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INTRODUCTION 

2-Azendmones (p-lactams) are four-membered cycbc anudes denved from 3-ammo-propanox acids The 
first member of tbls class of compounds was synthesized by Staudmger m 1907 1 However, until the dIscovery 
of penlclllm (Fig 1) by Fleming m 1929, the importance of p-lactams as antlblotlcs was not recognized * 
Penlclllm and its denvanves are ~111 the most widely used annhotxs After the dlscovery of the antlbactenal 
dctlvlty of pemcilhn, thousands of compounds contammg the klactam nng have been either isolated from natural 
sources or synthesized by chemical means 3 Figure 1 presents the structures of several P-lactam antlblotlcs that 
have been appbed cluncally 
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Pelucillin (natural, 1929) 

OH 

Tlnenamycm (natural, 1976) 
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C(O)Me 

&(O)OR 

Cephalosponn (natural. 1945) 
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Aztreonam (synthenc, 198 1) Canunona~ (syntheuc, 1982) 

Figure 1. Important P-lactam antlblotlcs 
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Most of the pemclllms and cephalosponns are obtamed by blosynthesls or by chenncal modlficatlon of 

Intermediates that are produced VW blosynthesls However, because the growmg resistance of bactena against 
pemcllhns and cephalosponns and the need for medlcmes with a more specific annbactenal actlvlty, several 
synthetic and serm-synthetic p-lactam anhbloncs have been developed by the pharmaceuncal mdustry The most 
important compounds among these are gwen m Figure 1 

The commonly applied routes for the &xect construction of the 2-azendmone nng are outlmed in Scheme I 
The Staudmger cycloaddmon (1) 1s the reaction whuzh has been the most extensively developed 3 However, m 

most cases the products obtamed VU this reaction are mWures of all of the possible stereolsomers Noteworthy in 
this respect 1s the recent work of several research groups that have, independently, developed highly 

stereoselecuve syntheses of several 2-azendmones based upon the ketene - mme cycloaddmon (vrde mfra) 

Scheme 1 
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The progress of modern organometalhc chemistry has shown that by usmg organometalhc reagents orgdnlL 

reactlons can be selecavely tuned, giving control over reactwity, reglo-, dlastereo- and enanno-selecnvlty 4 Based 
on this knowledge, several metal-mediated synthenc routes to P-lactams have been developed mcludmg the e\ter 

enolate - mune condensahon (2) and subsequent nng-closure of the formed p-ammo esters (3), the ketene - unme 
cycloaddltlon using metallo-carbene mtermedlates (4). and the annelatlon of azindmes by transmon-met‘)1 

catalysts (5) Reviews concemmg several of these separate routes have appeared m literature 567 
This report pves an overvlew of the recent advances m the synthesis of 3-ammo-2-azetuimones and ~111 deal 

only with synthetic methods &rected towards the construction of the P-lactam nng 

THE ESTER ENOLATE - IMINE CONDENSATION 

Gllman and Speeter were the first to report the preparation of a p-lactam by the condensntlon of 
Reformatsky reagents (I e zmc ester enolates) with simple lmmes * Development of this ester enolate - mime 
condensation started m the late 1970’s when enolate chenustry had become standard for orgamc synthesis In the 
last decade several research groups have stud& the synthesis of plactams VU metal ester enolates 5,~ 

This report ~11 focus on the consnuctlon of the 3-ammo-substituted p-lactam nng from metal ester enolates 
nnd unmes and includes the Lewis-acid catalyzed condensation of sllylketene acetals with umnes In most cases a 
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Other means of protecnon of the ammo-funchon as &allyl, &benzyl, and dlsdyl denvahves have been 
extensively studed (eqn 7) In most cases special attention was gven to Zazetuimone products that would be 
useful mtermedmtes for the synthesis of known p-lactam antibotics For example, lrmnes N-substrtuted with 
easily removable group, e g mmethylsdyl, benzyl, etc., were used. The results of these St&es are summanzed 
(Table 2) 

H N(R2>2 
H H 

x 

H 

K 

R4 (R2>2N 

x 

R4 

I 
R’O OML, 

+ N - 

R3’ 0 
N, 

R3 (H) 
1 

(7) 

la R1 = Me, R2 = allyl, lb RI= Et, R2 = Me$jlCH2C&&Me2 

1~ R1 = Et, R2 = benzyl, Id. RI= Et, R2 = Me@1 

The apphcaaon of 1,2-hs(dunethylsdyl)ethane as cychc protcctmg dmlyl group (as in lb) proved to be the 
most suitable because the protechng reagent 1s readily avrulable, cheap, and easdy removed by acid or base 
catalyzed hydrolysis Overman and Osawa have apphed this group to obtam mtermedates for nocardlcms and 
obtamed reasonable to good yields of the 3-ammo-4-unsubshtuted-2-azetidmones (Enmes 3-5) Camel11 and 
coworkers have stu&ed the reachons of hthmm enolate lb with several m sitl( prepared N-(lnmethylsdyl)i~es 
to afford 3-ammo-4-subshtuted-2-azeadmones in moderate yields (Enmes 10-14) These reachons generally 
&splay a high as-stereoselechvlty (de SO-90%) An excepaon 1s the reachon of the umne derived from ISO- 
buty-raldehyde This &splays a high rruns-stemoselecavlty (de 84%. Entry 12) 

Our research-group has extensively studied the reacaons of several metal enolates denved from N,N- 
dlprotected glycme esters with lmmes z-27 The most important results are shown m Table 2, Enmes 15-36 As 
observed by Camel11 and coworkers, the lithium enolate lb (and lc) reacts wth N-(mmethylsdyl)~mmes to 
afford crs-3-ammo-2-azetnones m excellent yields and with a good stereoselechvlty (d e 68-9496. Enmes 15, 
25, 31,33, and 36) However, when an appropnate metal compound, e g ZnCl2 or alkylzAlC1, IS added to the 
hthlum enolates. which are then converted mto the correspondmg zmc and alumumm enolates, respecnvely, the 
reactions with immes then pelds Pans-3-ammo-2-azehdmones in excellent yields with a good stereoselectivity 
(de 34-100%) Furthermore, the zmc and alummum m&ated reactions penmt the use of N-(alkyl)munes which 
are usually easier to prepare and are more stable By proper choice of subsmuents, metal, and reachon conditions 
we are able to synthesize selecnvely either the CIS- or trans+.omers of several useful 3-ammo-4-substituted-2- 
azehdmones m excellent yields 

Noteworthy in this respect are the syntheses of I) rrans-3-ammo-4-(mmethyls~lyl)ethynyl-2-azet~dmone 
(Entry 22), a versatile mtemeihate for the synthesis of mono- as well as bcycllc-plactam anabloncs. 10 rrans-l- 
benzyl-3-ammo-4-methyl-2-azehdmone (Enmes 23 and 24), an intermediate for the synthesis of aztreonam and 
related monobactam anablobcs (see Rg l), rri) both CIS- and rrans-3-ammo-4-(2-furyl)-2-azeWlmones (Enmes 
34-36) The fury1 group can be redly oxidized to a carboxyl group,28 resultmg m a versatile mm-mediate for the 
synthesis of monocychc- and Incychc-&lactam snt&noncs 

The results summanzed m Table 2 show that contml of the &astereoselecnwty of the metal ester enolate - 
umne condensahon has been well-documented However, complete control of the enanhoselectivlty 1s also 
required m an efficient approach towards the synthesis of known P-lactam anaohoucs that have a specific 
absolute configuration To our knowledge, only those reactions using the cyclic dlsllyl denvate as protection of 
the ammo-function have been studed for the enannoselectwe synthesis of 3-ammo-2-azeadmones (eqn 8) 
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Table 2 Reactions of N&V-Protected a-Amino Ester Enolates with Imines. 
Entry Ester R3 R4 Ial+ Yield (%) as mns ref 

