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Nocardicin A analogues 30, 34, and 38 as well as the highly strained quinone methide 43 were synthesized. 
/l -Lactam 34 was found biologically active against several Gram -negative microorganisms in vitro ; pyridinium 
N-oxide derivative 38 possessed activity against Gram-positive S.  aureus bacterium. Masked p-quinone methide 
B-lactam 43 exhibited significant antimicrobial activity in viiro. A mechanism involving an oxidation in vivo is 
proposed for the unprecedented biological properties of nocardicins. 

Introduction. - Nocardicins are the only monocyclic azetidinones with significant 
antibacterial activity [I]. They are more active against Gram -negative than Gram-positive 
microorganisms in vivo [2]. Considerable evidence exists indicating that their primary 
mechanism of action is different from that of the classical /? -1actam antibiotics [3]; the 
relatively unstrained p -1actam in nocardicin makes it comparatively stable towards 
nucleophilic attack. When additional ring strain is placed on nocardicin (3), the resultant 
analogues, e.g. 1 and 2, do not exhibit greater potency nor a broader spectrum of 
antimicrobial activities [4] [5]. We speculated that the monocyclic, nonclassical p -1ac- 
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tams in this series could be readily recognized and oxidized by an oxidative enzyme in vivo 
to give the corresponding highly strained quinone methide metabolites (i.e. 4, Scheme 1) .  
Those metabolites may inhibit the cell-wall synthesis of bacteria. We also considered an 
alternative mechanism for their mode of action in biological systems, in which epoxida- 
tion of the phenolic moiety of nocardicins takes place in vivo (e.g. 5)  followed by their 
conversion to the corresponding cyclohexadienylidenes (e.g. 6) .  

Herein we report our synthetic efforts on the preparation of dehydroxynocardicin A 
30 and the quinone methide derivative 44. Furthermore, we investigated the importance 
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of the phenolic OH group of nocardicin A by preparing its phosphonate derivative 34 and 
pyridinium N-oxide analogue 38. These two compounds were found biologically active. 

Results and Discussion. - We synthesized p-lactams 30, 34, and 38 from methyl 
(RS)-phenylglycinate (13) [lo] as well as aminophosphonate precursors 14 and 15 [6], 
respectively. Thus, 4-[(tert-butyl)dimethylsilyloxy]benzaldehyde (7) and pyridine-4-car- 
baldehyde (8) were converted to their respective Schiff bases 9 (05  %) and 10 (98 YO) by use 
of benzylamine in benzene (Scheme 2). Addition of diethyl phosphite to 9 or 10 at 80" 
afforded compounds 11 (98 %) and 12 (99 YO), respectively. Ready removal of the benzyl 
group from 11 and 12 by catalytic reduction [7] afforded the corresponding aminophos- 
phonates 14 and 15 in excellent yields. Reactions of 13, 14, or 15 with cinnamaldehyde 
gave the corresponding Schiff bases, which upon treatment with azidoacetyl chloride and 
Et,N afforded thep -1actams 16 (80%), 17 (85?'0), and 18 (800/0), respectively (stereoiso- 
mer mixtures). These p -1actams possessed cis-configuration, a:; determined by 'H-NMR 
spectrometry (J(H-C(3),H-C(4)) = 5.0 Hz) [8]. Individual ozonolysis of 16, 17, and 18, 
followed by Me$ treatment, gave the expected aldehydes 19 (90%), 22 (95%), and 25 
(90 YO), respectively. Decarbonylation of 19, 22, and 25 with tris(tripheny1phosphne)- 
rhodium chloride [9] afforded compounds 20 (36Y0), 23 (20%), and 26 (28%). Conver- 
sions of 20 + 21,23 -+ 24, and 26 -+ 27 were achieved in 95-98?40 yields with H, at 3540 
psi and PdjC in MeOH. We then acylated amines 21, 24, and 27 with the protected 
glyoxylic acid of the nocardicin side chain in the presence of ethyl 2-ethoxy- 1 ,Zdihydro- 
quinoline-1-carboxylate (EEDQ) to afford the corresponding amides 28 (90 YO), 31 
(85%), and 35 (80%), respectively [lo]. 

Hydrolysis of diastereoisomeric racemates 28 with NaOH in aqueous MeOH and 
subsequent removal of the tert-butoxycarbonyl group by use of CF,CO,H gave 29 in 
65% overall yield. On the other hand, removal of the silyl group in 31 with Bu,NF in 
THF gave 32 in 98% yield. Dealkylation of 32 afforded 33 (20%) by use of Me,SiBr in 
CH,CI, [I 11. 
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Oxidation of 35 with 3-chloroperbenzoic acid yielded the corresponding pyridinium 
N-oxide 36 (90%). Reaction of 36 with Me,SiBr in CH,Cl, afforded 37 in 15 % yield. We 
then treated 29, 33, and 37 with NH,OH.HCl in H,O under neutral conditions [lo] 
and purified the products by ion-exchange chromatography to give the corresponding 
nocardicin-A analogues 30 (70%), 34 (65 %), and 38 (50%), respectively. 

The quinone-methide derivative 44 was prepared fromp -1actam 39 [ 121 by ozonolysis 
which gave aldehyde 40 in 98% yield (Scheme 3). Decarbonylation of 40 by use of 
tris(tripheny1phosphine)rhodium chloride [9] yielded 41 (55 YO), which was allowed to 
react with 4,4-dimethoxycyclohexa-2,5-dien-l-one in the presence of NaH in THF to 
produce the desired masked p-quinone methide 42 in 45% yield. We then removed the 
t-Bu group from 42 by using CF,CO,H and a trace amount of Bu4NC104 in CH,C1, to 
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give the corresponding carboxylic acid 43 (25 %). All attempts to convert 43 to quinone 
methide 44 failed and resulted in the destruction of theg -1actam ring. 

Biological Activity. -We tested the biological activities of nocardicin-A analogues 30, 
34,38, and 43 as well as of carbenicillin in vitro against five pathogenic microorganisms 
up to a level of 800 Fg/ml. The results are summarized in the Table. 

