAB+) m/z 
361 (M + 1). 341, 178, 136. 

l-[(p-Nitrobenzyloxy)2-acyloxyacyl]-3-bromoazetidin-2-one (19a). To a solution of 15a (235 
mg, 0.65 mmol, 1 equiv.) in CHrClz (2 mL) were added successively Ac10 (0.123 mL, 1.3 mmol, 2 equiv.) 
and pyridine (0.105 mL, 1.3 mmol, 2 equiv.) with a syringe through a rubber-stopper. After 3 h stirring at 
20” C, the solution was concentrated and chromatographied on silica gel (elution with CH#Zlz, then CHrClz - 
EtOAc, 95 : 5) to give 19a (180 mg, 73 %) as a yellow oil; [HRMS (FAB+): Found : 400:9975. 
CL4Ht4BrN207 requires 400.99841; the two diastereoisomers (54 : 46 mixture) were co-eluted; RF (SiOr; 

CH$&) 0.46; vmax (Film) 2966, 1789, 1757, 1653, 1636, 1522, 1348, 1211 cm-*; 8H (CDCls) major isomer, 
8.22 (2H, d, J 7.5 Hz), 7.52 (2H, d, J 7.5 Hz), 6.27 (lH, s, H-5), 5.31 (2H, s, CH2-Ar), 4.84 (lH, dd, J 
5.2, 2.4 Hz, H-3). 4.06 (lH, dd, J 5.2, 6.7 Hz, H-4), 3.60 (lH, dd, J 2.4, 6.7 Hz, H-4’), 2.16 (3H, s) - 
minor isomer, 6.33 (lH, s, H-5), 5.36 (2H, sharp m, CHaAr), 4.83 (lH, dd, J 5.2, 2.4 Hz, H-3), 4.02 (lH, 

dd, J 5.2, 6.7 HZ, H-4), 3.56 (lH, dd, J 2.4, 6.7 Hz, H-4’), 2.14 (3H, s); 8~ (CDC13) major isomer, 169.38 
(CO acetate), 163.84 (CO ester), 163.33 (CO azetidinone). 147.87, 141.3, 128.53, 123.77, 72.01 (C-5), 
66.55,50.12 (C-4), 41.59 (C-3), 20.20 - minor isomer, 169.27 (CO acetate), 163.76 (CO ester), 163.24 (CO 
azetidinone), 71.91 (C-5), 66.49,49.9 (C-4); MS (FAB+) m/z 401 (M + 1). 343, 149, 136. 

Deprotection of p-nitrobenzyl ester (PNB) : general procedure. The PNB ester dissolved in dry 
(m)ethanol was hydrogenated in a Parr apparatus (p = 40 psi), in the presence of 10 % Pd on charcoal as 
catalyst, during 30 mm. to 2 h at 20” C under vigorous stirring. Filtration and concentration under high 
vacuum gave the crude acid. 

Acid 4c. Deprotection of 4a ( 130 mg, 0.27 mmol) in MeOH (10 mLJ containing Pd-C (130 mg) gave 4c (70 
mg, 76 %) as a gum (57 : 43 mixture of stereoisomers); [ HRMS (FAB+): Found : 353.1176. Ct6HrtNZOsS 
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requires 353.11711; Vmax (Film) 2977, 2932, 1751, 1716, 1368, 1163, 485 cm-t; 6” (acetone - d6) major 
isomer, 7.68 - 7.55 (3H, m). 7.38 (2H, m), 5.82 (lH, s, H-5), 4.82 (1H. m, H-3). 3.81 (lH, t, J 5.5 Hz, 
H-4), 3.59 (lH, dd, J 5.5, 3 Hz, H-4’). 1.4 (9H, s) - minor isomer, 5.71 (lH, s, H-5), 4.59 (lH, m, H-3), 
3.70 (lH, t, J 5.5 Hz, H-4), 3.48 (lH, dd, J 5.5, 3 Hz,H-4’), 1.42 (9H, s); MS (FAB+) m/z 353 (M + l), 
297,25 1,57; MS (FAB-) m/z 351 (M - l), 307,234, 109. 