1 
2 

3 
4 

5 
6 
7 
8 
9 
10 
11 

12 

13 
14 

15 
16 
17 
18 

19 
20 

21 
22 

23 
24 

25 
26 

27 
28 

29 
30 

31 
32 

33 
34 

35 

36 

la 

lb 

lb 
lb 

lb 

lc 

lb 

lb 

lb 

lb 

lb 

lb 

lb 

lb 

lb 
lb 

Id 

lb 
lb 

Id 

lb 

lb 

lb 
lb 

lc 
lc 

lc 

lb 

lb 
lb 

lb 
lb 

lb 
lb 

lb 

OBn 
5-(2-Bn)2&eimzole 

Bn 

2,4+4eWBn 

2xMeW2C6H3 
P-MeoCdIq 

SCPh3 

P-MeOCgHq 
c-hexyl 
SlMq / Hf 

SiMe3 / Hf 

&Me3 / Hf 
&Me3 / Hf 

SIMe3 / Hf 

&Me3 / Hf 

Me 
Me 

H 

Me 

Hc 
W 
HE 

CP3 

76 26 

0 loo 
83 17 

Me 
StMe3 / Hf 
SrMe3 / Hf 
&Me3 / Hf 
SiMe3 / Hf 

Bn 
Bn 

SIMe3 I Hf 
SIMe3 / Hf 

Me 
I-Bu 

I-Bu 
SlMe3 1 Hf 

StMe3 / Hf 
&Me3 / Hf 

&Me3 / Hf 
StMe3 / Hf 

&Me3 / Hf 

Me 

C(H)MeC 
Cophc 
Mep 

Etg 
a-Prg 

2-furyl’ 
2-tluenyl’ 

Ph 
Ph 
Ph 
Ph 

Ph 
Ph 

Ph 
C=CSIMe3 

Me 
Me 

Ph 
Ph 

Ph 

C(H)=Nr-Bu 

2-pyndyl 

2-pyndyl 

2-pyndyl 
2-thIenylt 

P-thienyl 
Zfllryl 

2-fury1 

SlMes’ 

Ll 

LI 
Ll 

Ll 
Ll 
Ll 
Ll 
Ll 
Ll 

Ll 

Ll 

Ll 
Ll 

Ll 
ZnCU 

ZnClJ 
AlEt2k 

ZnClJ 
ZnClJ 

AlEt2l’ 
ZnClJ 

ZnClJ 
AIEtZk 

Ll 
ZnClJ 

ZnClJ 
ZnCU 

ZnClJ 
ZnClJ 

Ll 
ZnClJ 

Ll 
ZnClJ 

AlMe2m 

52b 
59b 

d 

ii 

47d 
63 
78 

34 
45 
4oh 

57h 
ulh 

43d 
35d.h 

99 
97 
15 

% 

96 
70 

94 
93 

98 

96 

91 
94 

80 

94 

99 
96 
92 
87 

99 

92 

87 

90 10 

90 10 

892 

95 5 
90 10 

96 4 
8 92 

0 loo 
8 92 

14 86 

0 loo 
10 90 

3 97 

9 91 
5 95 

84 16 

0 loo 
33 67 

0 loo 

0 loo 
0 loo 
91 9 
15 85 

94 6 
8 92 

4 96 

14 

15 

12 
12 

12 
16 
17 
18 

18 
19 

19 

19 

20.21 
21 

22 
22.23 

22.23 
24 

22,23 
22.23 
24 
22,23 

22,23 
24 

22 
22 

22,25 
26.27 

27 
27 
27 
27 

21 

27 

24 
77 lb StMe3 / Hf 2-fury1 Ll 95 973 .., 

a Catalyzed by MqSlOTf b Yield of the non-cychzed aidolate An addtuonal ring-closure to the p-lactam product IS requurd c The 
imme was generated m situ from the secondary N-(cyanomethyl)amme d Rauo enolate lmme = 2 1 e The subsutuent is attached 
as alkyltdene to the B-lactam nng f Upon hydrolysis replaced by a proton g The lmme was prepared m SUK from the aldehyde and 
LIHMDS h Isolated as the BnOC(O)N denvauve ’ The unme was prepared m s~fu by reductton of the mmle denvahve J The enolate 
was prepared by transmetalation of the lrthmm enolate with Znf& k The enolate was prepared by transmetalatmn of the hthmm 
enolate with two equivalents of Et2AlCl ’ Reactmn pedonncd with the ZnCl2cotnplex of the lmme m The enolate was prepared by 
transmetalauon of the lrthtum enolate with 12 equivalex~ts of Me&Cl 
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Several approaches towards the enanaoselecave synthesis of 2-azeutiones are obvious Chnal mfonnation 
can be either put into the starhng ester (Rl) or into the nune (either R* or R3) These approaches have been 
studled by several groups (Table 3) 

Me+ 
I 

H 3 
NAStMe2 

x 

H R3 

I + 03) 

R’O 
N 

OML,, RZ’ 

Entry Rl 

Table 3. Enantioselective Syntheses of 3-Amino-2-azetidinones 
via the Ester Enolate - Imine Condensation. 

R* R3 ML,,+ Yield(%) cu trans (ee)a ref 

1 Et 
2 Et 
3 Et 
4 (-) menthyl 
5 (+) neomenthyl 
6 (-1 bomyl 
I (-) 2-Ph-1-c-hexyP 
8 (+) 2-Ph-l-c-hexyle 
9 (-) menthyl 

10 (-) menthyl 
11 (-) 2-Ph-1-c-hexyle 
12 (-) menthyl 
13 (-) menthyl 
14 (-) menthyl 

15 (-) menthyl 

16 Et 

17 Et 

18 Et 

19 Et 

20 Et 

21 Et 

22 Et 

23 Et 

24 El 

25 Et 

26 El 

27 Et 

28 Et 

29 Et 

30 Et 

31 Et 

(R)-(4-BnOPh)C(H)Bn 

(R)-(4-BnOPh)C(I-l)OMEM 

Q-OBn Hb 

P-MeQC6% Ph 

P-MeoCa% Ph 

P-MeOCaH4 Ph 

PMeoC6Hq Ph 

PMeOC6Hq Ph 

SIMe3 / Hf Ph 

SIMe3 / Hf C(H)=cO~ 
SIMe3 I Hf C(H)=C(H)Ph 

PMecJC6Hq P-FC6h 

P-M&6% P-CF3C6% 

P-Memati P-Mem6ti 

P-MeoC6Hq 3,4-(MeO)$6H3 

(W-C(W(Me)Ph CW=NC(W(Me)fi 

(WCOI)(Me)Ph C@WW-O@fe)fi 

(R)-Co(Me)Ph 2-pyndyl 

(R)-CWXMe)Ph 2-pyndyl 

(R)-CO(Me)Ph 2-pyndyl 

(R)-Co(Me)Ph 2-fury1 

(R)-WQ(Me)Ph 2-filly1 

(R)-W-D(Mc)Ph C=CSIMe3 

(R)-C(H)(Me)Ph C=CSIMe3 

(R)-WXMe)Ph C=CSIMe3 

(R)-COI)(Me)Ph Me 

(R)-WQ(Me)Ph Me 

(S)-C(H)(Me)Ph Et 

(S>C(H)(Me)Ph Et 

&Me3 / Hf (R)-C(H)(OTBDMS)Me 

PMemsH4 (R)-WWHZWM~Z)O 

Ll 72c 
LI 54c 
LI 6Sc 
Ll 65d 
LI 65d 
LI 53d 

LI 5gd 
Ll 5gd 
LI 3gd 
LI 4gd 
LI 46d 
LI 55d 
LI 59d 
Ll 7od 
L1 54d 

Ll 50 

ZnClg 91 

LI 61 

ZnClg 98 

AlMe2h 93 

ZnClg 50 

ZnClg 82 

L1 70 

ZnClg 93 

AIMeZh 95 

ZnClg 87 

ZnClg 97 

ZnClg 95 

ZnClg 96 

L1 80’ 

Ll 93 

(83) 12 

(83) 12 

(82) 12 

0 100 (99) 29 
74 26 (21) 29 

63 37 ( 2) 29 

0 100 (99) 29 

0 100 (99) 29 
0 100 (68) 29 

100 0 (11) 29 

100 0 (78) 29 

0 100 (99) 29 

0 100 (99) 29 
11 89 (99) 29 

9 91 (99) 29 

0 100 (40) 30 

0 100 (91) 30 

0 100 (50) 30 

0 100 (99) 30 

7 93 (90) 30 

0 100 (35)’ 30 

89 11 (99)J 30 

50 50 ( 0) 30 

12 88 (57) 30 

30 70 (34) 30 

20 80 (99)’ 30 

88 12 (99)r 30 

5 95 (99)’ 30 

loo 0 (99)k 30 

0 100 (96) 31m 

88 12 (59) 30 

32 Et p_MeOChIQ (R)-C(H)CH~OC(Me~)O ZnClg 94 6 94 (99) 30 
a Refers to the e e of the maJor Isomer b The lmme was generated in SIIK from the secondary N-(cyanomethyl) amme c Ratlo 
cnolate *mme= 2 1 d Isolated as the deprotected 3-ammo-2-azehdmone e The pure trans cyclohexyl denvative was used f Upon 
hydrolysis replaced by a proton g The enolate was prepared by transmclalauon of the hthmm enolate with ZnCl2 h The enolatc WJJ 
prepared by transmetalauon of the hthmm enolate with 1 2 eqmvalents of Me2AICI ’ Reactron performed m Et20 J Rcact~on 
performed m THF k Reacuon performed m THF/HMPA (4 1 v/v) ’ Isolated as the BnOC(O)N denvative m The lmmc was 
prepared m suu from the aldehyde and LlHMDS 