Table. Minimal Inhibitory Concentrations [pgiml] 

S. aureus S. lutea P. vulgaris P. mirabilis P. aeruginosa 
FDA-209P PCI-1001 IAM-1025 1432-75 1101-75 

30 "1 "1 "1 "1 ") 

38 48.75 ") ") ") "1 
34 3 38.56 21.34 15.63 18.79 

43 176.80 4.65 1.87 0.86 6.25 
Carhenicillin 0.56 0.42 0.25 0.78 70.36 
Nocardicin Ab) 800 6.25 1.56-3.13 1.56 12.50 

") Not active up to 800 kg/ml. b, Data taken from [I]  and [3]. 

In contrast with the notable antimicrobial property of nocardicin A and its phospho- 
nate derivative 34, dehydroxy derivative 30 did not exhibit any biological activity. These 
results indicate that the phenolic OH group plays an important role in biological activity 
of nocardicins. Pronounced antimicrobial effect resulting fromp -1actam 43 indicates the 
possibility of oxidation of the phenolic moiety in nocardicins to the corresponding 
quinone methide metabolites. This process could be responsible for their remarkable 
antibacterial effect in vivo (see Scheme I ). Our postulation was further supported by the 
lack of activity of pyridinium N-oxide 38 against Gram -negative microorganisms. On the 
other hand, we found thatg -1actam 38 exhibited moderate activity against Gram -positive 
S. aweus bacterium. 

For financial support, we thank the National Science Council of Republic of China (research grants NSC-83- 
0208-M-001-031 and NSC-84-2311-B-001-092) as well as Academia Sinica. We are grateful to Dr. A.  Kohanteb for 
performing antimicrobial screening experiments. 

Experimental Part 

General. Chemicals were purchased from Fluka Chemical Co. Solvents were o f  reagent grade unless otherwise 
specified. Column chromatography (CC): short column of silica gel 60 Merck (230-400 mesh) were packed in glass 
columns (0 2 or 3 cm) by use of 25 g of silica gelig of crude mixture. TLC: Merck silica gel 60 F254 anal. sheets. 
M.p.: BuchiSIU. UV Spectra: Cary 118 spectrophotometer; A,,,,, in nm ( E ) .  IR Spectra: Beckman IR  8 spectropho- 
tometer; in cm-'. 'H-NMR Spectra: Bruker-WH-90; 6 in ppm rel. to Me4Si, J in Hz. Elemental analyses were 
performed by Midwest Microlab. Ltd. 

N- (id-[( tert-Butyl~dinrethylsilyloxy]phe~~yl}methylidene)benzylaminr (9). To a soln. of 7 (2.36 g, 10.0 mmol) 
in benzene (250 ml) was added benzylamine (1.17 g, 10.9 mmol). The soh. was heated at reflux (Dean-Stark trap) 
and H20 removed (ca. 7 h). Then it was cooled, and MgS04 was added. After 1 h, the mixture was filtered and the 
filtrate evaporated. CC (silica gel, CCI,): 3.10 g (95 %) of9. Oil. IR (CH,Cl,): 1645 (C=N). 'H-NMR (CDCI,): 0.13 
(s, Me,Si); 1.06 (s, Me$); 4.85 (s, CH,); 6.99, 7.54 (AA'BE', J = 9.0, C,H4); 7.25 (s, C,H,); 7.45 (s, HC=N). Anal. 
calc. for C,,H,,NOSi (325.53): C 73.79, H 8.36, N 4.30; found: C 73.70, H 8.29, N 4.38. 



416 HELVETICA CHIMICA ACTA - Vol. 78 (1995) 

N-[(Pyridin-4-yl)methylidene]benzylamine (10). As described for 9,lO war obtained from 8 in 98% yield. IR 
(CH2C12): 1655 (C=N). 'H-NMR (CDCI,): 4.98 (s, CH,); 7.30 (s, C6H,); 7.4!i, 8.56 (AA'BB'. J = 6.0, C,H,N); 
7.59 (s, HC=N). Anal. calc. for C13H12N2 (196.25): C 79.56, H 6.16, N 14.27; h n d :  C 79.47, H 6.20, N 14.30. 

(*)-Diethy1 { (Benzylamino) {4-[( tert-btctyl~dime2hylsilyloxy]phe~~l}me/~~yl}phosphonate (11). To 9 (3.25 g, 
9.98 mmol) was added diethyl phosphite (1.40 g, 12.0 mmol) at 80". After I h stirring, the reaction was complete. 
CC (silica gel, CH2Cl2/CHCl3 1 :I) gave 4.54 g(98%) of 11. Oil. IR (CH,CI,): 3370 (NH). 'H-NMR (CDCI,): 0.10 
(s, Me,Si); 1.98 (s, Me$); 1.041.45 (21, 2 MeC); 2.95 (br., NH); 3.57-4.17 (m, 2 CH,O); 4.18 (br. s, CH,N); 4.25 
(d, J = 20.0, CHP); 6.80, 7.33 (AA'BB, J = 8.5, C6H4); 7.15 (s, C,H,). Anal. calc. for C,,H,,NO,PSi (463.63): 
C 62.18, H 8.26, N 3.02; found: C 62.20, H 8.19, N 3.11. 

Compound 11 was dissolved in Et,O, and dry HCI gas was bubbled into the soh.  After 5 min, the solvent was 
evaporated to give I1.HCI (100%) as a foam. 

(*)-Diethy1 [ (Benzylamino) (pyridin-4-yl)mefhyl]phosphonate (12). As described for 11, 12 was prepared 
from 10 in 99% yield. IR (CH,Cl,): 336CL3380 (NH). 'H-NMR (CDCI,): 1.02-1.43 (2t, 2 Me); 3.01 (br., NH); 
3.584.20 (m, 2 CH20, CH2N); 4.51 (d, J = 18.0, CHP); 7.20 (s, C6H,); 7.30-8.,15 (AA'BB', J = 8.5, C,H4). Anal. 
calc. for CI,H2,N2O,P (334.36): C 61.07, H 6.93, N 8.38; found: C 61.10, H 6.99, N 8.42. 

