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INTRODUCTION

2-Azendinones (B-lactams) are four-membered cyclic amides dertved from 3-amino-propanoic acids The
first member of this class of compounds was synthesized by Staudinger 1n 1907 ! However, untl the discovery
of pemcithn (Fig 1) by Fleming 1n 1929, the importance of B-lactams as antibiotics was not recognized 2
Penicillin and 1ts denivatives are still the most widely used antibiotics After the discovery of the antibactenal
activity of pemcillin, thousands of compounds containing the B-lactam ring have been either 1solated from natural
sources or synthesized by chemucal means 3 Figure 1 presents the structures of several B-lactam antibiotics that
have been applied clinically
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Figure 1. Important 8-lactam antibiotics
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Most of the pemcillins and cephalosporins are obtained by biosynthesis or by chemical modification of
mtermediates that are produced via biosynthesis However, because the growing resistance of bacteria against
penicillins and cephalosporins and the need for medicines with a more specific antibactenal activity, several
synthetic and sem-synthetic B-lactam antubiotics have been developed by the pharmaceutical industry The most
important compounds among these are given 1 Figure 1

The commonly applied routes for the direct construction of the 2-azetidinone ring are outlined 1in Scheme I
The Staudinger cycloaddition (1) 1s the reaction which has been the most extensively developed 3 However, in
most cases the products obtained vig this reaction are muxtures of all of the possible stereoisomers Noteworthy 1n
this respect 1s the recent work of several research groups that have, independently, developed highly
stereoselective syntheses of several 2-azetidinones based upon the ketene - imine cycloaddition (vide infra)
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The progress of modern organometallic chemustry has shown that by using organometallic reagents organic
reactions can be selectively tuned, giving control over reactivity, regio-, diastereo- and enantio-selectivity 4 Based
on this knowledge, several metal-mediated synthetic routes to B-lactams have been developed including the ester
enolate - imine condensation (2) and subsequent ning-closure of the formed B-amuno esters (3), the ketene - inune
cycloaddition using metallo-carbene 1ntermediates (4), and the annelation of azindines by transiion-metal
catalysts (5) Reviews concerming several of these separate routes have appeared 1n literature 56,7

This report gives an overview of the recent advances 1n the synthesis of 3-amino-2-azetidinones and will deal
only with synthetic methods directed towards the construction of the B-lactam ning

THE ESTER ENOLATE - IMINE CONDENSATION

Gilman and Speeter were the first to report the preparation of a B-lactam by the condensation of
Reformatsky reagents (1 ¢ zinc ester enolates) with simple imines 8 Development of this ester enolate - 1mine
condensation started 1n the late 1970's when enolate chemustry had become standard for organic synthesis In the
last decade several research groups have studied the synthesis of B-lactams via metal ester enolates 369

Thus report will focus on the construction of the 3-amuno-substituted B-lactam ning from metal ester enolates
and imines and 1ncludes the Lewis-acid catalyzed condensation of silylketene acetals with 1munes In most cases a
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direct conversion to a B-lactam 1s observed, but 1in some 1nstances the reactions provide non-cychized B-amino
esters which require cychzation to the f-lactam.

The first strategy that has been applied for the synthesis of 3-amino-2-azetidinones 1s shown 1n equation 6
The amino-function of the starting glycine esters 1s protected by an acyl or carbamate group Treatment of the
protected o-amino esters wath two equivalents of lithium amide (usually lithim di-1s0-propylamide = LDA)
afford the lithium dianions that react with appropnate imines giving 3-(protected)amino-2-azetidinones (Table 1)

R3
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| H R H
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Table 1 Reactions of o.-Amido Ester Enolates (Lithium Dianions) with Imines.

Entry R! R2 R3 R4 RS Yield (%) cis trans® (e e) ref
1 Et H Ph Ph Ph 45 0 100 10
2 Et Me Ph Ph Ph 91 0 100 10
3 (-) menthyl  Me Ph Ph Ph 75 0 100 (49 10
4 Me OMe Ph Ph Ph 84 0 100 11
5 Me OMe Ph 1-naphthyl Ph 88 0 100 11
6 Me OMe Ph Ph p-CiCgHy 91 0 100 11
7 Me OMe  BnO 1-naphthyl Ph 84 0 100 11
8 Me OMe  BnO Ph p-CICgHy 91 0 100 11
9 Et H BnO 2,4-(MeO)zBn Hb 63 12
10 Et Me BnO 2,4-(MeO),Bn HP 74 12
11 Et Me +-BuO 24-(MeO)Bn Hb 60 12
12 Et -Pr +-BuO 2,4-(MeO)2Bn Hb 45 12
13 Et H +-BuO (R)-(4-BnOPh)C(H)OBn HP 51 (33 12
14  Me Me Ph p-MeOCgHa CH)=N-A® 80 55 45 13

a8 Refers to the relative position of the R3C(O)N(H)- and RO-substituents, irrespective of the priority of the R2-subsutuent P The
imine was generated in sutu from the secondary N-(cyanomethyl)amine € Ar = p-MeOCgHy

Gluchowsk: and Bose and coworkers (Entries 1-8) synthesized 3-methyl- and 3-methoxy-substituted 2-
azetidinones they used only N-aryl- and C-aryl-substituted 1mnes so that no useful intermediates for the
synthesis of B-lactam antibiotics were obtained Noteworthy is the excellent diastereoselectivity of these reactions
1n that only trans-3-amino-4-aryl-2-azetidinones were obtained This 15 rather surprising, since monoanionic
lithium ester enolates usually yield cis-2-azeudinones or muxtures of both cis- and trans-1somers (vide infra) The
use of a chiral menthyl ester as a starting matenal resulted 1n a disappointingly low induction (4% e e , Entry 3)

Overman and Osawa (Entries 9-13) have apphed in situ generated imines denived from formaldehyde,
giving 4-unsubstituted-2-azetidinones which are intermediates for the synthesis of nocardicins (Fig 1) With
increasing bulk of the R2-substituent, the yields of the 2-azendinones drop markedly (Entries 9-12) The use of a
chiral imine denved from (R)-phenylglycine (Entry 13), affords an intermediate for nocardicin 1n a moderate yield
and modest enantioselectivity

Alcaide and coworkers were the first to report about the use of a-dumines as 1mine components, providing
a protected aldehyde function at the 4-position of the 2-azetidinone 4-Formyl-2-azendinones are versatile
synthons for several monobactam and penem antibiotics 3:6:9 However, the reaction of the lithium enedolate of
methyl 2-(benzoylamino)propionate with N,N"-1,4-di{(p-methoxyphenyl)-1,4-diaza-1,3-butadiene 1s unselective,
affording almost equal amounts of the cus- and trans-2-azetidinone (Entry 14)
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Other means of protection of the amino-function as diallyl, dibenzyl, and disilyl denivauves have been
extensively studied (eqn 7) In most cases special attention was given to 2-azetidinone products that would be
useful intermedates for the synthesis of known B-lactam antibiotics For example, imines N-substituted with
easily removable group, e g tnmethylsilyl, benzyl, etc., were used. The results of these studies are summanzed
(Table 2)

H H
H

NR?), H R* (RY),N- R?
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1

la Rl =Me, R2 =allyl, 1b R! = Et, R2 = Me2S1CH2CH,S1Mep
1c R! =Et, R2 = benzyl, 1d. R1 = Et, R2 = Me3St

The apphication of 1,2-bis(dimethylsilyl)ethane as cyclic protecting disilyl group (as 1n 1b) proved to be the
most suitable because the protecting reagent 1s readily available, cheap, and easily removed by acid or base
catalyzed hydrolysis Overman and Osawa have applied this group to obtain intermediates for nocardicins and
obtained reasonable to good yields of the 3-armno-4-unsubstituted-2-azetidinones (Entries 3-5) Cainell and
coworkers have studied the reactions of ithium enolate 1b with several in st prepared N-(trimethylsilyl)imines
to afford 3-amino-4-substituted-2-azetidinones in moderate yields (Entries 10-14) These reactions generally
display a high cis-stereoselectivity (d e 80-90%) An exception 1s the reaction of the imine denived from iso-
butyraldehyde This displays a hugh trans-stereoselectivity (d e 84%, Entry 12)