Syntheses of 3-ammo-2-azeudmones 
7509 

Overman and Osawa were the first to report the appbcaaon of churl mines, iV-substltutcd ~rlth a group 
contammg churl mformation, m the (lithium) ester enolate - lmme approach to 3-ammo-2-azetidmones They 
obtained several useful mtermedlates for the synthesis of nocardlcms m moderate yields with a high 
enantioselectlvity (Enmes l-3) 

Whereas the use of choral esters, readily prepared from glycme and chual alcohols, &d not result uunally ln 
very lmpresslve chal mducnons (see Table 1. Entry 3 and ref 32), very recently OJlma and Habus reported that 
the use of choral NJ+&slylprotected glycme esters results m high choral mductlons (Enmes 4-15) The best 
results were obtained with choral menthyl or rrunr-2-phenyl-1-cyclohexyl glycme esters Surpnsmgly, with C- 
aryl subsntuted munes rruns-2-azendmones almost exclusively are formed (Enmes 4,7-9, and 12-U), whereas 
wth the mune derived from cmnarmc aldehyde a crs-Zazetldmone 1s formed exclusively (Enmes 10 and 11) CB- 
3-ammo-4-styryl-2-azendmone, a useful mtermedlate for the synthesrs of several p-lactam antibloncs, has been 
prepared (46%) W&I a reasonable selecnmty (78% e e , Entry 11) However, no useful truns-2-azetldmone has 
been synthesized by the method of O~lma and Habus 

We have duected most of our efforts towards the use of lmmes denved from the relahvely cheap, redly 
avalable, and easily removable,33 (R)- and (S)-a-methylbenzylammes (Enmes 16-29) Whereas the hthrum 
mediated reacuons gave poor results (Enmes 16,18, and 23), the alummum and zinc mediated reactions afforded 
useful 3-ammo-2-azeudmones m high yields In some cases, dependmg upon the reaction condmons, excellent 
stereoselecnvlty was observed Noteworthy m this respect are the syntheses of fruns-3-ammo-4-ammo-2- 
azetldmone (91% yield, 100% de ,91% e e , Entry 17), c~s-3-ammo-4-(2-furyl)-2-azeudmone (82% yield, 78% 
d e ,99% e e , Entry 22) and all possible stereolsomers of 3-ammo-4-alkyl-2-azendmones (yields 87-96%, de 
60-lOO%, e e 99%, Enmes 26-29), which are key-mtermedlates m the synthesis of aztreonam (Fig 1) and 
related monobactam anubloncs 

Only a few examples for the appllcanon of lmmes denved from chu-al aldehydes m the synthesis of 3- 
ammo-2-azetldmones have been reported Camel11 and coworkers have applied the N-(mmethylstlyl)imme 
denved from (S)-mandehc aldehyde, that reacted with the hthmm enolate to yield, qmte surpnsmgly, the frans-2- 
azetldmone as a single sterecnsomer m 80% yield (Entry 30) We have apphed the N-@-methoxyphenyl)lmme 
denved from D-glyceraldehyde and obtamed the crs-Zazendmone m 93% yield (76% de ,59% e e , Entry 31) 
for the lithium mediated reactlon The zmc mediated reacnon afforded the trun.s-Isomer m 94% yield (88% de , 
99% e e , Entry 32) All three compounds can be readily converted into key-mtmtiates for the synthesis of 
carumonam and related annbloncs 

From the examples given m this secuon, it 1s clear that the rapld progress m the field of enolate chermstry 
has enabled the orgamc chermst to selecnvely synthesize any stereolsomer of a gven target molecule contauung a 
3-ammo-2-azehdmone moiety, provided that a proper set of parameters (1 e protective groups, metal, solvent, 
reaction condmons, etc ) IS chosen 

THE KETENE - IMINE CYCLOADDITION 

The ketene - lmme cycloaddluon (Staudmger reaction) was the first method by which a 2-azetldmone was 
syntheslzed,l and the dlscovery of pemcllhn and cephalosponn (Fig 1) necessttated further development of the 
Staudmger reaction 

The most widely applied reagents for the formation of 3-ammo-Zazehdmones are phthahmldo- and 
avdoacetyl chlorides,, which upon treatment with a mild base, usually tnethylamme, are VI situ converted to the 
correspondmg ketenes, 2a and 2b Recently several other ketenes have been applied to mtroduce the 3-ammo 
function (vi& I&Z) 

In contrast to the development of the ester enolate - lmme condensanon (see precedmg section) that was 
mltlated by the discovery of the carbapenem antlblotlcs, the development of the ketene - unme cycloaddltlon 
parallels the discovery and development of the p-lactam annbloucs nght from the start Early stu&es were 
focussed on the preparation of mtermedlates for the synthesis of pemcllhns and cephalosponns, 1 e 3-ammo-2- 
azetldmones that contam a sulfur atom duectly attached to the 4-poslnon of the P_lactam nng ‘Ihe general reacnon 
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IS shown (equaaon 9) and the results are summarized (Table 4) Enmes I-10 show the results obtamed with 
acychc thloformlml dates and Enmes 1 l-28 the results obtamed with cychc Whne denvahves 

’ H 
H H 

K 

H R* 

+ (9) 

R” 
N 

0 

2 

Table 4. The Synthesis of Intermediates for Penicillins and Cephalosporins 
(and Analogs) via the Ketene - Imine Cycloaddition. 

Entrv Ketenes R1 R2 Ybzld (%) cts trans (e e ) ref 
Ph SEt 33 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

ta 

2a 

2a 

2a 

2a 

2a 

2b 

2b 

2a 

2b 

2a 

2a 

2c 

28 

2b 

2c 

2a 

2b 

2c 

2b 

2b 

2b 

2b 

2b 

2b 

2a 

2a 

U.KWX~~e~-~ SMe 40 

OCrn~~~~-~ SBn 39 

(dr)C(H)(CoOMe)CH$H$Me SP-NW~H~ 22 
(dr)-C(H)(COOMe)CH2CH2SMe STr 79 

C(CQOMtWMe2 SpMcOBn 55 

(*)-CO(Cooahz)c(SrpMeoBn)l(CHzh SMe 55 

(*~~CooBn)C[S(n)l(~~ SMe 39 

(WOWOM~)~+B~@J&I SMe 64 

Q-Co(COOBn)P(OEt)2O SMe 42 

(*)-methyl 55dunethyl-2duaz.ohne4carhoxylatec 8 

(*)-methyl Ss_dunethyl-2-phenyl-2-~~~~xy~~ 58 

(f)-methyl55~methyl-2-phenyI-2-~h~~xy~~ 13 

Zphenyl-2-thuwlme 40 

2-phfayl-2-thw.ohne 70 

2-phenyl-2-duaxohne 56 

2-phenyl-5,5~methyI-2-~~~e 27 

2-phenyl-5,5-~methyI-2-~~ 87 

2-phenyl-55~methyl-2-~~~e 13 

2-phenyl-5-(methylto)~,4~~y~-2-~~ 50 

c~s-2-phenyI-5-(methylth~o)4.4-(methyl. Iso-pqyl)-2-duazolme 35 

nons-2-phenyl-5-(methylrhlo)-4?(-(rso-prl, methyl)-2-th~azolme 84 

4-@-methoxyhauykarhoxylate)-5-phenyl-1.3 2-duaxme 27 

4-@-methoxybenzyl~y~~5-p-mechy 2-thuume 40 

4-~m~ybenzylcarboxylate)-5-(4-~yl~13 P-thuume 28 

2-methyl-2-oxaxolme 26 

2-phenyl4.5~d~hydm-1.3 2-duaxme 43 
L 

ndb 34 

0 100 (0) 35 

0 100 (0) 35,36 

0 loo 37.38 

0 loo 37.38 

0 loo 39 

0 loo (10) 40 

0 loo (44) 40 

0 loo (20) 41 

0 loo 42 

0 loo 43 

ndb 44 
ndb 45 

ndb 46 

0 loo 47 

ndb 45 

ndb 45 

0 loo 47 

ndb 45 

0 loo 48 

6040 48 

0 loo 48 

0 loo 49 

0 loo 49 

0 loo 49 

ndb 50 

ndb 50 

28 tb b(audoacetyl)_2-phenyl-l,4~~~y~~ nd” ndb 51 

B The ketone LS generated UI slru upon treatment of the actd chlonde wuh Bt3N b Not determmed or gwen c Prepared from (Q-N- 
formylpemcdlamme d Generated m SI~U upon treatment of the I-unsubstltuted pyrumdme ulth azldoacayl chlonde 