Conversion of 12 to 12. HCI (100%) was achieved by use of HCI gas in Et;O. 
( &/-Diethy1 {(Amino) {4-[ (tert-hufyl)dimefhylsilyloxy]phenyl}me~hyl},ohosphonate (14). Compound 

11 'HCI (464 mg, 1.00 mmol) was dissolved in EtOH (40 ml) upon heating at reflux. Cyclohexene (25 ml) and PdCI, 
(300 nig) were added; refluxing was continued for 15 h. The mixture was filtered and the filtrate treated with NH, 
gas and evaporated. The residue was chromatographed (silica gel, AcOEt): 14 i(336 mg, 90W). Oil. IR (CH,C12): 
3340-3450 (NH,). 'H-NMR (CDC1,): 0.11 (s, Me@); 1.01 (s, Me&); 1.03-1.51 (21, 2 Me); 3.08 (br., NH,); 
3.504.21 (m, 2 CH,O); 4.35 (br., CHP); 6.82, 7.36 (AA'BB'. J = 9.0, C6H,). Anal. calc. for C17H,2N0,PSi 
(373.51): C 54.67, H 8.64, N 3.75; found: C 54.57, H 8.59, N 3.83. 

( *)-Diethy1 [Amino(pyridin-l-yl)me~hyl]phosphonare (15) was prepared from 12.HC1 in 95% yield as 
described for 14. IR (CH2C12): 3400-3350 (NH,), 1580 (py). 'H-NMR (CDCl,/D,O): 1.01-1.49 (21, 2 Me); 
3.694.22 (m, 2 CH20); 4.50 (d, J = 18.5, CHP); 7.33, 8.50 (AA'BB', J = 6.3, C,H4N). Anal. calc. for 
CloH,,N20,P (244.23): C 49.18, H 7.02, N 11.47; found: C 40.22, H 7.12, N 11.57. 

( *)-Methyl 2- jcis-3-Azido-Z-oxo-4-[ ( E)-2-phenyle1henyl]aze1idin-I-yl~-~'-phenylaceta1es (diastereoisomer 
mixture; 16). To a soh.  of13 (1.65 g, 10.0 mmol) in CH2C12 (120 ml) was added (E)-3-phenylprop-2-enal(l.32 g, 
10.0 mmol). The soln. was heated to reflux, and CH2C12 was stilled slowly with the constant addition of CH,Cl2 to 
maintain the same volume of liquid. After H 2 0  in the mixture had been removed (ca. 10 h), the remaining soh. was 
cooled and MgSO4 added. The mixture was filtered. To the filtrate was added E:t,N (2.02 g, 20.0 mmol) and then 
azidoacetyl chloride ( I  .20 g, 10.0 mmol), dropwise at -20". After stirring at -20" for 1 h, the soln. was washed with 
H20,  dried (MgS04), and evaporated. The crude product was purified by CC (silica gel, CH,CI,): 16 (2.90 g, 80%) 
as an oily mixture of diastereoisomers. IR (CH2Cl,): 2100 (N3), 1760 (B-lactam), 1740 (ester). 'H-NMR (CDCI,): 
3.98, 3.81 (2s, Me); 4.214.39 (m. H-C(4)); 4.73, 4.82 (2d. J = 5.0, H-C(3)); 5.50, 5.62 (2s, CHCO,); 6.53 (m, 
CH=CH); 6.78--7.71 (m, 2 C,H,). MS: 334 ([M - N2]+). Anal. calc. for C2,HI,N4O, (362.39): C 66.29, H 5.01, 
N 15.46; found: C 66.36, H 4.93, N 15.49. 

( i) - Diefhyl { Icis-3-Azidn-2-oxo-4-[ (E) -2-phenyleflzenyt]azeridin- 1 - y l }  (4-i (tert-bir~yl)dimethylsilyloxy]- 
phenyl}mrthyl}pho.~phonates (diastereoisomer mixture; 17) were obtained from 14 in 85 % yield as described for 
16. IR (CH,Cl,): 2100 (N3), 1755 (B-lactam). 'H-NMR (CDCI,): 0.12 (2s, Me2Si); 0.99 (s, Me,C); 1.11-1.48 (21, 
2 Me); 3.804.48 (m, 2 CH2O); 4.45 (br., H-C(4)); 4.98 (d, J = 20.0, CHP); 5.09 (br. d, J = 5.0, H-C(3)); 6.40 (dd, 
J =6.5 ,  16.0, PhCH=CH); 6.63 (d, J = 16.0, PhCH=CH); 6.85-7.52 (m, C,H,, C,H,). Anal. calc. for 
C2,H,,N40,PSi (570.71): C 58.93, H 6.89, N 9.82; found: C 58.88, H 6.78, N 9.80. 

i i) -Diethy1 { {cis-3-Azido-2-oxo-4-[( E) -2-phenylethenyl]arrtidin- 1-yI)  (fiyridin-4-yi)rnethyl )phosphonntes 
(diastereoisomer mixture; 18) were prepared from 15 in 80% yield as described for 16. IR (CH,CI,): 2100 (N,), 
1758 @-lactam). 'H-NMR (CDCI,): 1.08-1.50 (21, 2 Me); 3.884.50 (2 br. q, 2 CH,O); 4.78 (dd, J = 5.0, 7.0, 

J = 16.0, PhCH=CH); 7.25 (s, C,H,); 7.33, 8.51 (AA'BB'. J = 6.0, C,H,N). Anal. calc. for C2,HZ4NS04P (441.43): 
C57.14,H5.48,N 15.87;found:C57.19,H5.51,N 15.93. 

(&)-MeIhyl 2-(~is-3-Azido-2~formyl-4-oxoazetidin-l-yIj-2-phenylaceta1es (diastereonsomer mixture; 19). 
Ozone was passed through a soln. of 16 (3.70 g, 10.2 mmol) in CH,C1, (100 ml) a1 -78" for 2 h. After the soln. was 
purged with N2, Me,S (1.86 g, 30.0 mmol) was added and the soln. allowed to warm up to 25' within 1.5 h. The 
solvent was removed and the residue purified by CC (silica gel, CH2C12): 19 (2.60 g, 90%). Oil. IR (CHCI,): 2100 
(N,), 1773 @-lactam), 1740 (ester), I720 (aldehyde). 'H-NMR (CDCI,): 3.79, 3.81 (2s, Me); '3.65-4.84 (m, H-C(3), 

H-C(4)); 5.30 (d ,  J = 20.0, CHP); 5.49 (d, J = 5.0, H-C(3)); 6.51 (dd, J = 7.0, 16.0, PhCHECH); 6.73 (d ,  
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H-C(4)); 5.55 (br. s, CHCO,); 7.20 (s, C,Hs); 9.65 (d, J = 1.5, CHO). Anal. calc. for C13Hi2N,04 (288.26): 
C54.17,H4.20,N 19.44;found:C54.20,H4.19,N 19.60. 