Our research-group has extensively studied the reactions of several metal enolates denved from N,N-
diprotected glycine esters with imimnes 22-27 The most tmportant results are shown n Table 2, Entries 15-36 As
observed by Cainellh and coworkers, the lithum enolate 1b (and 1¢) reacts with N-(trnmethylsilyDimines to
afford cis-3-amino-2-azeudinones 1n excellent yields and with a good stereoselecuvity (d e 68-94%, Entmes 15,
25, 31, 33, and 36) However, when an appropriate metal compound, ¢ g ZnCl; or alkyl2AIC], 1s added to the
lithium enolates, which are then converted 1nto the corresponding zinc and aluminum enolates, respectively, the
reactions with imines then yields trans-3-amino-2-azetidinones 1n excellent yields with a good stereoselectivity
(d e 34-100%) Furthermore, the zinc and alurmnum mediated reactions permut the use of N-(alkylyimines which
are usually easier to prepare and are more stable By proper choice of substituents, metal, and reaction conditions
we are able to synthesize selectively erther the cis- or trans-1somers of several useful 3-amino-4-substituted-2-
azetidinones 1n excellent yields

Noteworthy 1n this respect are the syntheses of 1) trans-3-amino-4-(trnimethylsilyl)ethynyl-2-azetidinone
(Entry 22), a versatile intermediate for the synthesis of mono- as well as bicychic-B-lactam anubiotics, ii) trans-1-
benzyl-3-amino-4-methyl-2-azetidinone (Entries 23 and 24), an intermediate for the synthesis of aztreonam and
related monobactam antubiotics (see Fig 1), 11f) both cis- and trans-3-amino-4-(2-furyl)-2-azetidinones (Entries
34-36) The furyl group can be readily oxidized to a carboxyl group,28 resulting 1n a versatile intermediate for the
synthesis of monocyclic- and bicychic-B-lactam antibiotics

The results summanzed in Table 2 show that control of the diastereoselectivity of the metal ester enolate -
imine condensation has been well-documented However, complete control of the enantioselectivity 1s also
required 1n an efficient approach towards the synthesis of known B-lactam anuobiotics that have a specific
absolute configuration To our knowledge, only those reactions using the cyclic disilyl derivate as protection of
the amino-function have been stadied for the enantnoselective synthests of 3-amino-2-azetidinones (eqn 8)
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Table 2 Reactions of N,N-Protected a-Amino Ester Enolates with Imines.

Entry Ester R3 R4 MLy* Yield (%) Cis trans ref
1 1a OBn H SiMe3? 520 14
2 1b 5-(2-Bn)2H-tetrazole Me L 59b 76 26 15
3 1b Bn H® L1 43d 12
4 1b 2,4-(MeO),Bn He L 8od 12
5 1b 2,5-(Me0),CsH3 HE L1 47d 12
6 lc p-MeOCgHy CF3 Lt 63 0 100 16
7 1b SCPh3 Me L 78 83 17 17
8 1b p-MeOCgHy C(H)Me® Lt 34 18
9 1b c-hexyl C(H)Ph® Lt 45 18
10 1b SiMes / HE Mes Li 40h 90 10 19
1 1b SiMe3 / Hf Et8 Li 57h 90 10 19
12 1b SiMes / HE 1-P18 Lt 28h 8 92 19
13 1b SiMes / HE 2-furylt Lt 43 95 5 20,21
14 1b SiMes / Hf 2-thienyl! Li 354.h 90 10 21
15 1b SiMej3 / Hf Ph L1 99 9% 4 22
16 1b Me Ph ZnCll 97 8 92 22,23
17 1d Me Ph ZnCl 75 0 100 22,23
18 1b Me Ph AlEtyk 9 8 92 24
19 1b SiMes / Hf Ph ZnCV 96 14 86 22,23
20 1d SiMej3 / Hf Ph ZnCl 70 0 100 22,23
21 1b SiMes / HE Ph AIERK 94 10 90 24
2 1b SiMes3 / Hf C=CSiMe3 ZaCll 93 3 97 22,23
23 1b Bn Me ZnCl 98 9 91 22,23
24 1b Bn Me AIEK 96 5 95 24
25 1c SiMes / HF Ph L 91 84 16 22
26 1lc SiMej / Hf Ph ZnCl 94 0 100 22
27 1c Me Ph ZnCU 80 33 67 22,25
28 1b +Bu C(H)=Nr-Bu ZnCU 94 0 100 26,27
29 1b +Bu 2-pyndyl ZnCl 99 0 100 27
30 1b SiMe3 / Hf 2-pyndyl ZnCU 96 0 100 27
31 1b SiMes / Hf 2-pyndyl L1 92 91 9 27
32 1b SiMes / HE 2-thienyl! ZnCb 87 15 85 27
33 1b SiMes / HE 2-thienyl L1 99 9% 6 27
34 1b SiMe3 / Hf 2-furyl ZnCU 92 8 92 27
35 1b SiMes / Hf 2-furyl AlMe;™ 87 4 96 24
36 1b SiMes / HE 2-furyl Li 95 97 3 27

3 Catalyzed by Me3S1OTf P Yield of the non-cyclized aldolate An additional ring-closure to the B-lactam product 1s required € The
imine was generated in situ from the secondary N-(cyanomethyl)amme 9 Ratio enolate imine =2 1 © The substituent 1s attached
as alkylidene 1o the B-lactam ning f Upon hydrolysis replaced by a proton & The imine was prepared ta suu from the aldehyde and
LIHMDS 1 Isolated as the BnOC(O)N derivattve ! The imne was prepared in situ by reduction of the nitrile denvative J The enolate
was prepared by transmetalation of the hthium enolate with ZnCly ¥ The enolate was prepared by transmetalation of the Lithium
enolate with two equivalents of E12AIC] ! Reaction performed with the ZnCly-complex of the immne ™ Fhe enolate was prepared by
transmetalation of the hthium enolate with 1 2 equivalents of Me2AIC!
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Several approaches towards the enantioselective synthesis of 2-azetdmnones are obvious Chiral information
can be exther put into the starting ester (R1) or 1nto the imine (ether R2 or R3) These approaches have been
studied by several groups (Table 3)

Me,S1 gl/
| \ H H
H N\SlMez H R ( N R3
) SIS S =
R'07 oML, 27 7 @
Table 3. Enantioselective Syntheses of 3-Amino-2-azetidinones
via the Ester Enolate - Imine Condensation.

Entry RI1 R2 R3 MLt Yield (%) cis trans (ee )® ref
1 Et (R)-(4-BnOPh)C(H)Bn HP L1 72¢ @83 12
2 Et (R)-4-BnOPhYC(HOMEM  HP Lt 54¢ 83 12
3 Et ()-(PhYC(H)OBn Hb Lt 65° 8 12
4 (-) menthyl p-MeOCgHy Ph L1 654 0 100 99) 29
5  (+) neomenthyl p-MeOCgHy Ph Lt 654 74 26 (21) 29
6 (-) bornyl p-MeOCgHy Ph Li 53d 63 37 (2 29
7 (-)2Ph-l1-c-hexyl®  p-MeOCgHy4 Ph Li 584 0 100 99) 29
8 (+)2-Ph-1c-hexyl®  p-MeOCgHy Ph Li 5g8d 0 100 99) 29
9  (-) menthyl SiMe3 / HE Ph Lt 3gd 0 100 (68) 29
10 (-) menthyl SiMej / Hf C(H)=C(H)Ph Lt 48d 100 0 (11) 29
11 () 2-Ph-l-c-hexyle  SiMes /Hf C(H)=C(H)Ph Li 464 100 0 (78) 29
12 (-) menthyl p-MeOCgHy p-FCgHy L1 554 0 100 (99 29
13 (-) menthyl p-MeOCgHy p-CF3CgHy La 59d 0 100 99) 29
14 (-) menthyl p-MeOCgHy p-MeOCgHy L1 704 11 89 (99) 29
15 (-) menthyl p-MeOCgHy 3,4-(MeO);CgH3 Li 54d 9 91 (99) 29
16 Et (R)-C(H)(Me)Ph C(H)=NC(H)Me)Ph L1 50 0 100 (40) 30
17 Et (R)-C(H)(Me)Ph C(H)=NC(H)Me)Ph  ZnClI8 91 0 100 91) 30
18 Et (R)-C(H)Me)Ph 2-pyndyl Lt 67 0 100 (50) 30
19 Et (R)-C(H)Me)Ph 2-pyndyl ZnCl8 98 0 100 99) 30
20 Et (R)-C(H)(Me)Ph 2-pyndyl AlMesd 93 7 93 90) 30
21 Et (R)-C(H)Me)Ph 2-furyl ZnCl8 50 0 100 (350 30
2 Et (R)-C(H)(Me)Ph 2-furyl ZnCl8 82 89 11 99y 30
23 Et (R)-C(H)YMe)Ph C=CSiMe3 L1 70 50 50 (0) 30
24 Et (R)-C(H)(Me)Ph C=CSiMe3 ZnCle 93 12 88 (57) 30
25 Et (R)-C(H)(Me)Ph C=CSiMe3 AlMesh 95 30 70 34) 30
26 Et (R)-C(H)(Me)Ph Me ZnCli8 87 20 80 (99» 30
27 Et (R)-C(H)(Me)Ph Me ZnCl8 97 88 12 99y 30
28 Et (5)-C(H)(Me)Ph Et ZnCl8 95 5 95 (99 30
29 Et (5)-C(H)(Me)Ph Et ZnCI# 96 100 0 99k 30
30 Et SiMes / Hf (R-CH)YOTBDMS)Me Li 80! 0 100 (96)  31m
31 Et p-MeOCgHy (R)-C(H)CH20C(Me2)O L1 93 88 12 (59) 30
32 Ft p-MeOCgHy (R)-C(H)CH,OC(Me2)O _ ZnCl8 94 6 94 (99) 30