The first reaction of an acychc thloforrmrmdate with an mudo-ketene was reported by Paul and coworkers 
(Entry 1) The 3-ammo-4ethylthlo-2-azeadmone was obtamed m moderate yield but unfortunately, no m&canon 
about the stereochemistry of the reaction has been reported. Bach1 and coworkers have extensively studled the 
reactlons of ketenes 2a and 2b w~tb several thlofornumldates, and obtiuned the truer-2-azetldmone products III 
reasonable yields (Enmes 2-8) However, smce these studies were directed towards the synthesis of pemctlhns 
and cephalolosporms, with a cls-configuraaon of the subsatuents attached to the 3- and 4-poslaon of the p-lactam 
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nng, an addmonal epunenzatron of the ~runs-products ts necessary Two more examples of the reactton of 
throfonmmtdates wtth ketenes 2a and 2b have been mported (Enmes 9 and 10). but no substanttal progress with 

respect to the work of Bachi and coworkers has been made 
In 1951, the group of Sheehan performed ptoneenng studies towards the direct syntheses of 

pernctllms 4445.46 These sttuhes were extended several years later by the group of Bose (Enmes 11-19) 43*47 
Although m the earlier reports by Sheehan and coworkers, no mdtcauon about the stereochemtstry of the 
reactions was grven, the results of Bose and coworkers mdtcate that m all these reacaons only the undestred 
rruns-2-azeudmones are formed. Furthermore, ut otder to obtam reasonable pelds of the P_lactams. the thtazohne 
has to be substrtuted at the 2-positron The best ytelds were obtamed by Bose, using aztdoacetyl chlonde as the 
ketene precursor (Enmes 15 and 18) A recent study by Jenny er al shows that the stereochemistry of the reacaon 
can be dtrected to yteld a as-Zazetulmone as the rnaJor product (Entry 21) However, m thts case no useful 
P-lactam intermediate was produced 

Chnstensen and coworkers at the Merck-laboratories have studed the reacaons of ketene 2b with several 
thtazmes, which ur pnnclple would provide useful mterme&ates for the synthesis of cephalosponns (Enmes 23- 
25) However, as observed m all other reacuons wrth umnes C-subsatuted wtth a sulfur atom, only truns-2- 
azettdmones were formed 

From the results given above, tt must be concluded that the ketene - unme cycloaddraon approach 1s not 
well-suited to synthesize pentcrlhn- and cephalosponn mtermedrates 52 

Bose and coworkers have reported the syntheses of various,, rather exoac, mcychc 3-azrdo-2-azetrdmones 
(see Figure 2), which were formed m reasonable yields (40-65%) W455 However, the apphcabthty of these 
hcychc 2-amadmones as tmermedtates m the synthesis of known p-lactam anabtoacs is rather premature 

R = Ph. p-MePh, p-MeOPh, p-N02Ph X = 0, R’ = H, Cl, R” = H, R”’ = H 
R’=H R = SMe, SEt, SI-Pr 
R = p-BrPh, p-CNPh, p-MeOPh, p-N@Ph X = S, R’ = H, R” = Me, R” = H, Cl 
R’=OMe R = SMe, St-Pr 

Figure 2. Examples of mcychc 3-ando-Zazeadmones synthesized by Bose 535455 

Although tn the early days of the development of the ketene - mane cycloaddraon reacaon some examples 
of reacaons with simple aldumnes were reported, tt was not unal the discovery of the new class of monobactam 
anahoacs (nocardrcms. aztreonam, carumonam, see Ftg 1) that the reaction wrtb sample aldmmres was fully 
developed. The results of the exploraave expenments (eqn 10) are summarized m Table 5 

2a X=@ ‘)fH + IJR2 - 1% (lo) 

0 
2b X=Ns 

2 
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Table 5. Reactions of Azido- and Phthalimido-ketenes with Aldimines. 
Entry Ketens R1 R2 Yield (%) CIS trcurr ref 

1 2b Ph 

2 2b Ph 

3 2b Ph 

4 2b Ph 

5 2b Ph 

6 2b P-BKbHq 
I 2b P_BrcbH‘I 

8 2b PBKbHq 
9 2b P-BKbh 

10 2b Ph 

11 2a Ph 

12 2b P-PCbH4 
13 2b Ph 

14 2b Ph 

15 2b Co(COOBn)P(OEt)20 

16 2a 2.4~(MeO)2Bn 

17 2ae Ph 

18 2ae Ph 

19 2ae P-MeCbH4 
20 2ae I-naphthyl 

21 2ae Bn 

22 2af P-MeOCbH4 
23 2af IJ-MeOCbH4 
24 2af p-hk&~6& 

25 2af p-Me$hOC& 

26 2af CH2COOMe 

27 2a C(H)=CH2 

28 2b CH2CH2SIMe3 

29 2b CH2C(H)=CH2 

30 2b Bn 

31 2b CH@-MabH& 

32 tag P-MeOCbHq 
33 2ag CH2COOMe 

34 2ah CH2SIMe3 

35 2b Bn 

Ph 45 

Ph 50 

P-No2CbHq 35 

pMeOGH4 30 

P-MeOCbHq 53 

Ph 30 

Ph 65 

3,4-(~H2O)cbH3 35 

3,4-(OCH2O)cbH3 31 

OEt nd* 

OEt 31 

Ph 23 

P-BrCbHq 30 

P_FCbHq 19 

(CH2)2C(CH2OAc)O(CH2)20 30 

CH2F 32 

Ph 50 

P-MeOCbHq 70 

P-MeOCbHq 74 

P-Mewbti 75 

P-Membh 60 

C(H)=C(H)Ph 45 

C(Me)=COPh 64 

C(H)=C(H)Ph nd* 

C(Me)=C(H)Ph 50 

C(Me)=C(H)Ph 66 

C(Me)=WWh 82 

C(H)=C(H)Ph = 75* 

C(H)=C(H)Ph = 75* 

C(H)=C(H)Ph = 75* 

C(H)=C(H)Ph -2od 

C(H)=C(H)Ph 55 

C(Me)=C(H)Ph 50 

C(Me)=C(H)Ph 70 

Me = 75* 

loo ob 54 

0 1Doc 54 

loo ob 54 

loo ob 54 

0 loot 54 

loo ob 54 

0 loot 54 

loo ob 54 

0 loot 54 

0 loo 54 

nd* 34 

loo 0 54 

loo 0 54 

loo 0 54 

loo 0 42 

loo 0 56 

0 loo 57 

0 loo 57 

0 loo 57 

0 loo 51 

0 loo 57 

95 5 58 

loo 0 58 

50 50 58 

loo 0 58 

loo 0 58 

97 3 59 

crsd 60 

Cl& 60 

Cd 60 

Cd 60 

loo 0 61 

loo 0 61 

loo 0 62 

rrun& 60 

36 2b CH@-MeOCbHq)2 Me = 75* Cd 60 

a Ketene generated in SI?U by treatment of the aud chlonde with Et3N b Azuktacetyl chlonde was added dropwIse to a soluuon 
contammg the unme and Et3N. resulung m a CIS I~URF rat10 of ~(1 3 1 Yield and gwen stereochemistry are of the Isolated uomcr 
after chromatographx separauon c Et3N was added to a soltalon contammg the lmme and audoacetyl chloride. resultmg m a ct.uruns 

ratlo of CQ 1 3 Yield and gwen sterecchemlstry are of the tsolated Isomer after chmmatograph~c separation * Not detexmmed or not 
given e Ketene generated m suu by treatment of phthaloylglycme WJI Me2N=C(H)OSOCI2 f Ketene generated m situ by trcatmc~ 
of the aud bronnde with Et3N g Ketene generated m SW from phthaloylglycme and Me2NP(O)Cl2 by treatment with Et3N 
h Ketcne generated m SIIU from phthaloylglycme and PhOP(OQ2 by treatment with Et3N 

The most widely applied ketenes are still the phthahmldo (2a)- and 2-azldo (2b) denvatlves (eqn 10). but 
several precursors and methods other than the treatment of the respective acetyl chlorides with methylanune hdve 
been reported, e g the treatment of phthaloylglycme with Me2N=C(H)OSOC12,57 Me2NP(0)C12,61 or 
PhOP(0)C12,62 under Influence of a base 