Acid 1Oc. Deprotection of 1Oa (53 mg, 0.14 mmol) in EtOH - EtOAc (80 : 20) containing W-C ( 13 mg) and 
N-ethyl morpholine (17 pL, 0.14 mmol) gave 10~ (48 mg, 95 8, N-ethyl morpholinium salt) as a 54 : 46 

mixture of two stereoisomers; vmax (Film) 3049, 2975, 2870, 1766, 1639, 1371, 1226 cm-t; 8” (CDsOD) 
major isomer, 6.1 (lH, s, H-5). 5.08 (lH, dd, J 5.6, 2.5 Hz, H-3), 3.89 (4H, m), 3.74 (lH, t, J 5.6 Hz, H- 
4), 3.33 (lH, dd, J 5.6, 2.5 Hz, H-4’), 3.27 (4H, m), 3.18 (2H, q, J 7 Hz), 2.11 (3H, s), 1.97 (3H, s), 
1.33 (3H, t, J 7 Hz) - minor isomer, 6.2 (lH, s, H-5), 4.92 (lH, dd, J 5.6.2.5 Hz, H-3), 3.67 (lH, t, J 5.6 
Hz, H-4), 3.43 (lH, dd, J 5.6, 2.5 Hz, H-4’); 6~ (CDsOD) major isomer, 173.38 (CO acetate), 171.67 (CO 
amide), 169.99 (CO carboxylate), 169.23 (CO azetidinone), 75.1 (C-5), 65.14, 57.12 (C-3), 53.52, 52.56, 
48.32 (C-4), 22.42, 20.77, 9.25 - minor isomer, 173.14 (CO acetate), 171.61 (CO amide), 170.1 (CO 
carboxylate), 169.56 (CO azetidinone), 75.35 (C-5), 57.43 (C-3), 47.38 (C-4), 22.3, 20.75; MS (FAB-) mfz 
243 (M - 1). 

Acid llc. Deprotection of lla (53 mg, 0.12 mmol) in EtOH - EtOAc (80 : 20) containing Pd-C (53 mg) and 
N-ethyl morpholine (16 pL. 0.12 mmol, 1 equiv.) gave llc (45 mg, 78 % purity, 71 8 corrected yield) as a 
58 : 42 mixture of two stereoisomers (N-ethyl morpholinium salts); [HRMS (FAB+): Found : 410.1753. 

CtsHssNs05S requires 410.1750]; vmax (Film) 3055,2973, 1751, 1669, 1654, 1370 cm-t; 8H (acetone-d6) 
major isomer, 7.50 (2H, d, J 7.3 Hz), 7.32 (3H, m), 5.75 (lH, s, H-5), 4.73 (lH, dd, J 5.5, 2.4 Hz, H-3). 
3.89 (4H, m), 3.71 (lH, t, J 5.5 Hz, H-4), 3.38 (lH, dd, J 2.4, 5.5 Hz, H-4’). 3.11 (4H, m), 3.04 (2H, q, 
J 7 Hz), 1.87 (3 H, s), 1.29 (3H. t, J 7 Hz) - minor isomer, 7.54 (2H, d, J 7.3 Hz), 5.68 (lH, s, H-5), 4.96 
(lH, dd, J 5.5, 2.4 Hz, H-3). 3.80 (lH, t, J = 5.5 Hz, H-4), 3.34 (lH, dd, J 5.5, 2.4 Hz, H-4’), 1.86 (3H, 
s); MS (FAB+) m/z 410 (M + l), 236,185, 116. 

Chemical reactivity 

Products analysis by NMR. Solutions of the azetidinones (lo-3 to 5 x low4 M) in deuterated phosphate 
buffer (25 mM, pH 7.5) containing DMSO-d6 (7 to 40%) were analyzed by tH NMR spectrometry at 500 
MHz as a function of time. 

Acid 19~. This acid (non isolated) was obtained from a 6.6.10-4 M solution of 19a in deuterated phosphate 

buffer-DMSO-d6 (90: 10) left for 2 h at 20°C; 8H (D20, two diastereoisomers) 5.93 and 5.88 (lH, s, H-5), 
4.86 and 4.84 (lH, dd, J 5.2, 2.1 Hz, H-3), 3.89 and 3.79 (lH, dd, J 6.7, 5.2 Hz, H-3), 3.44 and 3.38 
(lH, dd, J 6.7, 2.1 Hz, H-3’), 1.97 and 1.96 (3H, s). 