2 Refers to the e e of the major 1somer P The umine was generated in situ from the secondary N-(cyanomethyl) amme © Ratio
cnolate mmme =2 1 9Isolated as the deprotected 3-amino-2-azeudmone © The pure wrans cyclohexyl denvauve was used f Upon
hydrolysis replaced by a proton 8 The enolate was prepared by transmetalation of the lithium enolate with ZnCly h The enolate was
prepared by transmetalation of the lithwum enolate with 1 2 equivalents of MeAICI ! Reaction performed in Et20 J Reaction
performed in THF K Reaction performed in THF/HMPA (4 1 v/v) !Isolated as the BnOC(O)N derivative ™ The iminc was

prepared :n suu from the aldehyde and LIHMDS
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Overman and Osawa were the first to report the application of chiral imines, N-substituted with a group
contaiming chiral information, 1n the (lithtum) ester enolate - imine approach to 3-amino-2-azetidinones They
obtained several useful intermediates for the synthesis of nocardicins 1n moderate yields with a high
enantioselectivity (Entnies 1-3)

Whereas the use of chiral esters, readily prepared from glycine and chural alcohols, did not result imually 1n
very impressive chiral inductions (see Table 1, Entry 3 and ref 32), very recently Opma and Habus reported that
the use of chiral N,N-disilylprotected glycine esters results 1n high chiral inductions (Entries 4-15) The best
results were obtained with chiral menthyl or trans-2-phenyl-1-cyclohexyl glycine esters Surprisingly, with C-
aryl substituted 1mines trans-2-azetidinones almost exclusively are formed (Entnies 4, 7-9, and 12-15), whereas
with the 1mune denved from cinnamic aldehyde a cis-2-azetidinone 1s formed exclusively (Entries 10 and 11) Cis-
3-ammo-4-styryl-2-azetdinone, a useful intermediate for the synthests of several B-lactam antubiotics, has been
prepared (46%) with a reasonable selectivity (78% e e , Entry 11) However, no useful trans-2-azetidinone has
been synthesized by the method of Ojima and Habus

We have directed most of our efforts towards the use of imines derived from the relatively cheap, readily
available, and easily removable,33 (R)- and (S)-a-methylbenzylamnes (Entmes 16-29) Whereas the lithium
mediated reactions gave poor results (Entries 16, 18, and 23), the aluminum and zinc mediated reactions afforded
useful 3-amino-2-azetidinones 1n high yields In some cases, depending upon the reaction conditions, excellent
stereoselectivity was observed Noteworthy 1n this respect are the syntheses of trans-3-amino-4-1mino-2-
azetidinone (91% yeld, 100% d e , 91% ¢ e , Entry 17), cis-3-amino-4-(2-furyl)-2-azendinone (82% yield, 78%
de,99% e e , Entry 22) and all possible stereoisomers of 3-amino-4-alkyl-2-azetidinones (yields 87-96%, d e
60-100%, e e 99%, Entries 26-29), which are key-intermediates 1n the synthesis of aztreonam (Fig 1) and
related monobactam antubiotics

Only a few examples for the application of imines derived from chiral aldehydes 1n the synthesis of 3-
amino-2-azetidinones have been reported Cainell: and coworkers have applied the N-(trimethylsilyl)imine
denved from (S)-mandelic aldehyde, that reacted with the hthium enolate to yield, quite surpnisingly, the frans-2-
azetidinone as a single stereoisomer 1n 80% yield (Entry 30) We have apphed the N-(p-methoxyphenyl)imine
derived from D-glyceraldehyde and obtained the cis-2-azetidinone 1n 93% yield (76% d e , 59% € ¢ , Entry 31)
for the lithium mediated reaction The zinc mediated reaction afforded the trans-1somer in 94% yield (88% d e,
99% e e , Entry 32) All three compounds can be readily converted 1nto key-intermediates for the synthesis of
carumonam and related antibiotics

From the examples given 1n this section, 1t 1s clear that the rapid progress 1n the field of enolate chemustry
has enabled the organic chemust to selectively synthesize any stereoisomer of a given target molecule containing a
3-amino-2-azetdinone motety, provided that a proper set of parameters (2 e protective groups, metal, solvent,
reaction conditions, etc ) 1s chosen

THE KETENE - IMINE CYCLOADDITION

The ketene - imine cycloaddition (Staudinger reaction) was the first method by which a 2-azetidinone was
synthesized,! and the discovery of penicillin and cephalosporin (Fig 1) necessitated further development of the
Staudinger reaction

The most widely applied reagents for the formation of 3-amino-2-azetidinones are phthalimido- and
azidoacetyl chlondes, which upon treatment with a mild base, usually triethylamine, are in situ converted to the
corresponding ketenes, 2a and 2b Recently several other ketenes have been apphied to introduce the 3-amino
function (vide infra)

In contrast to the development of the ester enolate - imine condensation (see preceding section) that was
mmuated by the discovery of the carbapenem antibiotics, the development of the ketene - imine cycloaddition
parallels the discovery and development of the B-lactam antibiotics right from the start Early studies were
focussed on the preparation of intermediates for the synthesis of penicillins and cephalosporns, ¢ e 3-amino-2-
azetidinones that contain a sulfur atom directly attached to the 4-position of the B-lactam ning The general reaction
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1s shown (equation 9) and the results are summanzed (Table 4) Entries 1-10 show the results obtamned with
acyclic thioformimdates and Entries 11-28 the results obtained with cyclic thiazoline derivatives