(+)-Methyl 2-(3-Azido-2-oxoazetidin-l-yl)-2-pheny[acetutes (diastereoisomer mixture; 20). [RhCI(Ph,P),] 
(4.66 g, 5.06 mmol) was added to 19 (1.44 g, 5.00 mmol) in Oz-free benzene (100 ml). The mixture was heated at 
reflux under Ar for 2 h, then cooled, filtered, and evaporated and the residue chromatographed (silica gel, CH2C12): 
0.46 g (36%) of 20. Oil. IR (CH2CI2): 2100 (N,), 1758 @-lactam), 1743 (ester). 'H-NMR (CDCIJ: 3.21 (dd, 
J = 2.0,6.6, Hb-C(4)); 3.71 (s, Me); 3.99 (dd, J = 5.0,6.6, H,-C(4)); 4.75 (m, H-C(3)); 5.50 (s, CHC02); 7.10 (s, 
C6H5). Anal. calc. for C12H,,N403 (260.25): C 55.38, H 4.65, N 21.53; found: C 55.41, H 4.79, N 21.59. 

(&)-Methyl 2-(3-Amino-2-oxoazetidin-I-yl)-2-phenylacetates (diastereoisomer mixture; 21). To a soh.  of 20 
(2.69 g, 10.3 mmol) in MeOH (70 ml) was added PdjC (400 mg), and the mixture was hydrogenated at 3 5 4 0  psi and 
25O for 1.5 h. The soh. was then filtered and evaporated and the residue chromatographed (silica gel, CHCI,): 
2.22 g (95%) of21. Foam. IR (CH2C12): 3350-3400 (NH,), 1760-1750 @-lactam, ester). 'H-NMR (CDCI,): 3.16 
(br., NH,, exchange with D2O); 3.27 (dd, J = 2.1, 6.6, Ha-C(4)); 3.63 (s, Me); 4.02 (dd, J = 5.0, 6.6, &-C(4)); 
4.49 (m. H-C(3)); 5.37, 5.38 (2s, CHC02); 7.15 (s, C6Hs). Anal. calc. for ClzH14N,03 (234.26): C 61.53, H 6.02, N 
11.96;found:C61.63,H6.05,N11.85. 

( *) -Diethy1 { (cis-3-Azido-2- formyl-4-oxoazetidin- I-yl) (4-[( tert-butyljdimethylsilyloxy]phenyl}methyl}- 
phosphonates (diastereoisomer mixture; 22) were obtained from 17 in 95 % yield as described for 19. IR (CH2C12): 
2110 (N3), 1770 @-lactam), 1720 (aldehyde). IH-NMR (CDCI,): 0.10 (2s, Me&); 1.03 (2s, Me$); 1.18-1.50 (2t, 
2 Me); 3.864.44(m, 2 CH20); 4.86-5.01 (m, H-C(3), H-C(4), CHP); 7.00-7.49 (AA'BB, J = 8.5, C6H,); 9.56 (d, 
J = 1.8, CHO). Anal. calc. for C2,H3,N4O6PSi (496.58): C 50.79, H 6.70, N 11.28; found: C 50.83, H 6.79, N 11.17. 

{ (3-Azido-2-oxoazetidin-I-ylj { 4-/( tert-butyl)dimethylsilyloxy]phenyl~methyl}phosphonates 
(diastereoisomer mixture; 23) were prepared from 22 in 20% yield as described for 20. IR (CH2C12): 2100 (N,), 
1752 @-lactam). 'H-NMR (CDCI,): 0.12 (2s, MezSi); 1.01 (s, Me,C); 1.22-1.45 (21, 2 Me); 3.19 (dd, J = 2.0, 6.5, 

(AA'BB', J = 8:9, C,H4). Anal. calc. for C20H33N40sPSi (468.57): C 51.27, H 7.10, N 11.96; found: C 51.31, 
H 7.18, N 12.03. 

{ (3-Amino-2-oxoazetidin-I-yl) {4-[( tert-butyl)dimethylsilyloxy]phenyl}methyl~phosphonates 
(diastereoisomer mixture; 24) were prepared from 23 in 95 YO yield as described for 21 (EtOH instead of MeOH). 
IR (CH2C12): 3350-341O(NH2), 1750 @-lactam). 'H-NMR (CDCI,): 0.1 1 (s, Me,Si); 1.02 (s, Me,C); 1.25-1.50 (2t, 
2 Me); 3.20 (hr., NH2); 3.28 (dd. J = 2.1, 6.0, Ho-C(4)); 3.844.51 (m, 2 CH20, Ha-C(4), H-C(3)); 4.79 (d, 
J = 19.5, CHP); 6.81, 7.34 (AA'BB', J = 8.5, C6H4). Anal. calc. for CznH3,N20,PSi (442.57): C 54.28, H 7.97, 
N6.33;found:C54.35,H8.05,N6.44. 

( + j -Diethy1 [ ( cis-3-Azido-2-formyl4-oxoazetidin-I-yl) (pyridin-4-yljmethyl]phosphonates (diastereoisomer 
mixture; 25) were prepared from 18 in 90% yield as described for 19. IR (CH,Cl,): 2100 (N3), 1770 @-lactam), 
1722 (aldehyde). 'H-NMR (CDCI,): 1.10-1.58 (24 2 Me); 3.894.48 (m, 2 CH20); 4.765.58 (m. H-C(3), H-C(4), 
CHP); 7.32, 8.65 (AA'BB', J = 5.8, CsH4N); 9.60 (d, J = 1.5, CHO). Anal. calc. for C,,H,,N,O,P (367.30): 
C45.78,H4.94,N 19.07;found:C45.73,H4.89,N19.10. 