Acid 13~. This acid was transiently obtained from a 10-j M solution of 13a in deuterated phosphate buffer- 
DMSO-d6 (60~40). After 24 h of hydrolysis, the decarboxylation product 20 (crude) was identified by 

addition of water (D/H exchange) and lyophilization; Sn (CDCl3) 7.87 (2H, d, J 7.4 Hz), 7.65 (lH, t, J 7.4 
Hz), 7.54 (2H, t, J 7.4 Hz), 6.1 (lH, d, J7.3 Hz, NH), 4.83 (IH, ddd, J 7.3, 5.6, 2.8 Hz, H-3), 4.58 (lH, 
d, .I 10 Hz, H-5). 4.47 (lH, d, J 10 Hz, H-5’) 3.82 (lH, t, J 5.6 Hz, H-4), 3.58 (lH, dd, J 5.6, 2.8 Hz, 

H-4’). 1.95 (3H, s); 6~ (CDC13) 170.13 (CO amide), 166.34 (CO azetidinone), 136.92, 134.64, 129.55, 
128.47, 62.74 (C-5), 57.58 (C-3). 49.76 (C-4). 22.69. 
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Kinetics of p-nitrobenzyl ester hydrolysis. 100 pL of solutions of the azetidinones (between 2 x IO-3 
and 5 x 10m4 M) in acetonitrile were added to 2 ml of phosphate buffer at pH 7. The wavelength of maximum 
absorbance change on hydrolysis was determined by recording the UV spectra every 2 minutes for 15 minutes. 
Then, the rates of hydrolysis were measured in phosphate (pH = 6.0 to 8.0) or borate (pH = 9.0) buffers. The 
logarithm of the first order rate constants extracted from the exponential absorbance change (kc& were plotted 
as a function of pH: for lla: h = 240 nm, slope = 1.05 (r = 0.989), for 12a: 5 = 237 mu, slope = 0.94 (r = 

0.96). for 16~ h = 240 nm, slope = 0.93 (r = 0.90) for 18a: h = 270 run, slope = 1.06 (r = 0.936). for 19a: 

h = 279 nm, slope = 0.98 (r = 0.999). Except for 13a, second order rate constants of hydroxide ion catalyzed 

hydrolysis were obtained from the ratios between kchss and hydroxide ion concentrations. For 17a, h = 240 
nm, the first order rate constants were fitted by an non linear least square program to equation k&s = kOB 
[OH] / (1 + Kt, [OH]), where Kb = K$K,. 

Evaluation of the inhibition of enzymes 

Assay of RTEM P-lactamase. The following solutions were prepared (i) phosphate buffer (50 mM, pH 

7.5); (ii) B-lactamase : 5 lO_* to 10-g M solution in phosphate buffer; (iii) benzylpenicillin (substrate): 3.5 lOA 
M solution in phosphate buffer, (iv) 10-Z M sohttion of tested compound in acetonitrile. To the solution of 

substrate (2 ml) was added the solution of the tested compound (20 ~1). When the potential inhibitor was 
protected as PNB ester, the mixture was left 2 h at 20% for allowing ester hydrolysis. After addition of the 

solution of B-lactamase (200 pl). the absorbance decrease at 232 nm was recorded as a function of time. 

Assay of NMCA p-lactamase. The following solutions were prepared: (i) phosphate buffer (50 mM, pH 

7); (ii) NMCA &lactamase : 6 10-8 M solution in phosphate buffer; (iii) imipenem (substrate) : 6.3 IO-3 M 
solution in phosphate buffer; (iv) 10-2 M solution of tested compound in acetonitrile. The solution of the tested 

compound (20 pl) was diluted in phosphate buffer (1.6 ml) and left, if required, for 2 h at 2O’C for PNB ester 

hydrolysis. After addition of the B-lactamase solution (200 pl), and incubation during a well-defined time, the 

solution of substrate (200 1.11) was added. The absorbance change was measured at 300 mu. 