H H

2a X= @;(/( R? X~ i/Rz

2b X=N,; O blf —_— | b ®
oé Y

1
2¢c X= R

o

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

Entry Ketene? R! R? Yield (%) cis trans (ee) ref
1 2a Ph SEt 33 ndb 34
2 2a (D-C(HYCOOMe):-Pr SMe 40 0 100 0) 35
3 2a (D-C(HYXCOOMe):-Pr SBn 39 0 100 (0) 35,36
4 2a (dh-C(H)(COOMe)CH2CHaSMe Sp-NO»CgHy 2 0 100 37,38
5 2a (dl)-CH)(COOMe)CH,CHySMe STr 79 0 100 37,38
6 2a C(COOMe)=CMe; Sp-MeOBn 55 0 100 39
7 2b *)-CH)(COOCPh)C(S{p-MeOBm)}(CH2)3 SMe 55 0 100 (10) 40
8 2b ()-CHYCOOBn)C[S(p-MeOBn))(CHy)3 SMe 39 0 100 (44) 40
9 2a (d)-C(HYCOOMe)p-BnOCgH, SMe 4 0 100 (20) 41
10 2b (#)-CHYCOOBn)P(OEL)Z0 SMe 42 0 100 42
11 2a (1)-methyl 5,5-dimethyl-2-thiazoline-4-carboxylate® 8 0 100 43
12 2a ()-methyl 5,5-dimethyl-2-phenyl-2-thiazoline-4-carboxylate 58 ndb 44
13 2c (+)-methyl 5,5-dimethyl-2-phenyl-2-thiazoline-4-carboxylate 13 ndb 45
14 2a 2-phenyl-2-thiazolne 40 ndb 46
15 2b 2-phenyl-2-thiazoline 70 0 100 47
16 2c 2-phenyl-2-thiazoline 56 ndb 45
17 2a 2-phenyl-5,5-dimethyl-2-thiazolme 27 ndb 45
18 2b 2-phenyl-5,5-dimethyl-2-thiazoline 87 0 100 47
19 2c 2-phenyl-5,5-dimethyl-2-thiazoline 13 ndb 45
20 2b 2-phenyl-5-(methylth10)-4,4-dimethyl-2-thiazoline 50 0 100 48
21 2b c15-2-phenyl-5-(methylthio)-4,4-(methyl, 1so-propyl)-2-thiazoline 35 60 40 48
22 2b trans-2-phenyl-5-(methylthio)-4,4-(1so-propyl, methyl)-2-thiazoline 84 0 100 48
23 2b 4-(p-methoxybenzylcarboxylate)-5-phenyl-1,3 2-thiazine 27 0 100 49
24 2b 4-(p-methoxybenzylcarboxylate)-5-p-methylbenzoate-1,3 2-thiazine 40 0 100 49
25 2b 4-(p-methoxybenzylcarboxylate)-5-(4-thiazolyl)- 1,3 2-thiazine 28 0 100 49
26 2a 2-methyl-2-oxazoline 26 ndb 50
27 2a 2-phenyl-4,5-dihydro-1,3 2-thiazine 43 ndb 50
28 2b 1-(azs 1)-2-phenyl-14.5,6-tetrah 1dined ndb ndb 51

2 The ketene 15 generated i1 szru upon treatment of the acid chlonde with EtsN Y Not determined or given © Prepared from (+)-N-
formylpemciltamine 9 Generated in suu upon treatment of the 1-unsubstituted pynmidine with azidoacetyl chlonide

The first reaction of an acyclic thioformimidate with an imido-ketene was reported by Paul and coworkers
(Entry 1) The 3-amino-4-ethylthio-2-azetidinone was obtained 1n moderate yield but unfortunately, no indication
about the stereochemustry of the reaction has been reported. Bach1 and coworkers have extensively studied the
reactions of ketenes 2a and 2b with several thioformimmdates, and obtained the frans-2-azetidinone products 1n
reasonable yields (Entries 2-8) However, since these studies were directed towards the synthesis of penicillins
and cephalolosporins, with a cis-configuration of the substituents attached to the 3- and 4-position of the B-lactam
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ring, an additional epimenzation of the trans-products 1s necessary Two more examples of the reaction of
thioformimmdates with ketenes 2a and 2b have been reported (Entries 9 and 10), but no substantial progress with
respect to the work of Bachi and coworkers has been made

In 1951, the group of Sheehan performed pioneering studies towards the direct synthesis of
penicillins 44:45.46 These studies were extended several years later by the group of Bose (Entries 11-19) 4347
Although 1n the earlier reports by Sheehan and coworkers, no indication about the stereochemustry of the
reactions was given, the results of Bose and coworkers indicate that 1n all these reactions only the undesired
trans-2-azetidinones are formed. Furthermore, 1n order to obtain reasonable yields of the B-lactams, the thiazoline
has to be substituted at the 2-positton The best yields were obtained by Bose, using azidoacetyl chloride as the
ketene precursor (Entries 15 and 18) A recent study by Jenny ez al shows that the stereochemustry of the reaction
can be directed to yield a cis-2-azetidinone as the major product (Entry 21) However, 1n this case no useful
B-lactam intermediate was produced

Christensen and coworkers at the Merck-laboratories have studied the reactions of ketene 2b with several
thiazines, which 1n principle would provide useful intermediates for the synthesis of cephalosporins (Entnies 23-
25) However, as observed in all other reactions with imines C-substituted with a sulfur atom, only trans-2-
azetidinones were formed

From the results given above, 1t must be concluded that the ketene - 1mine cycloaddition approach 1s not
well-suited to synthesize penicillin- and cephalosponn intermediates 52

Bose and coworkers have reported the syntheses of vanous, rather exotic, tncychc 3-azido-2-azetidinones
(see Figure 2), which were formed 1n reasonable yields (40-65%) 53.54.55 However, the applicability of these
bicyclic 2-azetidinones as intermediates 1n the synthesis of known B-lactam anubiotics 1s rather premature

R
R
H R
N3\
g N
O/
Rlll
R = Ph, p-MePh, p-MeOPh, p-NO,Ph X=0,R'=H,CLR"=H,R"=H
R'=H R = SMe, SEt, Si-Pr
R =p-BrPh, p-CNPh, p-MeOPh, p-NO2Ph X =§,R'=H,R"=Me, R" =H, Cl
R'= OMe R = SMe, S:-Pr

Figure 2. Examples of tricychic 3-azido-2-azetidinones synthesized by Bose 534,55

Although 1n the early days of the development of the ketene - imane cycloaddition reaction some examples
of reactions with simple aldimines were reported, 1t was not unul the discovery of the new class of monobactam
antibiotics (nocardicins, aztreonam, carumonam, see Fig 1) that the reaction with simple aldimines was fully
developed. The results of the explorative experiments (eqn 10) are summarized in Table 5

O X H H H
a = N + ——
10)
N N (
s
O o R! /4 \

2b X=N;,

2
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Table 5. Reactions of Azido- and Phthalimido-ketenes with Aldimines.

Enry Ketened? Rl R2 Yield (%)  cis trans ref
1 2b Ph Ph 45 100 ob 54
2 2b Ph Ph 50 0 100° 54
3 2b Ph p-NOoCgHy 35 100 Qb 54
4 2b Ph p-MeOCgHy 30 100 ob 54
5 2b Ph p-MeOCgHy 53 0 100¢ 54
6 2b p-BrCgHy Ph 30 100 ob 54
7 2b p-BrCgHy Ph 65 0 100° 54
8 2b p-BrCgHy 3,4-(OCH20)CgH3 35 100 ob 54
9 2b p-BrCgHy 3,4-(OCH,0)CgHa 31 0 100¢ 54
10 2b Ph OEt ndd 0 100 54
11 2a Ph OEt 31 nd¢ 34
12 2b p-FCgHy Ph 23 100 © 54
13 2b Ph p-BrCgHy 30 100 0 54
14 2b Ph p-FCgH4 19 100 0 54
15 2b C(H)COOBN)P(OEL)0 (CH2)2C(CH20AC)O(CH2),0 30 100 0 42
16 2a 24-(MeO);Bn CHoF 32 100 0 56
17 2a¢ Ph Ph 50 0 100 57
18 2a¢ Ph p-MeOCgHy 70 0 100 57
19 2a® p-MeCgHy p-MeOCgHy 74 0 100 57
20 2a¢ 1-naphthyl p-MeOCgHy 75 0 100 57
21 2a¢ Bn p-MeOCgHy 60 0 100 57
22 2af p-MeOCgHg C(H)=C(H)Ph 45 95 5 58
23 2af p-MeOCgHy C(Me)=C(H)Ph 64 100 0 58
24 2af p-Me3S10CgH, CH)=C(H)Ph ndd¢ 50 50 58
25 2af p-Me3S10CgH, C(Me)=C(H)Ph 50 100 0 58
26 2af CHyCOOMe C(Me)=C(H)Ph 66 100 0 58
27 2a C(H)=CH, C(Me)=C(H)Ph 82 97 3 59
28 2b CH,CH;S1Me3 C(H)=C(H)Ph = 75d asd 60
29 2b CH;C(H)=CHz C(H)=C(H)Ph =754 asd 60
30 2b Bn CH)=C(H)Ph =754 ast 60
31 2b CH(p-MeOCgHy)y C(H)=C(H)Ph =204 asd 60
32 2a8 p-MeOCgHy CH)=C(H)Ph 55 100 0 61
33 2a8 CH,COOMe C(Me)=C(H)Ph 50 100 0 61
34 2ah CH2SiMe3 C(Me)=C(H)Ph 70 100 0 62
35 2b Bn Me =754 transd 60
36 2b CH(p-MeOCgHa), Me ~75d asd 60