( zk j -Diethy1 [ (3-Azido-2-oxoazetidin-I-yl) (pyridin-4-yl)methyl]phosphonates (diastereoisomer mixture; 26) 
were obtained from 25 in 28% yield as described for 20. IR (CH2C12): 2100 (N3), 1756 @-lactam). 'H-NMR 
(CDCI,): 1.12-1.40 (2t, 2 Me); 3.20 (dd, J = 2.0, 6.5, HB-C(4)); 3.804.46 (m, 2 CH,O, H,-C(4)); 5.05 
(d, J = 20.0, CHP); 5.18 (dd, J = 2.0, 5.0, H-C(3)); 7.30, 8.50 (AA'BB', J = 6.2, C5H4N). Anal. calc. for 
Ci3H,,N504P (339.29): C 46.02, H 5.35, N 20.64; found: C 45.98, H 5.39, N 20.58. 

( f) -Diethy1 [ (3-Amino-2-oxoazetidin-l-ylj (pyridin-4-yl) methyl]phosphonates (diastereoisomer mixture; 27) 
were obtained from 26 in 98% yield as described for 21. IR (CH2C1,): 3350-3400 (NH,), 1756 @-lactam). 
'H-NMR (CDCI,): 1.18-1.49 (21,2 Me); 3.30 (hr., NH2); 3.23 (dd, J = 2.1, 6.5, HII-C(4)); 3.824.40 (m, 2 CH20, 
H,-C(4), H-C(3)); 5.16 (d, J = 20.0, CHP); 7.26, 8.49 (AA'BB'. J = 6.1, C,H4N). Anal. calc. for C,,H2,N,O4P 
(313.30): C49.84,H6.43,N 13.41;found: C49.73,H6.39,N 13.52. 

3- { { { 4 - { 3 - [ ( tert - Butoxy j carbonylamino] - 3 - (methoxycarbony1)propoxy }phenyl}glyoxyl}- 
amino}-2-oxo-cc-phenyI~zetidine-l-acetntes (diastereoisomer mixture; 28). To a CH2C12 (35 ml ) soln. containing 21 
( I .  17 g, 4.99 mmol) and (4-1 3-[(tert -butoxy)carbonylamino]-3-(methoxycarbonyl)propoxy}phenyl}glyoxylic acid 
(0.20 g, 0.52 mmol) was added ethyl 2-ethoxy-1,2-dihydroquinoline-l-carboxylate (EEDQ; 0.13 g, 0.52 mmol), and 
the mixture was stirred at 25' for 17 h. The soh. was washed with 5% aq. HCI soh. (30 ml) and 5% aq. NaHCO, 
soh.  (40 ml), dried (MgSO,), filtered, and evaporated. The residue was chromatographed (silica gel, CH,CI, and 
then CHCI,): 2.68 g (90%) of 28. Foam. 1R (CH2C1,): 3200-3340 (NH), 17461760 (esters,p-lactam), 1717 (Boc), 
1670-1685 (amide, ketone). 'H-NMR (CDCl,): 1.41 (s, Me$); 2.15-2.42 (m, CH,); 3.18 (dd, J = 2.0, 6.5, 
Hb-C(4)); 3.72,3.77 (2s,2 Me); 4.05 (m, 02CCHNC02, H,-C(4)); 4.52 (t. J = 6.0, CH,O); 5.28 (m, H-C(3)); 5.78 

( f )-Diethy1 

H#-C(4)); 3.864.45 (m, 2 CHZO, H,-C(4)); 4.78 (d, J = 20.0, CHP); 4.89 (dd, J = 2.0, 5.0, H-C(3)); 6.82, 7.34 

If )-Diethy1 

( f 1 -Methyl 
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(s, CHCO,); 6.72 (hr., 2 NH); 6.90 (s, C,H,); 7.52, 8.30 (AA'BB', J = 8.0, C:,H,). Anal. calc. for C,,H,,N,Olo 
(597.63): C60.29,H 5.90,N 7.03;found: C60.38,H 5.73,N7.12. 

(~)-3-{{[4-(3-Amino-3-carboxypropoxy)phenyl]glyoxyl~amino}-2-oxo-cc-phenylazc.lidine-I-acetic Acids 
(diastereoisomer mixture; 29). To a soln. of 28 (0.60 g, I .0 mmol) in MeOH (30 ml) was added 1 % aq. NaOH soh. 
(10 ml) within 10 min. The mixture was stirred at 25" for 13 min and then acidified with HCl soh. to pH 3.0. MeOH 
was evaporated and the aq. soh.  extracted with AcOEt (20 ml). The org. layer was dried (MgSO,) and evaporated 
to give a residue, which was dissolved in CF,CO,H (5.0 ml) containing a trace amount of KCIO,. After 1 h, Et,O 
(35 ml) was added to afford a white precipitate which was filtered and washed with Et20 (3 x 15 ml). Crystalliza- 
tion from MeOH/Et,O 1:l gave 0.30 g (65%) of 29. M.p. 205-207O (dec.). I R  (nujol): 3450-2650 (CO,H, NH, 
NH,), 1750-1725 @-lactam, acid), 1670-1662 (amide, ketone). UV (EtOH): ;!26 (19000), 299 (16000). 'H-NMR 
(D,O/NaHCO,): 2.02-2.40 (m. CH,); 3.16 (dd, J = 2.0, 6.5, Hb-C(4)); 3.97 I:t, J = 6.0, O,CCHND,); 4.12 (dd, 
J = 5.0, 6.5, H,-C(4)); 4.41 ( t ,  J = 6.0, CH,O); 5.40 (br. m, H-C(3)); 5.52 (s, CHCO,); 6.98 (s, C,H,); 7.43, 8.35 
(AA'BB', J = 7.9, CnH,). Anal. calc. for C,,H2,N,08 (469.46): C 58.85, H 4.94, N 8.95; found: C 58.67, H 4.79, 
N 9.12. 