Assay of 5/B/6 P-lactamase. The following solutions were prepared: (i) citrate buffer (50 mM and 11 mM 

in ZnC12 , pH ); (ii) benzylpenicillin (substrate) : lo-2 M solution in citrate buffer; (iii) B-lactamase : low7 M 
solution in citrate buffer; (iv) 10-2 M solution of tested compound in acetonitrile. The assay was performed as 
above with measurement at 232 mu. 

Assay of Q!SOR @-laetamase. The following solutions were prepared: (i) phosphate buffer (50 mM, pH 

7); (ii) cephaloridine (substrate) : 3 10 -3 M solution in phosphate buffer; (iii) p-lactamase : 3 IO-8 M solution 
in phosphate buffer; (iv) 10-2 M solution of tested compound in acetonitrile. The assay was performed as 
above with measurement at 260 nm. 

Assay of OXA @-lactamase. The following solutions were prepared (i) phosphate buffer (50 mM, pH 

7); (ii) P_lactamase : 10-7 to 5 10-s M solution in phosphate buffer; (iii) oxacilline (substrate) : lo-’ to 5 10% 
M solution in phosphate buffer; (iv) 10-S M solution of tested compound in acetonitrile. The assay was 
performed as above with measurement at 260 nm. 
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Assay of PPE (porcine pancreatic elastse). The following solutions were prepared: (i) acetate buffer 
(50 mM. pH 5); (ii) TRIS buffer (100 mM. pH 7.5); (iii) lO_* to 10m3 M solution of tested compound (I) in N- 
methyl pyrrolidone (NMP); (iv) 2 10-7 to 6 10-g M solution of elastase (E) in acetate buffer ; (v) solution of N- 
succinyl-L-alanyl-L-alanyl-L-alanyl-p-nitroanilide (substrate (S); 2.5 mg in 50 pl of NMP) diluted with TRIS 

buffer (5 ml). To the solution of substrate (S) (2.1 ml) were added the solution of tested compound (I) (21 ul) 

and the solution of elastase (E) (70 pl). The appearance of the substrate hydrolysis product was measured as a 
function of time at 410 nm. Inhibition by 19a: from the apparent rates bpp = 4.87 10-4 set-1 in the presence 
of inhibitor (I = lo-4 M; E = 6.22 10-s M; S = 5.38 10 -4 M) and kapp - - 5.5 lo-4 set-1 without inhibitor, we 
calculated 12% of inhibition. Inhibition by 18a: from the apparent rates kapp = 2.95 10-4 xc-1 in the presence 
of inhibitor (I = 2 10-4 M; E = 3.9 10-s M; S = 8.46 10v4 M) and ka,,l, = 3.45 10-4 xc-1 without inhibitor, we 
calculated 16% of inhibition. Inhibition by 16a: from the apparent rates kapp = 2.5 lo-4 sect in the presence 
of inhibitor (I = 10-d M; E = 4.41 10-g M; S = 10-3 M) and kapp = 3.9 10 -4 set-1 without inhibitor, we 
calculated 35% of inhibition. 

ACKNOWLEDGEMENTS 

This work was supported by the Fonds National de la Recherche Scientifique (FNRS, Belgium), the 

Fonds pour la Formation a la Recherche dans l’hrdustrie et 1’Agriculture (FRIA. Belgium), and the Fonds du 

Developpement Scientifique (FDS, Universid catholique de Louvain, Belgium). 

REFERENCES 

1. Page, M.I.(Editor) .7’he Chemistry of BLactams;. Blackie Academic and Professional, London, 1992. 

2. Han, W.T.; Trehan, A.K.; Wright, J.J.K.; Federici, M.E.; Seiler, S.M.; Meanwell, N.A. Bioorg. Med. 

Chem. 1995.3, 1123. 

3. Wu, Z.; Georg, G.I.; Cathers, B.E.; Schloss, J.V. Bioorg. Med. Chem. Let?. 1996,6, 983. 

4. Adlington, R.M.; Baldwin, J.E.; Chen, B.; Cooper, S.L.; McCoull, W.; Prtichard, G.J. Bioorg. Med. 

Chem. Let?. 1997, 7, 1689. 