2 Ketene generated in situ by treatment of the acid chloride with EisN' P Azidoacetyl chloride was added dropwise to a solution
containing the imine and Ei3N, resulung in a cis transrauoof ca 3 1 Yield and given stereochemistry are of the tsolated 1somer
after chromatographic separation © Et3N was added to a solution containing the imine and azidoacetyl chlonide, resulting mn a cis.irans
ratioof ca 1 3 Yield and given stereochemustry are of the 1solated 1somer after chromatographic separation 9 Not determined or not
given © Ketene generated in suu by treatment of phthaloylglycine with MeaN=C(H)OSOCl, f Ketene generated i siu by treatmemt
of the acid bromide with Et3N & Ketene generated in suu from phthaloylglycine and MeaNP(O)Cl; by treatment with Ei3N
h Ketene generated in situ from phthaloylglycine and PhOP(O)Clj by treatment with EisN

The most widely applied ketenes are stll the phthalimido (2a)- and 2-azido (2b) derivatives (eqn 10), buat
several precursors and methods other than the treatment of the respective acetyl chlorides with triethylanune have
been reported, e g the treatment of phthaloylglycine with MesN=C(H)OSOCI3,57 MesNP(0)Cl3,6! or
PhOP(0)Cl5,62 under influence of a base

Bose and coworkers have demonstrated that for simple N-aryl imines the stereochemstry of the reaction
with azido-ketene 2b can be influenced by experimental conditions (Entries 1-9) Upon dropwise addition of the
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azidoacetyl chlonde to a solution containing the imne and triethylamine, the major products are the cus-2-
azetidinones (d e = 35%), while addition of triethylamine to a solution containing azidoacetyl chloride and the
mmne produces the trans-2-azetdinones as the major 1somer (d e =35%)

Palomo and coworkers showed that generation of the phthalimudo-ketene from phthaloylglycine and
MesN=C(H)OSOCI, and subsequent treatment with simple C-aryl imines afforded exclusively trans-2-
azetidinones 1n good yields (Entnes 17-21) This contrasts to the results obtained for the reactions of 2a and 2b,
generated by various means, with imines derived from cinnamic aldehyde and ai-methylcinnamic aldehyde, that
afford almost exclusively cis-2-azetidinones i moderate to good yields (Entries 22-34) Since the 4-styryl and 4-
a-methylstyryl groups are readily converted 1nto an acetyl group by ozonolysis, useful intermediates for the
synthesis of cis-3-ammo-f-lactam antibiotics are accessible

Just and coworkers have shown that with imines derived from acetaldehyde, depending on the nitrogen
substituent, selectively trans- and cis- 3-azido-4-methyl-2-azeudinones (intermediates for the synthesis of
aztreonam and derivatives) are obtained (Entnies 35 and 36)

A new reagent to directly incorporate the 3-amino-substituent of the 2-azetidinone ning 1s the potassium salt
(Dane's salt) of N-(at-methyl-B-(m)ethoxycarbonylvinyl)glycine (3), which 1n the presence of an appropriate
activator and 1mune results 1n the formation of the 2-azetidinone product (eqn 11) The protected group 1s readily
converted to an amino-function by treatment with hydrogen chlonde in methanol The results obtained wath this
protecting group are summarized in Table 6

Me
Me 1 acuvator (4) / EsN H H
3 Z "N E _R2
2 N co, k- 2 R'N=C(H)R?/Et;N - PII ~N—
s~ N 4a POCl Meo” YO SN an
RO 0’ 4b CICOOE! o] R!
R = Me, Et 3 4c Me,NP(0)Cl,
Table 6. Reactions of (a-Methyl-B-methoxycarbonylvinyl)Jamido-Ketenes with Imines.
Entry Reagent R! R2 Yield (%)  cis trans ref
1 4a Ph Ph =402 100 O 63
2 4a p-MeCgHy p-MeOCgHa 35 100 © 63
3 4a p-MeCgHy 3,4-(OCH,0)CgHs =408 100 0 63
4 4a 1-p-tolyl-3,4-dihydroisoquinoline 45 0 100 63
5 4b 3,4-(MeO)2Bn Ph 65 100 0 64
6 4b 2,4-(Me0),CgH3 Ph 60 100 0 64
7 4b p-MeOCgHy Ph 60 100 0 64
8 4b 3,4-(MeO)7Bn 2-furyl 50 100 O 64
9 4b 24-(MeO)2Bn 2-furyl 50 100 0 64
10 4b p-MeOCgHy 2-furyl 50 100 0 64
11 4b Ph cyclopentyl 60 100 0 64
12 4b p-MeOCgHy C(H)=C(H)Ph 46 100 0 64
13 4b 1-p-methoxyphenyl-3,4-dihydroisoquinoline 80 0 100 64
14 4c p-MeCgHy p-MeOCgHy 40 100 0 61
15 4c 2,4-(McO),Bn Ph 55b 100 0 61
16 4c CHC(H)(OH)Ph C(Me)=C(H)Ph 60° 100 © 61
17 4c CH,COOMe C(O)Me 304 100 0 61

a The exact yield 1s not given P Isolated as N-benzoyl denvative after deprotection with HCI in methanol and acylauon
with benzoylchlonde € Isolated as N-benzylcarbamate d Isolated as N-chloroacetoxy denvative

Sharma and Gupta were the first who reported about the use of this protective group 1n the ketene - imine
cycloaddition, but did not prepare very useful 2-azetidinone products (Entnes 1-4) Bose and coworkers used the
a-methyl-B-methoxycarbonylvinyl protecting group to synthesize more useful 2-azendinone products in moderate
yields (Entries 5-13) In all cases studied, except for the cyclic imine derived from quinoline (Entnies 4 and 13),
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exclusively the cis-1somer 1s formed. Recently, Palomo and coworkers reported four more examples, the most
interesting being the 4-o-methylstyryl and 4-acetyl derivatives (Entries 14-17), which provide intermediates for
the synthesis of cis-3-amino-B-lactam antibiotics

Several research groups have studied the reactions of phthalirdo- and azido-ketenes with imines denived
from ketones (eqn 12). The results of these studies have been summanzed (Table 7)

o] X 1 R! R*
}rR " ¢ X\+R3
2a X= N + “HJ —— (12)
—
0 o] R Oé N\Rz
2b X=Ns
2
Table 7. Reactions of Amino-Ketenes with Imines Derived from Ketones.
Entry  Ketene® Rl R2 R3 R4 Yield (%) _ref
1 2b H Ph Me Ph 30 54
2 2b H Ph Ph Ph 60 54
3 2b’ Me Ph H Ph 10 54
4 2b" Et Ph H Ph 9 54
5 2b'" Ph Ph H Ph 7 54
6 2a H Ph OMe Ph 50 34
7 2a H Ph OEt Ph 55 34
8 2a H Ph Or-Pr Ph 51 34
9 2a H Ph SMe Ph 70 34
10 2a H Ph P(OXMeO), Ph 18 65
11 2a H Ph P(O)ELO)y Ph 46 65
12 2a H Ph P(O)XMeO), p-MeCgHa 29 65
13 2a H Ph P(O)EO) p-MeCgHy 32 65
14 2a H Ph P(O)MeO) p-CICgHy 17 65
15 2a H Ph P(OXEtO) p-CICgHy 28 65
16 2a H Ph P(O)}MeO), p-BrCgHy 2 65
17 2a H Ph P(O)(EtO)2 p-BrCeHy 27 65
18 2a H Ph P(O)YMeO)2 p-MeOCgHy 36 65
19 2a H Ph P(O)(EtO)2 p-MeOCgHy 40 65
20 2a H Me P(O)Y(MeO)2 Ph 24 65
21 2a H Ph C(O)Ph Ph 25 66

8 The ketene 1s generated in situ upon treatment of the acid chlonde with EtsN P The yields of the 1solated products,
the composition in terms of 1somers (cts or trans) has not been determined or given

Although no really useful 2-azetidinones have been prepared 1n these studies, it 18 mnteresting to note that
low to moderate yields of 2-azetidinone products are obtained To our knowledge, no successful reactions of
ester enolates with imines denived from ketones have been reported (vide supra)

As 1n the case of the ester enolate - 1imine condensation (vide supra), several approaches towards the
development of an enantioselective ketene - imine route to useful 3-amino-2-azetidinones have been studied The
results of the studies on the reactions of phthalimido- and azido-ketenes with imines, N-substituted with a chiral
auxihary (eqn 13), are summanzed 1n Table 8
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H H

0O
X H H R2 X\ R2
2a X= N W + \n/ —_— (13)
N 2N
[ Ve \
(o] 0 R 7

o R"
2b X=N,
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Table 8. Enantioselective Syntheses of 3-Amino-2-azetidinones from Ketenes and Imines,
N-Substituted with a Chiral Aucxiliary.