(.t/ - ( Z )  -3- { { (4- (3-Amino-3-carbo.uypropoxy)phenyl](hydroxyimino)a~:.etyl}amino )-2-oxo-r-phenylareti- 
dine-l-acetic Acids (diastereoisomer mixture; 30). To a H,O (20 ml) soh. containing 29 (0.50 g, 1 . 1  mmol) was 
added hydroxylamine hydrochloride (0.36 g, 5.0 mmol). Then a sat. aq. NaHCO, soh .  was added dropwise until 
pH 7.0 was reached. After 2 h heating at SO", the mixture was cooled and acidified to pH 3.0 with conc. aq. HCI 
soln. The soh. was lyophilized and the residue dissolved in H 2 0  (4.0 ml) and poured into a column containing resin 
XAD4.  All salts were removed by use of H,O, and the product was eluted with MeOH: 0.34 g (70%) of 30. M.p. 
210-212" (dec.). IR (nujol): 3400-2500 (OH, C02H, NH,, NH), 1735-1720 (B-lactam, acid), 1665 (amide). UV 
(EtOH/H,O): 220 (20100), 274 (14000). UV (EtOH/O.IN NaOH): 222 (205130), 290 (12000). 'H-NMR (D,O/ 
NaHCO,): 2.20-2.46 (m. CH,); 3.19 (dd, J = 2.0,6.6, Hb-C(4)); 3.90 ( I .  J = 6.1, 02CCHND,); 4.08 (dd, J = 5.0, 
6.6, H,-C(4)); 4.35 ( t .  J = 6.0, CH,O); 5.29 (m, H-C(3)); 5.48 (s, CHCO,); 6.90-7.63 (m. C,H,, C,H,). Anal. calc. 
for C2,H2,N,O~ (484.47): C 57.02, H 4.99, N 11.56; found: C 57.18, H 5.05, N 11.68. 

{ (3- {{{I- {3-[( tert-Butoxy jcarbonylamino]-3-(methoxycrrrbonyl)propo.uy}phenyl}glyoxyl}- 
u1nii~o}-2-oxoazetidin-l-yl}~4-[(tert-but.vl)dinierhylsilylo.ry]phenyl}m~thyl}phosphonates (diastereoisomer mix- 
ture; 31) were obtained from 24 in 85% yield as described for 28. IR (CH,CI,): 3190-3336 (NH), 1750 @-lactam), 
1719 (Boc), 1670-1690 (amide, ketone). 'H-NMR (CDC1,): 0.10 (s, Me&); 1.02 (s, Me,CSi); 1.19-1.49 (m. 
2 Me, Me$); 2.13-2.40 (m. CH,); 3.19 (dd, J = 2.0, 6.5, Hp-C(4)); 3.71 (s, MeO); 3.804.33 (M, 2 CH,OP, 
OICCHNCO,, HE-C(4)); 4.59 ( t ,  J = 6.0, CH20); 4.82 (d, J = 20.0, CHP); 5 26 (m, H-C(3)); 6.80 (hr., 2 NH); 
6.89,7.48,7.49, 8.28 (2 AA'BB', 2 C6H4). Anal. calc. for C,8H,,N,01,PSi (805.514): C 56.63, H 7.00, N 5.21; found: 
C 56.77, H 7.12. N 5.30. 

{ {3- { {  14- {3-[ ( tert-Buto.u~jrarhon~~lun~ino]-3-(meti~oxyc~~rhonyl)propoxy}pher~yl}glyoxyl}- 
amino }-2-o.roazetidin-l-~l} (4-hydroxyphenql)methyl}phosphonates (diaslereosimer mixture; 32). To a soln. of 31 
(0.8 1 g, I .  1 mmol) in dry THF (20 ml) was added anh. Bu,NF (0.3 1 g, 1.2 mmol). The mixture was stirred at 0" for 
I h and Lhen partitioned between Et,O (35 ml) and H 2 0  (30 ml). The org. layer was dried (MgSO,), filtered, and 
evaporated. Purification by CC (silica gel, CHCI,/AcOEt 2:l) gave 0.68 g (98%) of 32. Foam. IR (CH,Cl2): 
3150-3410 (NH, OH), 1750 @-lactam), 1720 (Boc), 1670-1688 (amide, ketone). 'H-NMR (CDCI,/D,O): 1.20-1.51 
(m, 2 Me, Me$); 2.14-2.42 (m, CHI); 3.20 (dd, J = 2.0, 6.5, HIj-C(4)); 3.75 [s. MeO); ,3304.42 (n7, 2 CH,OP, 

7.30 (AA 'BB,  J = 8.0, C6H40D); 7.51, 8.30 (AA'BB', J = 8.9, C,H,CO). Anal. calc. for C,,H,,N,OI,P (691.68): 
C55.57,H6.12,N6.08;found:C55.68,H6.23,N6.19. 

i +) - { (3- { { [4-  (3- Amino-3-corho.rypro~~oxy~phenyl]~(yoxyl )amino ] - 2-o.xouzetidin- i - yt } (4hydroxyphenyl)- 
nirrl7yl~pliosphonic Acids (diastereoisomer mixture; 33). To a soh .  of32 (1.38 g, 1.99 mmol) in CH,C12 (30 ml) was 
added Me,SiBr (3.06 g, 20.0 mmol). The mixture was stirred at 25" for 15 h, then MeOH (40 ml) and H,O (10 ml) 
were added. After evaporation, the resultant precipitate was crystallized from M.eOH/Et,O I : 1 : 0.20 g (20%) of 33. 
M.p. 249--25lo(dec.). IR (nujol): 3500-2610 (OH, CO,H, NH,, NH), 1747 @-I; ctam), 1670- 1660 (amide, ketone). 
UV (EtOH): 230 (20100), 299 (14500). 'H-NMR (D20/NaHC0,): 2.01-2.351 (m, CH,); 3.19 (dd, J = 2.0, 6.5, 

( A A ' B B ' ,  J = 8.5, C,H,OD); 7.41. 8.32 (AA'BB', J = 9.0, C,H,CO). Anal. calc. for C22H24N3010P (521.42): 
C 50.68, H 4.64, N 8.06; found: C 50.89, H 4.40, N 8.24. 

( &) - ( Z ) - {  (3 - (  ([4- (3-Amino-3-carbo,r.vpropo.r~,)p/i~,~zyl] (l7ydroxyimino) c;cetvl}uniivio }-2-oxouzetidin- I -y l } -  
(4- i~~dr .o~.~~phen~l )mrthy l }p l io .sphoni~  acid.^ (diastereisorner mixture; 34) were prepared from 33 in 65 % yield as 
described for 30. M.p. 230-233' (dec.). IR (nujol): 3500-2500 (OH, CO,H, NH2, NH), 1726 u-lactam), 1660 
(amide), 1605. UV (EtOH/H,O): 225 (18500). 272 (15000). UV (EtOH/O.IN IUaOH): 2% (20000), 291 (12500). 