Bose and coworkers have demonstrated that for simple Wary1 Immes the stereochemistry of the reactlon 
with azldo-ketene 2b can be Influenced by expenmental conditions (Enmes l-9) Upon dropwlse addmon of the 
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azldoacetyl chlonde to a solution contammg the mune and methylamme, the maJor products are the crs-2- 

azetldmones (de = 35%), whde addmon of methylamme to a solution contammg avdoacetyl chloride and the 
imine produces the frans-ZazeWlmones as the maJor isomer (d e = 35%) 

Palomo and coworkers showed that generation of the phthalnmdo-ketene from phthaloylglycme and 
Me2N=C(H)OSOCl2 and subsequent treatment with simple C-aryl lmmes afforded exclusively tram-2- 
azetldmones m good yields (Enmes 17-21) This contrasts to the results obtamed for the reactions of 2a and 2b, 
generated by vanous means, with lmmes denved from cmnamlc aldehyde and a-methylcmnanuc aldehyde, that 
afford almost exclusively clr-2-azetulmones III moderate to good yields (Enmes 22-34) Smce the 4-styryl and 4- 
a-methylstyxyl groups are readily converted mto an acetyl group by ozonolysls, useful intermediates for the 
synthesis of crs-3-ammo-p-lactam annhoncs are accessible 

Just and coworkers have shown that with lmmes denved from acetaldehyde, dependmg on the nitrogen 
substltuent, selectively rrans- and CIS- 3-azldo-4-methyl-2-azetldmones (mtennedlates for the synthesis of 
aztreonam and denvatlves) are obtamed (Enmes 35 and 36) 

A new reagent to directly mcorporate the 3-ammo-subsntuent of the 2-azetldmone nng IS the potassmm salt 
(Dane’s salt) of N-(a-methyl-P-(m)ethoxycarbonylvmyl)glycme (3), which in the presence of an appropnate 
activator and unme results m the formation of the 2-azetldmone product (eqn 11) The protected group IS rea&ly 
converted to an ammo-function by treatment with hydrogen chlonde m methanol The results obtamed with this 
protecnng group are summarized m Table 6 

Me 
Me 

1- 

1 acuvator (4) / Et3N ; H 

’ N-C02K+ 
2 R1N=C(H)R2 / Etfl ’ ‘;’ z i R2 

I 
No .H 4a POC13 -1- 

Me0 
A0 .B 

F N\ 
(11) 

RO 4b ClCOOEt 0 R’ 
3 

R = Me, Et 4c Me$IP(O)Cl, 

Table 6. ReactIons of (a-Methyl-&methoxycarbonylvinyl)amldo-Ketenes with Imines. 
Entry Reagent R1 R2 Yield (%) CLS trans ref 

1 4a Ph Ph = 40a loo 0 63 

2 4a p-MeC6H4 p-Mem6H4 35 100 0 63 

3 4a P-MeC6”d 3,4-(OCH20)C6H3 -4oa 100 0 63 

4 4a I-p-tolyl-3.4~d~hydrosoqumolme 45 0 100 63 

5 4b 3,4-(MeQ2Bn Ph 65 100 0 64 

6 4b 2,4-(Me0)2CgH3 Ph 60 100 0 64 

I 4b P-MeOC6Hq Ph 60 100 0 64 

8 4b 3,4-(MeO)ZBn 2-fury1 50 100 0 64 

9 4b 2,4-(Me0)2Bn 2-fury1 50 100 0 64 
10 4b P-Meoc6ti 2-fury1 50 100 0 64 

11 4b Ph cyclopentyl 60 100 0 64 
12 4b P-M&C6H4 C(H)=C(HjPh 46 100 0 64 

13 4b I-p-melhoxyphenyl-3,4-dlhydrosoqumohne 80 0 100 64 
14 4c p-MeC6Hq p-Mew6H4 40 100 0 61 

15 4c 2,4-(MeO)2Bn Ph 55b loo 0 61 

16 4c CH2C(H)(OH)Ph C(Me)=C(H)Ph 6oc lc0 0 61 
17 4c CH2COOMe C(O)Me 3Od 100 0 61 

a The exact yield IS not given b Isolated as N-benzoyl denva~ve after deprotecuon w~lh HCI m methanol and acylauon 
wuh benzoylchlonde c Isolated as N-bcnzylcarbamate d Isolated as N-chloroacetoxy denvatwe 

Sharma and Gupta were the first who reported about the use of this protective group m the ketene - lmme 
cyclodddmon, but did not prepare very useful 2-azetldmone products (Enmes l-4) Bose and coworkers used the 
a-methyl-P-methoxycarbonylvmyl protecting group to synthesize more. useful 2-azeudmone products m moderate 

yields (Entnes 5- 13) In all cases studied, except for the cychc lmme denved from qumohne (Enmes 4 and 13), 
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exclusrvely the cls-Isomer 1s formed. Recently, Palomo and coworkers reported four more examples, the most 
mtereshng bemg the 4-u-methylstyryl and Cacetyl denvatlves (Enmes 14-17), which provide mtermtiates for 
the synthesis of crs-3-ammo-alactam anttbrotrcs 

Several research groups have stud& the reactions of phthalmudo- and aado-ketenes with munes derived 
from ketones (eqn 12). The results of these stties have been summanzd (Table 7) 

Table 7. Reactions of Amino-Ketenes with Imines Derived from Ketones. 
Entrv Ketenea R1 R2 R3 R4 YEld (a+’ ref 

1 2b H Ph 

2 2b H Ph 

3 2b’ Me Ph 

4 2b” Et Ph 

5 Zb”’ Ph Ph 

6 2a H Ph 

7 2a H Ph 

8 2a H Ph 

9 2a H Ph 

10 2a H Ph 

11 2a H Ph 

12 2a H Ph 

13 2a H Ph 

14 2a H Ph 

15 2a H Ph 

16 2a H Ph 

17 2a H Ph 

18 2a H Ph 

19 2a H Ph 

20 2a H Me 

Me 

Ph 

H 

H 

H 

OMe 

OEt 

01-R 

SMe 

P(OXMeOFz 

P(O)wv2 

P(OXMeQ2 

P(O)(Ew2 

P(OW)Z 

P(O)@02 

P(OxMeo)2 

P(O)w& 

P(OxMeo)2 

P(O)(Ewz 

WXMeo)z 

Ph 30 54 

Ph 60 54 

Ph 10 54 

Ph 9 54 

Ph 7 54 

Ph 50 34 

Ph 55 34 

Ph 51 34 

Ph 70 34 

Ph 18 65 

Ph 46 65 

p-MeC& 29 65 

p-MeC& 32 65 

P-ClC6% 17 65 

P-ClC6& 28 65 

P-BKSHq 22 65 

PBC6Hq 27 65 

PMe(3C6Hq 36 65 

PMem6& 40 65 

Ph 24 65 

21 2a H Ph C(O)Ph Ph 25 66 

B The ketene IS genexated m sztu upon treatment of the acid chlonde WA Et3N b The yretds of the rsolated products, 
the composmon m terms of isomers (CIS or rrons) has not been determmed or gwen 

Although no really useful 2-azetldmones have been prepared m these St&es, It IS mterestmg to note that 
low to moderate yields of 2-azeudmone products are obtamed To our knowledge, no successful reacnons of 
ester enolates ~th nnmes derived from ketones have been reported (vi& supra) 

As in the case of the ester enolate - lmme condensation (v& supru), several approaches towards the 
development of an enanuoselecnve ketene - mune route to useful 3-ammo-2-azendmones have been studied The 
results of the stu&es on the reacnons of phthahmldo- and audo-ketenes with nnmes, N-substituted with a chnal 
auxlhary (eqn 13), are summarized m Table 8 
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2b X=N3 

Table 8. Enantioselective Syntheses of 3-Amino-2.szetidinones from Ketenes and Imines, 
N-Substituted with a Chiral Auxiliary. 