5. Borthwick, A.D.; Weingarten, G.; Haley, T.M.; Tomaszewski, M.; Wang, W.; Hu, Z.; Bedard, J.; Jin, 

H.; Yuen, L.; Mansour, T.S. Bioorg. Med. Chem. Let?. 1998,8,365. 

6. Mascaretti, O.A.; Boschetti, C.E.; Danelon, G.O.; Mata, E.G.; Roveri, O.A. Curr. Med. Chem. 1995, 

I, 441. 

7. Page, MI.; Laws, A.P. J.Chem.Soc.Chem. Commun. 1998, 1609. 

8. Matagne, A.; Dubus, A.; Galleni, M.; F&e, J.M. Nat. Prod. Rep. 1999,16, 1. 

9. Ator, M.A.; Ottiz de Montellano, P.R. The Enzymes, Vol XIX, Academic Press , New York, 1980. 

10. Marchand-Brynaert, J.; Laub, R.; De Meester, F.; Fr&e, J.M. Eur. J. Med. Chem. 1988,23,561. 

11. Ahluwalia. R.; Day, R.A.; Nauss, J. Biochem. Biophys. Res. Commun. 1995,206,577. 

12. Bulychev, A.; O’Brien. M.E.; Massova, I.; Teng, M.; Gibson, T.A.; Miller, M.J.; Mobashery, S. J. Am. 

Chem. Sot. 1995.117, 5938. 

13. Hubschwerlen, C.; Angehm, P.; Gubemator, K.; Page, M.G.P.; Specklin, J.L. J. Med. Chem. 1998, 

41. 3972. 



C. Beauve et al. /Tetrahedron 55 (1999) 13301-13320 13319 

14. Doucet, C.; Vergely. I.; Reboud-Ravaux, M.; Guilhem, J.; Kobaiter, R.; Joyeau, R.; Wakselman, M. 

Tetrahedron Asymm. 1997.8.739 and references cited therein. 

15. Vergely, I.; Bogetto, N.; Okochi, V.; Golpayegani, S.; Reboud-Ravaux, M,; Kobaiter, R.; Joyeau, R.; 

Wakselman, M. Eur. J. Med. Chem. 1995,30. 199. 

16. Firestone, R.A.; Barker, P.L.; Pirano, J.M.; Ashe, B.M.; Dahlgrcn. M.E. Tetrahedron 1990,46,2255. 

17. Hagmann, W.K.; Shah, S.K.; Dom, C.P.; O’Grady, L.A.; Hale, J.J.; Finke, P.E.; Thompson, K.R., 

Brause, K.A.; Ashe, B.M.; Weston, H.; Dahlgren, M.E.; Maycock, A.L.; Dellea, P.S.; Hand, K.M.; 

Osinga, D.G.; Bonney, R.J.; Davies, P.; Fletcher, D.S.; Doherty, J.B. Bioorg. Med. Chem. &tt. 1991, 

I, 545. 

18. Green, B.G.; Chabin, R.; Mills, S.; Underwood, D.J.; Shah, S.K.; Kuo. D.; Gale, P.; Maycock, A.L.; 

Liesch. J.; Burgey, C.S.; Doherty, J.B.; Dom, C.P.; Finke, P.E.; Hagmann, WK.; Hale, J.J.; 

MacCoss, M.; Westler, W.M.; Knight, W.B. Biochemistry 1995.34, 14331. 

19. Cvetovich, R.J.; Chartain, M.; Hartner Jr, F.W.; Roberge. C.; Amato, J.S.; Grabowski, E.J.J. J. Org. 

Chem. 1996,61, 6575. 

20. Underwood, D.J.; Green, B.G.; Chabin, R.; Mills, S.; Doherty, J.B.; Fir&e, P.E.; MacCoss, M.; Shah, 

S.K.; Burgey, C.S.; Dickinson, T.A.; Griffin, P.R.; Lee, T.E.; Swiderek, K.M.; Covey, T.; Westler, 

W.M.; Knight, W.B. Biochemistry 1995,34, 14344. 

2 1. Knight, W.B.; Chabin. R.; Green. B. Arch. Biochem. Biophys. 1992,296, 704. 

22. Wilmouth, R.C.; Westwood, N.J.; Anderso. K.; Brownlee. W.; Claridge, T.D.W.; Clifton, I.J.; 

Pritchard, G.J.; Aplin R.T.; Schofield, C.J. Biochemistry 1998,37, 17506. 