(*)-Diethy1 

i &)-Diethy/ 

O?CCHNCO,, H,-C(4)); 4.59 ( I ,  J = 6.0, CHZO); 4.79 (d, J = 20.0, CHP); 5.26 (dd, J = 2.0, 5.0, H-C(3)); 6.79, 

H/J-C(~));~.~~(~,J=~.O,O,CCHND~);~.I~(~~. J=5.0,6.5,HZ-C(4));4.40(t,J =2.0,5.0,H-C(3));6.80,7.33 
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'H-NMR (D,O/NaHCO,): 2.19-2.46 (m. CH,); 3.20 (dd, J = 2.2, 7.0, Hp-C(4)); 3.90 ( t .  J = 6.0, O,CCHND,); 

6.80-7.60 (m, 2 C6H.J. Anal. cak. for C22H2sN401flP (536.44): C 49.26, H 4.70, N 10.44; found: C 49.14, H 4.88, 
N 10.49. 

{ (3- { {{4- {3-((  tert-Butoxy)curbonylamino]-3- (methoxycarbony1)propoxy }phenyl}glyoxyl}- 
umino}-2-oxoazetidin-l-yl} (pyridin-4-yl) methyl}phosphonates (diastereoisomer mixture; 35) were prepared from 
27 in 80% yield as described for 28. IR (CH2CI2): 3185-3330 (NH), 1760 (B-lactam), 1720 (Boc), 1670-1690 
(amide, ketone). 'H-NMR (CDCI,): 1.14-1.46 (m, 2 Me, Me,C); 2.14-2.40 (m. CH,); 3.17 (dd, J = 2.0, 6.5, 
Hp-C(4)); 3.90 (s, MeO); 3.804.33 (m, 2 CH,OP, O,CCHNCO2, H,-C(4)); 4.60 ( t ,  J = 6.0, CH,O); 5.20 (d, 
J = 20.0, CHP); 5.28 (m, H-C(3)); 6.80,7.02 (2 br., 2 NH); 7.48, 7.32, 8.28, 8.50 (2 AA'BB', C6H4, CsH4N). Anal. 
calc. for C31H41N,011P (676.67): C 55.03, H 6.11, N 8.28; found: C 55.14, H 6.21, N 8.16. 

{{3- { { (4- (3-(( tert-Butoxy)carbonylamino]-3-(methoxycurbonyljpropoxy}phenyl}glyoxyl}- 
amino}-2-oxoazzrtidin-I-yl} (I-oxidopyridin-l-ium-4-yl)methyl}phosphonates (diastereoisomer mixture; 36). To a 
dry CH2CI2 (20 ml) soln. containing 3-C1C6H4C03H (516 mg, 2.99 mmol) was added 35 (677 mg, 1.00 mmol) at OO. 
After the soln. had been stirred at 0" for 1 h and at 25" for 30 min, 1 % NaHCO, soln. (10 ml) was added. The org. 
layer was dried (MgSO,) and evaporated and the crude material chromatographed (silica gel, AcOEt/MeOH 9:l): 
0.62 g(90%) of36. Foam. IR(CH,CI,): 3200-3350(NH), 1770 @--lactam), 1720 (Boc), 1669-1690 (amide, ketone). 
'H-NMR (CDCI3/D2O): 1.15-1.50 (m, 2 Me, Me$); 2.15-2.40 (m, CH,); 3.19 (dd, J = 2.0,7.0, HB-C(4)); 3.70 (s, 
MeO); 3 .75444 (m, 2 CH,OP, 02CCHNC0,, H,-C(4)); 4.58 ( t ,  J = 6.0, CH,O); 5.30 (dd, J = 2.0, 5.0, H-C(3)); 
5.54(d.J= 18.5,CHP);7.25,8.45(AA'BB',J=5.8,C5H,NO);7.50,8.30(AA'BB',J=8.5,C,H,).Anal.calc.for 
C~lH41N4012P (692.67): C 53.76, H 5.97, N 8.09; found: C 53.89, H 5.82, N 8.16. 

( + ) - { { 3 - { { (4 - (3 -Amino -3 - carboxypropoxy)phenyI]glyoxyl )amino } -2- oxouzet idin - I -?I) ( I  - oxidopyridin - I - 
ium-4-y1)methyl)phosphonic Acids (diastereoisomer mixture; 37) were obtained from 36 in 15 % overall yield as 
described for 33. M.p. 228-230" (dec.). IR (nujol): 3450-2600 (2 OH, CO,H, NH,, NH), 1756 @-lactam), 
1675-1660 (amide, ketone). U V  (EtOH): 229 (20000), 300 (14150). 'H-NMR (D,O): 2.02-2.40 (in, CH,); 3.02 (dd, 

4.15 (dd, J = 4.5,7.0, H,-C(4)); 4.32 (1, J = 6.0, CH2O); 4.44 (d, J = 19.5, CHP); 5.20 (dd, J = 2.2,4.5, H-C(3)); 

(i) -Diethy1 

(i)-Diethyl 

J = 2.2, 7.0, Hp-C(4)); 4.01 ( t ,  J = 6.0, O,CCHND,); 4.15 (dd, J = 5.4, 7.0, H,-C(4)); 4.42 ( t ,  J = 6.0, CHZO); 
5.20 (dd, J =2.2, 5.4, H-C(3)); 5.45 (d, J = 19.0, CHP); 7.20, 8.40 (AA'BB', J = 6.0, C5H4NO); 7.41, 8.25 
(AA'BB', J = 6.0, C6H4). Anal. calc. for C21H23N4010P (522.41): C 48.28, H 4.44, N 10.72; found: C 48.16, H 4.26, 
N 10.95. 