Entrv Ketenea R* R2 Yield (%) CIS rruns (e e ) ref 
1 2a G0-w-D(cooMe)ph Hb 80 (56) 67 
2 2a @K~(~B~)PB~~ Hh a7 (50) 67 

3 2a WMHX~~)Napbthti Hb 51 (82) 67 

4 2a (d)-Co(COOMe)-2-tyt Hb 65 (56) 67 

5 ta (&Co(COOMe)-2-f@ Hb 39 (50) 67 
6 2b ([>co(Me)ph Co=CoPb = 75= crSe (nd )c 60 

7 2b (I)co(Me)~ Me = 75c vu& (n d )c 60 
8 2a M-CWeW CH2F 59 lOOO(62) 68 
9 2b (d)-WX~WCWePH C(H)=c(H)~ 60 100 0 (0) 69 

10 2b (dj-Co(COOBn)C(H)(Me)CYIBDMSd C(H&oPb 60 loo 0 (80) 70 
11 2b M-Co(~Bn)CO(Me)crrpsd w-Pvvh 55 100 0 (90) 69 

12 2a ~Ss)-~O~~~2OT~S)C~H)~~TMslp~~zcsH4 W)=W-0Ph M loo 0 (43) 71 

13 2a (S,s)-C(H)(~2oTMS)HXOTMS)ph WWWPh 50 loo 0 (43) 71 

14 2a (S,s)-C(H)CH2OSl(Me2)OC(H)Ph C(H)ccoPb 55 loo 0 (43) 71 
15 2a (S.s)-C(H)(CH2OTBDMS)C(H)(OTBDMS)Pb C(H)=cOPb 62 loo 0 (82) 71 

16 2b pmtected d-glwosamme= o=wwb 92 100 O(100) 72 

a The ketene IS generated m slru upon treatment of the acid chloride- w~tb Et* b The tmme IS generated UI slfu by treatment of the 
hexahydrotrmzme with BF3 OEt2 c Not detemuned or given d TBDMS = f-butyl&methylsdyl, TPS = tnphenylsrlyl, TMS = 
tr~melhyls~lyl e 3,4 5,6-&-O-lsopropylldene-d-glucosamme propane d~thmacetal 

Kamlya and coworkers have reported about the enanhoselectlve synthesis of useful intermediates for the 

synthesis of nocardlcms (Entries 1-5) The choral lmmes were prepared ln MU upon treatment of 
hexahydrotnazmes, denved from choral glycmes, with BF3 OEt2 The 4-unsubsmuted-2-azetldmones were 
formed m reasonable to good yields with moderate to good enantloselecnvlty 

Just and coworkers have reported about the use of choral nnmes, denved from retiy avalable chval (&CC- 
methylbenzylamme (Enmes 6 and 7) Unfortunately, no detads are given about the exact yields and composition 
of the products, but m both cases useful 2-azetldmones are formed The result of Teutsch and Bonnet with the 
lmme denved from fiuoroacetaldehyde and (d)-a-methylbenzylamme IS quite remarkable (Entry 8) Just found 
that the trans-2-azetidmone was formed as the maJor Isomer with the mnne denved from acetaldehyde, whereas 
the cls-2-azetldmone, a key-intermediate for the synthesis of a known p-lactam antrhotlc.73 was the exclusive 
product m the case of fluoroacetaldehyde 

Several research groups have reported about the enanaoselectlve synthesis of useful as-3-ammo-4-styryl-2- 
azetldmones, using unmes denved from cmnamlc aldehyde and choral modified a-ammo esters (Enmes 9-15) 
The best results m terms of enanuoselecnvlty were obtamed by Bellau and Bose (Bnmes 10 and 11, respectively), 
who obtamed the crs-Zazetidmone products ~th a good enantloselectlvlty, albeit m moderate yields Barton and 
coworkers, used mod&d d-glucosamme to protect the ammo-mtrogen and obtamed enanfiomencally pure cls-3- 
phthahmldo-4-styryl-2-azeudmone m excellent yield However, effiiclent removal of the mdfied sugar has not 
yet been accomplished 
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A second approach towards the enantloselectlve syntheses of useful 3-ammo-2-azeadmones 1s the use of 

immes, C-substttuted with a useful churl synthon (eqn 14) The results of the stu&es based on tins approach are 
summarized 111 Table 9 

x H H H 

K 

H R* 

+ K 

R” 
N 

0 

(14) 

Table 9. Enantloselective Syntheses of 3-Amino-2-azetidmones from Ketenes and Imines, 
C-Substituted with a Chiral Auxiliary. 

Entry Xa R1 R* Ylekl (%) cis rruns (e e ) ref 

1 Phthaloyl 2,4-(MeOhBn (s)-C(H)cH2~~e)zO 76 100 0 (99) 74 

2 PhthaIoyl p-MeOC&I4 (S)-C(H)CH2WMehO 55 100 0 (99) 74 

3 MeCOOC(H)=C(?vle)NH Bn (s)-CWCHzWMehO 72 100 0 (99) 74 

4 Phthaloyl 2,4-(MeO)zBn (WO(Me)OBn 69 100 0 (99) 74 

5 AzKlo p-MeOCgHq (R)-CoCH2WMe)20 55 100 0 (99) 15 

6 Phthaloyl P-Mew6% bWZWWC(Me)20 57 100 0 (99) 75 

7 AZUiO CH$XKIMe (R>COCH20C(Me)20 55 100 0 (99) 75 

8 Phthaloyl Bn (RR)-P-phenylepoxlde 82 100 0 (86) 76 

9 Phthaloyl 2,4-(MeO)2Bn (RR)-2-phenylepoxlde 85 100 0 (86) 76 

10 Phthaloyl CH2COOl-Bu (RP)-2-phenylepoxtde 65 100 0 (82) 16 

11 Phthaloyl CH$(Me)=CH2 (R,R)-2-phenylepoxlde 88 100 0 (84) 76 

12 Phthaloyl P-Mem6ti (RP)-2-phenylepoxlde 66 100 0 (80) 76 

13 BnCHzOC(O)N(H) 2,4-(MeO)zBn (RP)-Zphenylepoxlde 60 100 0 (90) 16 

14 Oxazohdmonb 2,4-(MeO)zBn (RP)-Zphenylepoxlde 84 100 0 (82) 76 

15 Phthaloyl Bn (R)-2.2-&methylepoxlde 84 100 0 (94) 76 

d The ketenes are generated m SIIU upon treatment of the respectwe acetylchlondes wth Et3N b 4,5-dlphenyloxazolm-2-on-3-yl 

The first synthesis of a 3-ammo-2-azendmone, based on this approach was performed m the laboratones of 
Hoffmann-La Roche They used lmmes denved from readily available (S)-glyceraldehyde acetomde (Enmes l- 

3) This group can be converted mto a formyl-substltuent (oxldahon with NaI04 or Pb(OAc)& providing 3- 
ammo-2-azetldmone products, which can be used for the syntheses of several known p-lactam antlblotlcs 

Several enantlomencally pure crs-2-azetldmones have been prepared m moderate to good yields Some years 
later, Bose and coworkers reported sun&r results starting from (R)-glyceraldehyde acetomde (Enmes 5-7) 

Evans and Wllbams used choral epoxylmmes, derived from readily avallable a$-epoxyaldehydes 
(Sharpless-oxldatlon of subsmuted allyhc alcohols), for the enannoselectlve syntheses (e e 80-94%) of several 

useful as-3-ammo-4-epoxy-2-azetldlnones, m good to excellent yields (Enmes 8-15) The substituted epoxy 
group IS readily oxldlzed to the useful formyl group, which has been mentloned earller m this review (v&e 

supra) 
A third approach towards the enantloselectlve synthesis of useful 3-ammo-2-azetldmones 1s to start from 

choral ketene precursors Evans and SJogren mmated the development of this method by making use of (4S)- 
phenyloxazohdylacetyl chloride, prepared from readily avallable (S)-phenylglycme, as precursor for a chlrnl 
ketene (eqn 15) 

Reactions with several N-benzyl-subsmuted lmmes afforded useful cls-2-azetldmone products, key- 
intermedates m the synthesis of carumonam, m good yields wth a high chual mductlon (Table X, Enmes l-4) 

OJima and coworkers extensively exammed the reactlon of (4S)-phenyloxazobdyl-ketene with lmmes, C- 

substituted with an aryl group and N-substituted with vanous substltuents (Enmes 5-13) The enanttomencally 
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pure ns-3-ammo4aryl-2-azetldmones were obtamed m good to excellent yields Qmte remarkable 1s the fact that 
when munes derived from churl u-ammo acids are used, the same enannomer of the 2-azctldmone product 1s 
formed, mespectlve of the chiiabty present m the subsutuent of the muno-mtrogen (Entnes 5-10) This lmphes 
that the stereoselecn~ty of these reacuons IS completely govemed by the configuranon of the startmg ketene 

.Ph 
&- 

+ HyR2 NEt,* (15) 

cl 
R” 

N 

Table 10. Enantioselective Syntheses of 3-Amino-2-azetidinones from 
(4S)-Phenyloxazolidyl-Ketene and Imines. 