Entry Ketene? R* R2 Yield (%) cis trans(ee) ref
1 2a (d)-CHCOOMe)Ph Hb 80 56) 67
2 2a (d)-CHYCOOBn)p-BnOCgHy HP 87 (50) 67
3 2a (dl)-C(HXCOOMe)Naphthyl Hb 51 82) 67
4 2a (d)-C(HYCOOMe)-2-thienyl Hb 65 56) 67
5 2a (d-C(HYCOOMe)-2-furyl Hb 39 (50) 67
6 2b ()-CH)Me)Ph C(H)=C(H)Ph = 75¢ ass (nd)* 60
7 2b (-C(HXMe)Ph Me ~75¢ rans® md)* 60
8 2a (d-C(HYMe)Ph CHF 59 100 0 (62) 68
9 2b (d)-C(HYXCOOBn)YC(HYMe)OH C(H)=C(H)Ph 60 100 0 (0) 69
10 2b (d)-C(HYCOOBn)C(H)YMe)OTBDMS4 C(H)=C(H)Ph 60 100 0 (80) 70
1 2b (d)-CHXCOOBR)C(H)(Me)OTPSd C(H)=C(H)Ph 55 100 0 (90) 69
12 2a (5.5)-C(H)Y(CH,OTMS)C(HYOTMS)p-NO2CgHy  C(H)=C(H)Ph 50 100 0 (43) 7
13 2a (5.5)-C(H)(CH0TMS)C(HXOTMS)Ph CH)=C(H)Ph 50 100 0 (43) 7
14 2a (5.5)-C(H)CH2081(Me2)OC(H)Ph C(H)=C(H)Ph 55 100 0 (43) 7
15 2a (5,5)-C(HY(CH2OTBDMS)C(HYOTBDMS)Ph ~ C(H)=C(H)Ph 62 100 08 7
16 2b protected d-glucosamine® C(H)=C(H)Ph 92 100 0 (100) 72

2 The ketene 1s generated in situ upon treatment of the acid chlonde with EtzN b The imine 1s generated n situ by treatment of the
hexahydrotniazine with BF3 OEt2 € Not determmed or given d TBDMS = t-butyldimethylsilyl, TPS = triphenylsilyl, TMS =
mmethylsilyl € 3.4 5,6-di-O-1sopropylidene-d-glucosamine propane dithioacetal

Kamiya and coworkers have reported about the enantioselective synthesis of useful intermediates for the
synthesis of nocardicins (Entries 1-5) The chiral imines were prepared in situ upon treatment of
hexahydrotriazines, denived from chiral glycines, with BF3 OEty The 4-unsubstituted-2-azetidinones were
formed 1n reasonable to good yields with moderate to good enantioselectivity

Just and coworkers have reported about the use of chiral imnes, derived from readily available chiral (/)-c.-
methylbenzylamne (Entries 6 and 7) Unfortunately, no details are given about the exact yields and composition
of the products, but 1n both cases useful 2-azetidinones are formed The result of Teutsch and Bonnet with the
imune derived from fluoroacetaldehyde and (d)-oi-methylbenzylamine 1s quite remarkable (Entry 8) Just found
that the frans-2-azendinone was formed as the major 1somer with the imine derived from acetaldehyde, whereas
the cis-2-azetidinone, a key-intermediate for the synthesis of a known B-lactam antibiotic,”3 was the exclusive
product 1n the case of fluoroacetaldehyde

Several research groups have reported about the enantioselective synthests of useful cis-3-amino-4-styryl-2-
azetidinones, using imines derived from cinnamic aldehyde and chiral modified a-amino esters (Entnes 9-15)
The best results i terms of enantoselectvity were obtained by Bellau and Bose (Entnies 10 and 11, respectively),
who obtained the cis-2-azetidinone products with a good enantioselectivity, albeit in moderate yields Barton and
coworkers, used modified d-glucosamine to protect the imino-nitrogen and obtained enantiomencally pure cis-3-
phthalimido-4-styryl-2-azetidinone in excellent yield However, efficient removal of the modified sugar has not
yet been accomplished
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A second approach towards the enantioselective synthesis of useful 3-amino-2-azeudinones 1s the use of
mmines, C-substituted with a useful chiral synthon (egn 14) The results of the studies based on this approach are
summanzed 1n Table 9

X H . H H
H R ) S R*
+ T —_— (14)
—N
0 RI/N Oé “R!

2

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

Enry Xa Rl R* Yield (%) cis trans{ee) ref
1 Phthaloyl 2,4-(MeO)2Bn (5)-C(H)CH20C(Me),0 76 100 0 (99) 74
2 Phthaloyl p-MeOCgHy (5)-C(H)CH20C(Me)20 55 100 0 (99) 74
3 MeCOOC(H)=C(Me)NH Bn (8)-C(H)CH20C(Me),0O 72 100 0 (99) 74
4 Phthaloyl 2,4-(MeO);Bn (8)-C(H)(Me)OBn 69 100 0 (99) 74
5 Azido p-MeOCgHy (R)-C(H)CHOC(Me),0 55 100 0 (99) 75
6 Phthaloyl p-MeOCgHy (R)-C(H)CH20C(Me),0 57 100 0 (9% 75
7 Azido CH2COOMe (R)-C(H)CH20C(Me)20 55 100 0 (99) 75
8 Phthaloyl Bn (R.R)-2-phenylepoxide 82 100 0 (86) 76
9 Phthaloyl 2,4-(MeO)72Bn (R.R)-2-phenylepoxide 85 100 0 (86) 76
10 Phthaloyl CH,COO¢-Bu (R.R)-2-phenylepoxide 65 100 0 (82) 76
11 Phthaloyl CHC(Me)=CHa (R.R)-2-phenylepoxide 88 100 0 (84) 76
12 Phthaloyl p-MeOCgHy (R,R)-2-phenylepoxide 66 100 0 (80) 76
13 BnCHOC(O)N(H) 2,4-(MeO)2Bn (R.R)-2-phenylepoxide 60 100 0 (90) 76
14 Oxazolidinon? 2,4-(MeO);Bn (R,R)-2-phenylepoxide 84 100 0 (82) 76
15 Phthaloyl Bn (R)-2,2-dimethylepoxide 84 100 0 (94) 76

4 The ketenes are generated in situ upon treatment of the respective acetylchlondes with EN b 4,5-diphenyloxazolin-2-on-3-yl

The first synthesis of a 3-amino-2-azetidinone, based on this approach was performed 1n the laboratories of
Hoffmann-La Roche They used imines dernived from readily available (S)-glyceraldehyde acetomde (Entnes 1-
3) This group can be converted nto a formyl-substituent (oxidation with NalO4 or Pb(OQAc)4), providing 3-
ammo-2-azetidinone products, which can be used for the syntheses of several known B-lactam antibiotics
Several enantiomerically pure cis-2-azetidinones have been prepared 1n moderate to good yields Some years
later, Bose and coworkers reported simular results starting from (R)-glyceraldehyde acetomde (Enmes 5-7)

Evans and Withams used chiral epoxyimines, derived from readily available o,B-epoxyaldehydes
(Sharpless-oxidation of substituted allylic alcohols), for the enantioselective syntheses (¢ e 80-94%) of several
useful cis-3-amino-4-epoxy-2-azetidinones, 1 good to excellent yields (Entries 8-15) The substituted epoxy
group 1s readily oxidized to the useful formyl group, which has been mentioned earlier 1n this review (vide
supra)

A third approach towards the enantioselective synthesis of useful 3-amino-2-azetidinones 1s to start from
chiral ketene precursors Evans and Sjogren 1mtiated the development of this method by making use of (45)-
phenyloxazolidylacetyl chlonide, prepared from readily avatlable (S)-phenylglycine, as precursor for a chiral
ketene (eqn 15)

Reactions with several N-benzyl-substituted 1mines afforded useful cis-2-azetidinone products, key-
intermediates 1n the synthesis of carumonam, in good yields with a high chiral induction (Table X, Entries 1-4)

Opima and coworkers extensively examined the reaction of (4S)-phenyloxazolidyl-ketene with imnes, C-
substituted with an aryl group and N-substituted with various substituents (Entries 5-13) The enantiomerically
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pure cis-3-amno-4-aryl-2-azendinones were obtained 1n good to excellent yields Quite remarkable 1s the fact that
when 1mines denived from chiral o.-amino acids are used, the same enantiomer of the 2-azetdinone product 1s
formed, 1rrespective of the chirality present 1n the substituent of the imino-mitrogen (Entries 5-10) This imphes
that the stereoselecuvaty of these reactions 1s completely governed by the configuration of the starting ketene

Ph
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Table 10. Enantioselective Syntheses of 3-Amino-2-azetidinones from
(45)-Phenyloxazolidyl-Ketene _and Imines.