23. Beauve, C.; Tjoens, G.; Touillaux, R.; Lamotte-Brasseur, J.; Marchand-Brynaert, J.; Fastrez, J. Eur. J. 

Org. Chem. 1999 (in press). 

24. Herzberg, 0.; Moult, J. Curr.Opin.Struct.Biol. 1991,1,946; Science 1987,236,694. 

25. Bode, W.; Meyer, E.; Powers, J.C. Biochemistry 1989,28, 1951. 

26. Floyd, D.M.; Fritz, A.W.; Pluscec, J.; Weaver, E.R.; Cimarusti, C.M. J. Org. Chem. 1982,47, 5160. 

27. Brain, E.G.; Eglington, A.J.; Nayler, J.H.C.; Osborne, N.F.; Southgate, R. J. Chem. Sot. Perkin 

Trans.1 1977, 2479. 

28. Ernst, I.; Gosteli, J.; Greengrass, C.W.; Holick, W.; Jackman, D.E.; Pfaendler, H.R.; Woodward, R.B. 

J. Am. Chem. Sot. 1978,100, 8214. 

29. Coulton, S.; Francois, I. J. Chem. Sot. Perkin Trans.1 1991, 2699. 

30. Georg, G.I. (Editor). The Organic Chemistry of ~Lactams. VCH Publishers, New York, 1993. 

3 1. Vishwakarma, L.C.; Stringer, 0-D.; Davis, F.A.; Pribish, J.; Vedejs, E. Org. Synth. COB. Vol. 1993, 

8.546. 

32. Cignarella. A.; Pifferi, A.; Testa, E. J.Org.Chem. 1962,27, 2668. 

33. Micetich, R.G.; Maiti, S.N.; Spcvak, P.; Tanaka, M.; Yamazaki, T.; Ogawa, K. Synthesis 1986, 292. 

34. Loosemore, M.J.; Pratt, R.F., J.Org.Chem. 1978,43, 3611. 

35. Laws, A.P.; Page, MI. J.Chem.Soc.Perkin Trans.2 1989, 1577. 

36. Page, M.I.; Laws, A.P.; Slater, M.J.; Stone, J.R. Pure Appl.Chem. 1995,67, 711. 

37. Pitarch, J.; Ruiz-Lopez, M.F.; Silla, E.; Pascal-Ahuir. J.L.; Tunon, I. J.Am.Chem.Soc. 1998, 120, 

2146. 



13320 C. Beauve eral. /Tetrahedron 55 (1999) 13301-13320 

38. Westwood, NJ.; Schofield, C.J.; Claridge, T.D.W. J.Chem.Soc.Perkin Trons.f 1997,2725. 

39. Ojima, I.; Lin, S. J.Org.Chem. 1998,63, 224. 

40. Paiomo, C.; Aizpurua, J.M.; G&ma, R.; Mielgo, A, ~.Chem.Soc.Chem.C~mmun~ 1996,633. 

4 1. Khim, S.-K..; Nuss, J.M. Tetrahedron Z.&r. 199940, 1827. 

42. Sutcliffe, J.-C. Proc. Nutl. Acad. Sci. tIS.A. 1978, 75, 3737. 

43. Nor-, P.; Mariotte, S.; Naas, T.; Labia, R.; Nicolas, M.-H. A~rimicrob. Agents Chemother. 1993, 

37, 939. 

44. Lim, H.M.; P&e, J.J.; Shaw, R.W. J. Bacterial. 1988.170, 2873. 

45. GaIleni, M.; Lindberg, F., Normark, S.; Cole, S.; Honore, N.; Joris, B.; F&e, J.-M. Biochem. J., 

1988,250,753, 

46. Mossakowska, D.; Ah, N.A.; Dale, J.W. Eur. J. Bio&etrt.. 1989,180,309. 

47. Baumstark, KS.; Bardawil, W.A.; Sbarra, A.J.; Hayes, N. i&chin. Biophys. Acta 1963.77, 676. 

48. Lamotte-Brasseur, J., unpublished results (Centre ~Ing~nie~e des Prottines, University of Liege, 

Belgium). 