Entry R1 R2 Yield (96) CLP rranr (e e) ref 
1 Bn Ph 90 loo 0 (94) 1-l 
2 Bn Co=WWh 82 loo 0 (90) 1-l 
3 Bn C@&CO_3-Mc4X%jH3 80 loo 0 (84) II 
4 Bn c(H)=Co-2-fllryl 80 loo 0 (94) II 
5 (WT-0(COOMe)Me Ph 16 loo 0 (99)’ 18.19 
6 (R)-C(H)(COOMe)Me Ph 82 loo 0 (99)’ 18J9 
I (s)-C(H)(COOMe)f-Pr Ph 92 loo 0 (99)’ 18.19 
8 (R)-C(H)(COOMe)r-Pr Ph 86 loo 0 (99)8 18.19 
9 (S)-C(H)(COOMe)Bn Ph 91 loo 0 (99) l&l9 
10 (S)-C(H)(COOMe)CH2CH$Me Ph 19 loo 0 (99) 18.19 
11 Me Ph 85 loo 0 (99) 19 
12 Bn 3,4-(MeO)&H3 90 loo 0 (99) 19.80 
13 Me 3,4-(MeO)zC& 95 loo 0 (99) 19 

a The same enantlomer IS formed, urespectlve of the chrabty of R1 

Other research efforts concemmg the apphcatlon of choral ketenes were conducted at the research 
laboratones of Lilly.81 and by the group of Ikota and Han& 82 The results of these stuQes are sumrnanzed in 
Figure 3 In all these expenments N-@-methoxyphenyl)-3-phenyl-2-propemlldeneamlne was used as the Imine 
component, affording cu-3-ammo-4-styxyl-2-azetldmones &I and 8b as products 

X,= 

0 

5 

0 

6 

: :a (R = R’= PhC(O)O) >9856 1: 
3 6b(R=R’=BnO) 86 14 
4 6c = R’ = IO 30 (R MeC(O)O) 
5 6d (R = MeC(O)O, R’ = I-I) 55 45 
6 7a(R=Ph) IO 30b 

7b @ = 2,6-(Cl)&H3) 
7c (R = 1-naphthyl) 

7d IR = o-N0KrH.i) 

0 1OOb 
60 4ob 

IO sob “JOH - 

_Ph 

o~~\p_Meoph ’ o&p_Meoph lb - ‘_ r - _” -’ 7e @ = p-MeOC6R) 90 lob 
” ^. a Y1eld.s are not Raven, see I 
aa 1D ref 19 b The same rauo as 

that of the womek of 7. each wre Isomer save better 
than 99% mducuon - 

Fqpre 3. Enantloselectlve Syntheses of crs-3-Ammo-4-styryl-2-azeudmones Usmg Chml Ketenes 
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The use of oxazohdmone 5, denved from nonzphednne, resulted m excellent chn-ai mducaon (Entry 1) The 
use of 1mde.s 6. denved from S,S-tartnmc acid, resulted m low to good chual mductmns. dependmg on the 
subsatuents R and R’ (Enmes 2-5) A compllcanon that arises frcm the use of chnai lrmdazolones 7 derived from 
(R)-phenylglycme, 1s that these are formed as rmxtures of CIS- and twt.wsomers, dependmg on the R subsntuent 
(Enmes 6-10) Each pure Isomer resulted m mductlons better than 99% for the reacuons of the respectwe lcetenes 
wth the imme 

The examples gven m the preceding sectlon clearly demonstrate the usefulness of the ketene - lmme 
cycloaddmon approach to the synthesis of the 3-ammo-2-azetinone moiety It allows the use of a Hnde variety 
of differently substituted reagents (both ketene and unme) and m most cases the cu-Zazendmone product 1s 
formed exclusively, although a few examples where a trum-Zazet&none 1s obtamed as the major isomer have 
been reported Syntheses of useful, enantiomencally pure cls-3-ammo-2-azendmones have been qorted 

THE CYCLOADDITION OF METALLO-CABBENE COMPLEXES WITH IMINES 

The first synthesis of a 2-azeadmone VJU metallo-carbenes and manes was reported by Hegedus and 
coworkers m 1982 83 Subsequent mechamstlc stu&es, 84 m&cated that when the startmg chrommm carbene (9) 
was SubJected to u-rtiahon, carbon monoxide msemon mto the metal-carbon double bond produces a ketene 
complex, 10 (Scheme JI) These complexes show typlcal ketene-reacnvlty, but the reacnons with lmmes do not 
proceed VUI free ketenes, since the typlcal side-products, e g self-condensatron products of the ketene or 
products conamng one nnme and two (or more) ketene fragments, are not observed.~*~ 

Durmg the course of these stu&es several mterestmg 3-ammo-2-azehdmones have been prepared using 
ammo carbenes as startmg matenal The route IS very general and allows a wide variety of acychc and cychc 
ones (see Tables 11 and 12) 

Scheme 2 

9a NR2=NBn2 

9b Nit,= N 

si OMe 

9b’ NR2 = N 
3 

, 

Ph &t-Bu 

%NR,=N 0 

x 

H R2 

W 

x 

R3 

0 
N\ 

R’ 

9dNR,=N 0 

x 
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Table 11. The Syntheses of 3-Amino-2-azetidinones by Photolytic Reactions of 
Chromium Aminocarbene (9a) with Imines. 

Entry R1 R2 R3 Yield (7%) cis tranr(ee) ref 
1 Me Ph H 50 a2 18 86 
2 Bn Me. H 74 64 36 86 
3 ?-BU H H 12 81 
40 PMa6H4 H H 14 81 
5” Bn Me Me 56 81 

6a (R>WWQOMe)~-Bn0fX-b H H 46 (0) 81 

I Bn OMe H 19 0 loo 86 

8 Ph OEt H 18 0 loo 86 

9 l (CH2)3- Me 51 ndb 86 

IV l (CH2b- H 54 0 loo 81 

11a l (CH2)4- H 85 0 loo 81 

12 _(cHzho- H 81 0 loo 86 

13 -C(Me)2cH2CL H 32 0 loo 86 

14 iCHz)3S- H 13 0 loo 86 

15 -CH(COOEt)C(Me)(OH)CH2S- H II 0 loo 86 

16 (R) -CH(COOMe)C(Me~S- H 93 0 loo (99) 86 

a The tmme was used m the form of the hexahydrotnazme b A smgle dlastereamer with unknown stereochemistry IS 

formed 

With snnple acyclic Immes, rmxtures of CIS- and rruns-3d&nzylammo-2-azeudmones are formed (Enmes 
1 and 2) Immes denved from formaldehyde, either as lmme or m the form of the cyclic hexahydromazme, are 
also appbcable, affordmg mtermtiates for nocardlcms m reasonable yields (Enmes 3-6) Quite surpnsmgly, 
unhke the reacnons with free ammo-ketenes (VU& sup@. 67 the use of the lrmne derived from (R)-phenylglycme 
did not result m any choral induction (Entry 6) With Imtdates, rruns-Zazendmones are obtamed as the single 
products m good yields (Enmes 7 and 8) 

The most notable feature of the metallo-carbene method 1s the comparative ease by which cychc munes are 
converted mto fruns-Zazetldmones m moderate to excellent yields (Enmes 9-16) This contrasts sharply with the 
reactlons of free ammo-ketenes wth slm&u cychc tmmes, that afford only low to moderate yields of rrans- 

hcychc-2-azetldmones (vi& sup-a) 

Thus several useful Intermediates for the synthesis of pemclllms, cephalosponns and related antibiotics 
have been prepared m high yields (m the case of pemcllhn even with an excellent enanuoselectlvlty, Entry 16), 
but unfortunately with rruns-stereochermstry concernmg the 3- and Ltposmon of the p-lactam nng 

A recent development reported by Hegedus and coworkers, 1s the use of choral chrommm ammocarbenes, 
denved from (S)-prolme (9b), (R)-phenylglycmol (SC), and (S)-valmol(9d), m the enantloselecnve synthesis of 
useful 3-ammo-2-azetldmones (Scheme II) The results of these efforts are summan zed m Table 12 

Reactions of the prolme denved ammocarbenes 9b and 9b’ with 5,6-&hydro-4H-1,3-oxazme (Enmes 1 
and 2) resulted m a moderate choral mductlon. whereas the reaction of the phenylglycmol and valmol denved 
arnmocarbenes 9c and 9d with the same mune resulted in an excellent choral mducnon (Enmes 13 and 14) As 1s 
the case for dlbenzylammocarbene 9a, ammocarbenes !lc and 9d react smoothly with both acyclic- and blcychc 
lmlnes affordmg useful 3-ammo-2-azendmones ~nth an excellent enantlo- and dlastereo-selecavlty The reactions 
vra carbene 9c generally resulted in better yields of the 2-azetidmone products than VU carbene 9d 

The reactlon of carbene 9c with the lmme denved from cmnamlc aldehyde afforded the racenuc US-~- 
azetldmone (Entry 15, de 66%), whereas reactions of comparable free ammo-ketenes with the same lmme 
resulted m high choral inducttons (v1d.e supru) n 

Reacnon of carbene 9d with (+)-5-hydroxy-5-methyl-5,6-~hydro-4~-1,3-thlazlne-4-methyl carboxylate 
afforded a key-intermediate for the synthesis of cephalosponns m good yields and with an excellent 
enantloselectlvlty, but unfortunately wth the wrong rrans-configuration of the 3- and 4-posihon 
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Table 12. The Syntheses of 3-Amino-2-azetldmones by Photolytic Reactions of 
Chiral Chromium Aminocarbenes with Imines. 