R? (15)

H

Rl

Entry R! R2 Yield (%) cis trans (e €) ref
1 Bn Ph 90 100 0 (949 77
2 Bn C(H)=C(H)Ph 82 100 0 (90) 77
3 Bn CH)=C(H)-3-MeOCgH3 80 100 0 (84) 77
4 Bn C(H)=C(H)-2-furyl 80 100 0 (94) 7
S (5)-C(H)(COOMe)Me Ph 76 100 0 (99)2 78,79
6 (R)-C(H)(COOMe)Me Ph 82 100 0 (99)3 78,79
7 (S)-C(HY(COOMe)y:-Pr Ph 92 100 0 (99)2 78,79
8 (R)-C(H)(COOMe):-Pr Ph 86 100 0 (99)2 78,79
9 (5)-C(H)(COOMe)Bn Ph 91 100 0 (99) 78,79
10 (5)-C(H)(COOMe)CH,CHoSMe Ph 79 100 0 (99) 78,79
11 Me Ph 85 100 0 (99) 79
12 Bn 3,4-(MeO)2CgH3 90 100 0 (99) 79,80
13 Me 3,4-(Me0);CH3 95 100 0 (99) 79

a The same enantiomer 15 formed, irrespective of the chirality of R1

Other research efforts concerning the application of chiral ketenes were conducted at the research
laboratories of Lally,31 and by the group of Ikota and Hanaki 82 The results of these studies are summanzed 1n
Figure 3 In all these experiments N-(p-methoxyphenyl)-3-phenyl-2-propemlidenearmne was used as the imine
component, affording cis-3-amino-4-styryl-2-azetidinones 8a and 8b as products

Entry Xc 8a 8ba
Ph,  Me R, 9 Ph, 9 1 5 >95 5
D ) 7—( 2 6a (R =R’ = PhC(0)0) 86 14
X.= O N R' N BnOC(O)N___N 3 6b (R =R’ = BnO) 86 14
\g/ \R( 4 6¢ (R =R’ = MeC(0)0) 70 30
5 6d R = MeC(O)O,R'=H) 55 45

s 6 7 6 7a (R = Ph) 70 30b

H H HH 7 7b (R = 2,6-(C1)2CeH3) 0 100b

0 X3 X, 2 8 7¢ (R = 1-naphthyl) 60 4ob
o \p-MeOPh g \>-MeOPh 10 7e (R = p-MeOCgHy) 90 100

8a 3b Yields are not given, see ref 79 P The same ratio as

that of the 1somers of 7, each pure 1somer gave better
than 99% inducuion

Figure 3. Enantioselective Syntheses of cis-3-Amino-4-styryl-2-azetidinones Using Chiral Ketenes
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The use of oxazohdinone 5, derived from norephedrine, resulted 1n excellent chiral induction (Entry 1) The
use of imides 6, derived from $,S-tartranic acid, resulted 1n low to good chiral inductions, depending on the
substituents R and R' (Entries 2-5) A complication that anses from the use of chiral imidazolones 7 denved from
(R)-phenylglycine, 1s that these are formed as muxtures of cis- and trans-1somers, depending on the R substituent
(Entries 6-10) Each pure 1somer resulted i inductions better than 99% for the reactions of the respective ketenes
with the imine

The examples given 1n the preceding section clearly demonstrate the usefulness of the ketene - imine
cycloaddition approach to the synthesis of the 3-amino-2-azetidinone moety It allows the use of a wide variety
of differently substituted reagents (both ketene and 1mine) and in most cases the cis-2-azendinone product 1s
formed exclusively, although a few examples where a trans-2-azetidinone 1s obtained as the major 1somer have
been reported Syntheses of useful, enantiomencally pure cis-3-ammo-2-azethdinones have been reported

THE CYCLOADDITION OF METALLO-CARBENE COMPLEXES WITH IMINES

The first synthesis of a 2-azetidinone via metallo-carbenes and immines was reported by Hegedus and
coworkers m 1982 83 Subsequent mechanistic studies, 84 indicated that when the staring chromuum carbene (9)
was subjected to irradiation, carbon monoxide insertion into the metal-carbon double bond produces a ketene
complex, 10 (Scheme II) These complexes show typical ketene-reactivity, but the reactions with imines do not
proceed via free ketenes, since the typical side-products, € g self-condensation products of the ketene or
products contamng one 1mine and two (or more) ketene fragments, are not observed.84.85

During the course of these studies several interesting 3-amino-2-azetidinones have been prepared using
amuno carbenes as starting material The route 1s very general and allows a wide varniety of acyclic and cyclic
mines (see Tables 11 and 12)

Scheme 2
NE, NR, H___NR,
hv
—— (CO)‘CI‘
(C0)4Ci=<H _— H F——— (CO),Cr—
co
9 © °
10
9a NR2 = NBl'l2
R2 R?
9 NR,= N } \n/
N,
OMe \R’
9b' NR2 = N: }
Ph Or-Bu
) H R?
9% N_Rz _ NXO RN\__?/](’
I N
iPr, 0/ Rt

9d NR,= N_ O

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

Entry Rl R2 R3 Yicld (%) cis trans(ee) ref
1 Me Ph H 50 82 18 86
2 Bn Me H 74 64 36 86
3 t-Bu H H 72 87
48 p-MeOCgHy H H 74 87
52 Bn Me Me 56 87
62 (R)-C(H)(COOMe)p-BnOCgH4 H H 46 ©) 87
7 Bn OMe H 9 0 100 86
8 Ph OEt H 78 0 100 86
9 ~(CH2)3- Me 51 ndb 86
102 —~CH2)3- H 54 0 100 87
112 —(CHp)4— H 85 0 100 87
12 —(CH2)30- H 81 0 100 86
13 -C(Me)2CH20- H 32 0 100 86
14 —(CH3)38- H 73 0 100 86
15 —CH(COOEt)C(Me)}(OH)CH2S~ H 7 0 100 86
16 (R) -CH(COOMe)C(Me)>S— H 93 0 100 (99) 86

8 The mine was used i the form of the hexahydrotniazine b A single diastereomer with unknown stereochemistry 1s

formed

With simple acyclic imines, muxtures of cis- and trans-3-dibenzylamino-2-azetdinones are formed (Entries
1 and 2) Imines dentved from formaldehyde, either as imine or 1n the form of the cyclic hexahydrotriazine, are
also applicable, affording intermediates for nocardicins 1n reasonable yields (Entries 3-6) Quute surpnisingly,
unlike the reactions with free amno-ketenes (vide supra),57 the use of the imine denived from (R)-phenylglycine
did not result in any chiral induction (Entry 6) With imidates, trans-2-azetidinones are obtained as the single
products 1n good yields (Entnies 7 and 8)

The most notable feature of the metallo-carbene method 1s the comparative ease by which cychic imines are
converted 1nto frans-2-azetidinones 1 moderate to excellent yields (Entries 9-16) This contrasts sharply with the
reactions of free amino-ketenes with similar cychic imines, that afford only low to moderate yields of trans-
bicyclic-2-azetidinones (vide supra)

Thus several useful intermediates for the synthesis of penicithins, cephalosporins and related antibiotics
have been prepared 1n high yields (in the case of penicillin even with an excellent enantioselectivity, Entry 16),
but unfortunately with trans-stereochemustry concerning the 3- and 4-position of the B-lactam rning

A recent development reported by Hegedus and coworkers, 1s the use of chiral chromium aminocarbenes,
derived from (S)-proline (9b), (R)-phenylglycinol (9¢), and (5)-valinol (9d), in the enantioselective synthesis of
useful 3-amino-2-azetidinones (Scheme II) The results of these efforts are summarized 1n Table 12

Reactions of the proline derived aminocarbenes 9b and 9b' with 5,6-dihydro-4H-1,3-oxazine (Entries 1
and 2) resulted 1n a moderate chiral induction, whereas the reaction of the phenylglycinol and vahnol derived
amnocarbenes 9¢ and 9d with the same 1mune resulted 1n an excellent chiral induction (Entnes 13 and 14) Asis
the case for dibenzylaminocarbene 9a, aminocarbenes 9c¢ and 9d react smoothly with both acyclic- and bicychic
mmunes affording useful 3-amuno-2-azetidinones with an excellent enantio- and diastereo-selectivity The reactions
via carbene 9¢ generally resulted 1n better yields of the 2-azetidinone products than via carbene 9d

The reaction of carbene 9¢ with the imine derived from cinnamic aldehyde afforded the racemic cis-2-
azetidinone (Entry 15, d e 66%), whereas reactions of comparable free amino-ketenes with the same 1mine
resulted in hugh chiral inductions (vide supra) 7!

