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ASYMMETRIC SYNTHESIS OF 3-AMINO-B3-LACTAMS
via STAUDINGER KETENE-IMINE CYCLOADDITION
REACTION

(REVIEW)

Claudio Palomo and Jesus Maria Aizpurua

Recent advances in asymmetric synthesis of 3-amino-B-lactams via Staudinger ketene-imine cycloaddition reaction are summarized.

1. INTRODUCTION

The B-lactam skeleton is currently the key structural element of the most widely employed class of antimicrobial
agents, the B-lactam antibiotics (for reviews see [1]). Some of the well known representatives are penicillins 1, cepha-
losporins 2, cephamycins 3, 1-oxacephalosporins 4, and monolactams like aztreonam S and carumonam 6, among
many others [1, 2). In fact, since the discovery and structural elucidation of penicillin G and the closely related
cephalosporin C, much work has been made on this important field of research for two main reasons: first, because
of the permanent need for new drugs displaying broader antibacterial activity and/or different biological properties,
and, second, because of the necessity of new p-lactam antibiotics to combat bacteria which have built up a resistance
against the most traditional compounds [3].

As a consequence of this interest, a large number of methods for the production of B-lactams have been de-
veloped and the topic has been amply documented and reviewed several times (for comprehensive reviews see [4]).
Among the existing methods, however, the hydroxamate methodology [5], the metalloester enolate-imine condensa-
tion [6], the chromium carbene-imine reaction [7a] (for a review on organometallic reagents in B-lactam synthesis,
see [7b]), and the [2+2] cycloaddition of ketenes with imines, also known as the Staudinger reaction [8], have been
the most often employed for the construction of the azetidin-2-one ring. In particular, the latter has provided useful
and economical pathways to 3-amino B-lactams (see review [9]) mainly due to the ready availability of ketenes
generated by dehydrohalogenation of their corresponding acid chlorides and a tertiary organic base (for recent re-
views on asymmetric synthesis of B-lactams, see [10]). Consequently, it is not surprising that over these last years,
this reaction has acquired central importance, from both academic and industrial standpoints, for the asymmetric
synthesis of B-lactams (see reviews [11a-c]). In this context, the diastereoselective synthesis of nonracemic p-lactams
can be generally accomplished by using a combination of either achiral ketenes and chiral imines or chiral ketenes
and achiral imines.

The present account summarizes some of the recent advances in this field along with our own contribution to
the Staudinger reaction.

2. ASYMMETRIC INDUCTION FROM THE IMINE COMPONENT

The asymmetric induction in the reaction of achiral ketenes with imines has been achieved from both positions
of the imine partner. In this regard, imines derived from chiral aldehydes and achiral amines or imines derived from
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Representative families of B-lactam antibiotics characterized by the presence of
the amino function at the Ca position of the p-lactam carbonyl

achiral aldehydes and chiral amines have been employed. In the latter case, however, B-lactams are often produced,
if at all, with low levels of diastereoselectivity. The most promising examples have been reported independently by
Bose [12] and Gunda [13]. For instance (Scheme 1) it has been found that the imine 7, derived from the amino
acid threonine, upon treatment with azidoacetyl chloride and triethylamine affords B-lactams 8 and 9 with stereose-
lectivity ratio of 95:5 [12]. Replacing the TBS group by TPS leads to a slight increase in diastereoselectivity. On the
other hand, there is little influence on diastereoselectivity by using the corresponding methyl, ethyl, and p-nitrobenzyl
esters of TPS-protected threonine. Dane salt of glycine also affords the same level of reaction diastereoselectivity

to give the corresponding cis-3-amino-p-lactam.