Entry Carbene R1 R2 R3 Yield (96) CIS truns (e e ) ref 

1 9b 

2 9b’ 

3 9c 

4 9c 

5 9d 

6 9c 

7 9d 

8 9c 

9 9c 

10 9d 

11 9c 

12 9d 

13 9c 

14 9d 

15 9c 

-KH2)30- 

_(CH2)30- 

Bn H 

Bn Me 

Bll Me 

Bn Me 

Bn Me 

-@H2)3- 

-(CH2)4- 

-(CH2)4- 

Bn OMe 

Bn OMe 

_(CH2)30- 

_(CH2)30- 

Bn C(H)=C(H)p-MeOC&j 

H 85 0 100 (60) 88 

H 82 0 100 (67) 88 

H 14 (70) 88 

Me 19 (70) 88 

Me 59 (70) 88 

H 61 33 67 (99) 88 

H 54 26 74 (99) 88 

H 15 0 loo (99) 88 

H 91 0 loo (99) 88 

H 55 0 loo (99) 88 

H 91 0 100 (99) 88 

H 16 0 100 (99) 88 

H 95 0 loo (99) 88 

H 70 0 100 (99) 88 

H 53 83 17 (0)a 88 

16 9d (k) XH(COOMe)C(Me)(OH)CH$& H 79 0 loo (99)b 88 

a E e of the cu-Isomer. the rrans-Isomer was formed with an e e of 99% b With respect to the configurauon of the 3- 

and 4-posmon of the 2-azeudmone nng 

The examples given m this section show that the synthesis of the 3-ammo-2-azetldmone moiety vza 

chrommm ammo-carbenes and lmmes 1s very promising, smce It allows a wide vanety of hfferently substituted 
reagents (both ammo-carbine and lmme) Especially the reactions of choral ammo-carbenes with cychc Immes, 

affording selectively enantlomencally pure trans-3-ammo-2-azetldmones that may be used for the syntheses 
pemalhns and cephalosponns m moderate to excellent yields, may become a method that could find apphcatron m 

the pharmaceutical mdustry 
Major disadvantages of the metallo-carbene route is that use of madlatlon to induce the reacticns with 

lmmes IS an expensive procedure and furthermore only rruns-3-ammo-blcychc-p-lactam systems have been 

prepared by this route 

MISCELLANEOUS 

Besides the routes that have been reviewed m the preceding sections, several other approaches towards the 
synthesis of monobactam antiblotlcs have been described m the literature Some selected examples of the recent 

advances of these approaches ~111 be bnefly mentioned m this se&on 

Most of these routes, mamly developed m the laboratones of pharmaceutical companies, involve multistep 

procedures (1 e with overall yields form O-10%), startmg from readdy avnlable (natural) chnal synthons hke (S)- 
senne, (S)-threomne and (S)-allo-threonme Most of these routes involve the intermediacy of hydroxamates (ll), 
which are subjected to nng-closure condmons, resulting in the desired 3-ammo-2-azendmone products (Scheme 

3) that can be rea&ly converted mto the monobactam anhhoncs 

Scheme 3 

X = BnOC(0) or f-BuOC(0) 

Y = OR or SO3- M+ 

L R’ 

F 

R’ 
XNH) XN(H) 

R2 - 
L = Leaving group, e g OR or Cl 

R’, R2 = Hydrogen or alkyl 
NoI)Y 

0 
11 
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The first paper descnbmg this hydroxamate-approach to the synthesis of monobactams was reported by 

Miller and coworkers m 1980 89 In this paper the total synthesis of 3-ammonocat&cmlc acid, a key-mtermedlate 
in the synthesis of nocardlcm A (see Fig l), startmg from P-chloro-(S)-alanme has been descIlbed Further 

studies by this group, m co-operation with the Lilly Research Laboratones. include the synthesis of key- 
intermediates m the synthesis of nocardlcm A from (S)-serme,*990 aztreonam from (S)-threomne,@ and more 

versanle mtermdates, CIS- and nanr-3-anuno-4-methoxycarbonyl-2-~t&none, from Lerythro- and LX-rhreo- 
P-hydroxyaspartlc acid, respectively 91 Several other modlficatlons of this route have been reported by 

Cimarusti, Floyd, and Sykes and coworkers of the Sqmbb Institute of Medical Research 92 Recently, Herranz 
and cowokers reported a multistep procedure for the synthesis of aztreonam startmg from (D)-glyceraldehyde 
acetomde followmg the hydroxamate procedure 93 

The total synthesis of carumonam, starting form either L-threomc acid or L-(+)-tartanc ac:d has been 
described by WeI and coworkers of the Hoffmann-La Roche Laboratones 94 

An isolated example of the syntheses of 3-ammo-4-carboxylate-2-azetuimones, mvolvmg the oxldatlve 

couplmg of the dlamons of acyclic anudes using Cull-salts or N-mdosuccuumlde, has recently been reported by 
Hlyama and coworkers (Scheme 4) 95 

Scheme 4 

BnzN 

b 

f 

COOR Bn,N COOR 
Base 

8 8 
[Ox1 

c 

N\ 
0 R 

b N\ 
0 R 

Base = n-BULI or f-BULI 
[Ox] = NIS, CU(OAC)~ , Cu(OCOPh)Z 

Followmg this method, CIS- l-(a-methylbenzyl)-3-dlbenzylamlno-4-r-butoxyc~~nyl-2-~eu~none (d e 
90%, e e 90%), a key-mtermedrate m the synthesis of carumonam, has been prepared m 52% yield from @)-a- 
methylbenzylamme 

OUTLOOK 

As shown m this report several general routes for the synthesis of useful 3-ammo-2-azendmones are 

nowadays avallable The latest developments of these routes have vutually all been focussed on the 

enantloselectlve synthesis of mtermtiates for monobactam annhoncs 

An advantage of the ester enolate - lmme condensation 1s the versanhty of this route Usmg simple basic 

chermcals, a wide variety of 3-ammo-2-azendmones are accessible Moreover, with a proper choice of parameters 

(1 e protective groups, metal, solvent(s), reaction condmons, etc ) any enantlomer of a selected target molecule 
contammg the 3-ammo-2-azetldmone groupmg can be selectively synthesized 

The ketene - lmme cycloaddmon 1s even more versatde than the ester enolate - umne condensaaon, and 
works not only with lmmes denved from aldehydes as substrates, but with cyclic lrmnes and unmes derived from 

ketones as well Recent reports have shown that useful ns-3-ammo-2-azetldmones can be obtamed m high yields 
with excellent enantloselectlvlty Sofar no enantloselectlve routes to useful trans-3-ammo-2-azetdmones have 
been reported 

The cycloaddmon of metallo-carbene complexes, m par~cular with cychc lmmes, 1s a general and elegant 

route for the synthesis of blcychc 3-ammo-2-azeudmones Usually far better yields are. obtamed compared with 
the reactlons of free ketenes with cychc lmmes However, u-radlanon of the carbe.ne complexes 1s required to 

produce the reactive metallo-ketene complexes and chronuum salts are formed as waste mate& It 1s questionable 
therefore, whether pharmaceutical companies will apply this route for the synthesis of p-lactam antlblotlcs 

because of the high cost and ecologcal aspects 
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Several research groups have succeeded m the syntheses of mtermediates for nocardtcms, aztreonam, 
carumonam. and related monobactam anubiotlcs by relatively short and selective routes It \~ll depend on cost 
aspects whether these routes will replace the total syntheses that are curn%ly employed m the pharmaceuncal 
industry 
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