Reaction of carbene 9d with (1)-5-hydroxy-5-methyl-5,6-dihydro-4H-1,3-thiazine-4-methyl carboxylate
afforded a key-intermediate for the synthesis of cephalosporins 1n good yields and with an excellent
enantioselectivity, but unfortunately with the wrong trans-configuration of the 3- and 4-position
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Table 12. The Syntheses of 3-Amino-2-azetidinones by Photolytic Reactions of
Chiral Chromium Aminocarbenes with Imines.

Entry Carbene R! R2 R3 Yield (%) castrans(ee) ref
1 9b ~(CHp)30- H 85 0 100 (60) 88
2 9b’' ~(CH2)30- H 82 0 100 (67) 88
3 9¢ Bn H H 74 (70) 88
4 9¢ Bn Me Me 79 (70) 88
5 9d Bn Me Me 59 (70) 88
6 9¢ Bn Me H 61 33 67 (99 88
7 9d Bn Me H 54 26 74 (99 88
8 9¢ —~(CH2)3- H 75 0 100 (99) 88
9 9¢ —~(CHp)4- H 91 0 100 (99) 88
10 9d —~(CHa)4- H 55 0 100 (99) 88
11 9¢ Bn OMe H 91 0 100 (99 88
12 9d Bn OMe H 76 0 100 (99 88
13 9¢ —CHjy)30- H 95 0 100 (99 88
14 9d ~(CH3)30~ H 70 0 100 (99 88
15 9¢ Bn CH)=C(H)p-MeOCgH4 H 53 83 17 (0)® 88
16 9d (+) -CH(COOMe)C(Me)}(OH)CHaS— H 79 0 100 (99)P 88

2 E e of the cis-1somer, the trans-isomer was formed with an e ¢ of 99% b With respect to the configuration of the 3-
and 4-position of the 2-azetidinone ring

The examples given 1n this section show that the synthesis of the 3-amino-2-azetidinone moiety via
chromium amino-carbenes and imines 1s very promising, since 1t allows a wide variety of differently substituted
reagents (both amino-carbene and 1mine) Especially the reactions of chiral amino-carbenes with cyclic imines,
affording selectively enantiomerically pure trans-3-amino-2-azetidinones that may be used for the syntheses
pemciilins and cephalosporins 1n moderate to excellent yields, may become a method that could find application 1in
the pharmaceutical industry

Major disadvantages of the metallo-carbene route 1s that use of irradiation to 1nduce the reacticns with
imines 18 an expensive procedure and furthermore only trans-3-amino-bicyclic-B-lactam systems have been
prepared by this route

MISCELLANEOUS

Besides the routes that have been reviewed 1n the preceding sections, several other approaches towards the
synthesis of monobactam antibiotics have been described 1n the literature Some selected examples of the recent
advances of these approaches will be briefly mentioned 1n this section

Most of these routes, mainly developed in the laboratones of pharmaceutical companies, involve multistep
procedures (t e with overall yields form 0-10%), starting from readily available (natural) chral synthons like (S)-
serine, (S)-threonine and (S)-allo-threomine Most of these routes involve the intermediacy of hydroxamates (11),
which are subjected to ning-closure conditions, resulting 1n the desired 3-amino-2-azetidinone products (Scheme
3) that can be readily converted 1nto the monobactam antibiotics

Scheme 3
L 1 1
X=B -B I R R
nOC(0) (fr t- E uOC(0) XN(H)~ XNGH)~_
Y=0Ror 503 M R2 Rz
L =Leaving group, e g OR or C1 %r——N(H)Y /r—N\
R!, R? = Hydrogen or alkyl O (o} Y
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The first paper describing this hydroxamate-approach to the synthesis of monobactams was reported by
Muller and coworkers 1n 1980 8 In this paper the total synthesis of 3-amunonocardicinic acid, a key-intermediate
1n the synthesis of nocardicin A (see Fig 1), starting from B-chloro-(S)-alanine has been described Further
studies by this group, 1n co-operation with the Lilly Research Laboratones, include the synthesis of key-
intermediates 1n the synthesis of nocardicin A from (S)-serine,39.90 aztreonam from (S)-threonine,89 and more
versatile intermediates, cis- and trans-3-amino-4-methoxycarbonyl-2-azetidinone, from L-erythro- and DL-threo-
B-hydroxyaspartic acid, respectively 91 Several other modifications of this route have been reported by
Cimarusti, Floyd, and Sykes and coworkers of the Squibb Institute of Medical Research 92 Recently, Herranz
and cowokers reported a multistep procedure for the synthesis of aztreonam starting from (D)-glyceraldehyde
acetonide following the hydroxamate procedure 93

The total synthesis of carumonam, starting form either L-threonic acid or L-(+)-tartaric acid has been
described by Wex and coworkers of the Hoffmann-La Roche Laboratories 94

An 1solated example of the syntheses of 3-amino-4-carboxylate-2-azetidinones, involving the oxidative
coupling of the dianions of acyclic anudes using Cull-salts or N-1odosuccinirmde, has recently been reported by
Hiyama and coworkers (Scheme 4) 95

Scheme 4
Bn,N rcooxz L NCY rcoonz (Ox] BnQNj COOR
——— ——————-
;—N )—~N [N
\
d R d R 7 r

Base = n-BuLi or +-BuL1
[Ox] = NIS, Cu(OAc), , Cu(OCOPh),

Following this method, cis-1-(a-methylbenzyl)-3-dibenzylamino-4-t-butoxycarbonyl-2-azetidinone (d e
90%, e e 90%), a key-intermediate 1n the synthesis of carumonam, has been prepared in 52% yield from (R)-o-
methylbenzylamine

OUTLOOK

As shown 1n this report several general routes for the synthesis of useful 3-amino-2-azetidinones are
nowadays available The latest developments of these routes have virtually all been focussed on the
enantioselective synthesis of intermediates for monobactam antibiotics

An advantage of the ester enolate - 1mine condensation 1s the versaulity of this route Using simple basic
chemucals, a wide vanety of 3-anno-2-azeudinones are accessible Moreover, with a proper choice of parameters
(1 e protective groups, metal, solvent(s), reaction conditions, etc ) any enantiomer of a selected target molecule
contaiming the 3-amuno-2-azetidinone grouping can be selectively synthesized

The ketene - 1imine cycloaddition 1s even more versatile than the ester enolate - imine condensation, and
works not only with imines derived from aldehydes as substrates, but with cyclic imines and imines denved from
ketones as well Recent reports have shown that useful cis-3-amino-2-azetidinones can be obtained 1n high yrelds
with excellent enantioselectivity Sofar no enantioselective routes to useful trans-3-amino-2-azetdinones have
been reported

The cycloaddition of metallo-carbene complexes, 1n particular with cyclic imines, 1s a general and elegant
route for the synthesis of bicyclic 3-amno-2-azendinones Usually far better yields are obtained compared with
the reactions of free ketenes with cyclic imines However, irradiation of the carbene complexes 1s required to
produce the reactive metallo-ketene complexes and chromium salts are formed as waste material It 1s questionable
therefore, whether pharmaceutical companies will apply this route for the synthesis of B-lactam antibiotics
because of the high cost and ecological aspects
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Several research groups have succeeded 1n the syntheses of intermediates for nocardicins, aztreonam,

carumonam, and related monobactam antbiotics by relatively short and selecttve routes It will depend on cost
aspects whether these routes will replace the total syntheses that are currently employed m the pharmaceutical
ndustry
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