( +) - ( Z) - { { 3-{ { (4- (3-Amino-3-carboxypropoxy)phenyl](hydroxyimino) acetyl}amino }-2-oxoazetidin- l-yl}- 
(I-oxidopyridin-I-ium-4-yl)methyl}phosphonic Acids (diastereoisomer mixture; 38) were obtained from 37 in 50% 
yield as described for 30. M.p. 240-242" (dec.). IR (nujol): 3550-2400 (OH, C02H, NH,, NH), 1740 @-lactam), 
1660 (amide), 1610. UV (EtOH/H20): 223 (17000), 270 (16500). UV (E~OH/O.IN NaOH); 223 (19000), 292 
(13000). IH-NMR (D20): 2.17-2.42 (m, CH,); 3.23 (dd, J = 2.0,6.6, Hp-C(4)); 3.91 (t. J = 6.0, O,CCHND,); 4.1 1 

7.26-8.45 (m, C5H4N0, C6H4). Anal. calc. for C2,H,,N5OlflP(537.43): C46.93, H 4.50, N 13.03; found: C 46.80, H 
4.71, N 12.86. 

2-[ cis-2- Formyl-4-0x0-3- (phenylucetamido) uzetidin- I-yI]-2- (diwzethylphosphono) ucetates 
(diastereoisomer mixture; 40) were prepared from 39 in 98% yield as described for 19. IR (CH,CI,): 3420 (NH), 
1770 (B-lactam), 1740 (ester), 1720 (aldehyde), 1680 (amide). 'H-NMR (CDCI,): 1.29, 1.34 (2s, Me,C); 3.58 (br. s, 
CH,CO); 3.78, 3.90 (24 2 Me); 4.78 (br., H-C(4)); 4.83, 5.03 {2d, J = 23.0, CHP); 5.40-5.80 (2dd, J = 5.0, 10.0, 
H-C(3)); 7.30 (br. s, NH, C6H& 9.65, 9.90 (2d, J = 1.6, CHO). MS: 454 (M+),  426 ( [ M  - CO]'). Anal. calc. for 
CZflH2,N2O8P (454.42): C 52.86, H 5.99, N 6.16; found: C 52.91, H 6.01, N 6.19. 

(i)-tert-Butyl 2-[2-0xo-3-(phenylacetamido)azetidin-l-yl~-2-(dimethylphosphono)acetutes (diastereoiso- 
mer mixture; 41) were obtained from 40 in 55% yield as described for 20. IR (CH,CI,): 3410 (NH), 1769 
@lactam), 1740 (ester), 1685 (amide). 'H-NMR (CDCI,): 1.32 (s, Me,C); 3.13 (dd, J = 1.9, 6.5, Hp-C(4)); 3.59 (s, 
CH,CO); 3.76, 3.89 (24 2 Me); 4.01 (dd, J = 5.0, 6.5, H,-C(4)); 4.90 (a', J = 23.0, CHP); 4.97-5.05 (m, H-C(3)); 
6.91 (d, J = 8.5, NH); 7.25 (s, C,Hs). Anal. calc. for CI9H2,N2O7P (426.41): C 53.52, H 6.38, N 6.57; found: 
C 53.60, H 6.44, N 6.63. 

( * I -  tert-Butyl 2-[2-0xo-3-(phenylucetamido)azetidin-l-yl]-2-(4,4-dimethoxycyclohexu-2,5-dienylidene)acetute 
(42). To a soln. of 41 (4.26 g, 10.0 mmol) and 4,4-dimethoxycyclohexa-2,5-dien-l-one (1.54 g, 10.0 mmol) in THF 
(70 ml) was added NaH (240 mg, 10.0 mmol). The soln. was stirred at -20" for 1 h and at 25" for 4 h. The mixture 
wdS quenched with 3 % aq. NH,CI soh.  (25 ml) and extracted with CH2C12. The org. layer was dried (MgSO,) and 
evaporated. Purification by CC (silica gel, CH,Cl,) gave 2.04 g (45%) of 42. Oil. 1R (CH,CI,): 3400 (NH), 1800 
@-lactam), 1756 (ester), 1680 (amide). 'H-NMR (CDCI,): 1.58 (s, Me$); 3.22 (dd, J = 2.1, 6.4, Hp-C(4)); 3.46 
(br. s, 2 Me); 3.60 (s, CH,CO); 4.16 (dd, J = 5.0, 6.4, H,-C(4)); 5.17 (m, H-C(3)); 6-10, 6.24 (2d, J = 10.2, 

(dd, J = 5.0, 6.6, H,-C(4)); 4.35 ( t ,  J = 6.0, CH2O); 5.18 (dd, J = 2.0, 5.0, H-C(3)); 5.38 (d, J = 18.0, CHP); 

( +) - tert-Butyl 
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(CH=CH)2C(OMe)2); 6.63 (br. d .  J = 10.2, (CH=CH),C(OMe),); 7.5 (s, C6H5); 7.70 (d, J = 8.0, NH). Anal. calc. 
for C21H,oN20, (454.53): C 66.06, H 6.65, N 6.16; found: C 66.29, H 6.50, N 6.28. 

(+) -2-(2-0x0-3- (phenylacetamido)azetidin-l-ylJ-2- (4,4-dimethoxycyciohe.xa-2,5-dienylidene) acetic Acid (43). 
To a soln. of 42 (0.91 g, 2.0 mmol) in CHZCl2/CF,CO2H 3:l (12 ml) was added a trace amount of Bu,NC104, and 
the soln. was stirred at 25" for 1 h. Purification by CC (silica gel, Et,O) afforded 0.20 g (25 %) of 43. Pale yellow 
precipitate. M.p. 60" (brown), 80" (dec.). IR (CH2Cl,): 3100-3420 (NH, COzH), 1798 @-lactam), 1713 (acid), 1670 
(amide). 'H-NMR (CDCI,/D,O): 3.16 (dd, J = 2.0, 6.0, Hp-C(4)); 3.38 (s, >! Me); 3.61 (s, CH,CO); 4.01 (dd, 
J = 4.5, 6.0, H,-C(4)); 5.06 (dd, J = 2.0, 4.5, H-C(3)); 5.91, 6.02 (2d, J = 10.0, (CH=CH)2C(OMe)2); 6.49 (d, 
J = 10.0, (CH=CH)2C(OMe)z); 7.40 (s, C6H5). Anal. calc. for C2,HzzN2O6 (398.42): C 63.31, H 5.57, N 7.03; 
found: C 63.54, H 5.30, N 6.82. 
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