Scheme 1
Ph Ph
\[ H H
. N Ny
N N
. 64% g o x
CO,Bn ‘ CO,Bn
7 9
R = TPS (triphenylsilyl) 95:5

R =TBS (feri-butyldimethylsilyl) ~ 90:10

i, NsCH2COCl, Et3N, CH2Clz, -40°C
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As reported by Gunda [13] (Scheme 2), the imine 10a gave B-lactams 11 and 12 with very low diastereoselectivity
(2:1) but using the imine 10b with a more bulky O-protective group, the p-lactams 11 and 12 were produced with
acceptable diastereoselectivity (8:1).

Scheme 2

Ph
. .. PhtN
i
| —
N [\)
I\OR 64%
Ph OR

10 5, r= SiMe, 11 12
b R =SiMe,Bu

i, PAINCH2COCI, EtsN, CH2Clz, -40 °C; ii, §% HF (aq.), CH3CN

Removal of the substituent at N(1) in 11 was accomplished in three steps through 13 to give deprotected lactam
14 in 52% yield from 13 (Scheme 3).

Scheme 3

PhtN PhtN

14

i, AcCl, collidine; ii, CrQs; iii, KMnO4

Imines 15, derived from both (R)-1-(phenyl)ethylamine and (R)-1-(1-naphthyl)ethylamine, have also been em-
ployed in the Staudinger reaction [14]. The latter often produces the best results in terms of stereoselectivity. For
instance, the reaction of 15 with phthalimidoacetyl chloride and triethylamine provided B-lactams 16 and 17 in a
ratio of 82:18 (Scheme 4).

Scheme 4
Ph Ph
1 |
) PhiN PhtN
N\I\\Me 1% 5 N\|\\Me
R dr 82:18 R
15 R = 1-Naphthyl 16 17

i, PhINCH2COCl, Et3N, toluene, -78 °C —r. 1.
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The most common approach to achieve good diastereoselectivity involves the use of a-oxyaldehyde-derived im-
ines 18, sugaraldehyde-derived imines 19, 20, and o,B-epoxyimines 21 [15]. In these cases, the B-lactams often presents
a relative cis configuration (vide infra).

18 19 20 21

Recently, Panuncio and co-workers [16] have reported a case of trans-diastereoselectivity. The method (Scheme
5), involves the reaction of phthalimidoacetyl chloride with N-trimethylsilyl imines such as 22 and triethylamine
under refluxing of toluene.

Scheme 5

QTIPS OTIPS OTIPS
= H H
\l/‘\[ . PhtN ‘3 i PhtN H
| — I . +
NSiMe, 40% NH )—NH
° o) o]
d.r. 85:15

22 23 24

i, PAtNCH2COC]|, EtaN, toluene, reflux

Apparently, B-lactams 23 and 24 are formed through the intermediate 25.

’ H\n/R
PhtN/g/N:)

O
\SiMe3

25

Alternatively, the use of N-Boc-a-amino imines 26 (Scheme 6), readily obtainable from a-amino aldehydes and,
hence, from o-amino acid esters, also leads to enantiomerically pure B-lactams [17]. For example, the reaction of
26 with phthalimido ketene, generated in its turn, from phthalimidoacetyl chloride and triethylamine, affords the
respective B-lactams 27a,b as single diastereomers in yields of 41% and 85%, respectively. Likewise, the reaction of
the Dane salt of glycine with imines 28a,b in the presence of phenyl phosphorodichloridate and triethylamine gives
the corresponding vinylamino B-lactams 29a,b in yields of 48% and 46% respectively. The latter compounds, on
treatment with 2 equivalents of p-toluenesulfonic acid at room temperature for 5 min, furnishes the 3-amino-g-lac-
tams 30a,b in yields of 85% and 98%, respectively. In a similar manner, it has recently been found that imines 31a,b
upon treatment with phthalimidoketene provide 32a,b in yields of 73% and 91%, respectively [18]. In general, a
wide variety of N-Boc-a-amino imines can be employed in such a cycloaddition reaction to provide B-lactams either
as potential monobactam precursors or as synthetic intermediates for the construction of other heterocycles of interest
[19]. '

The origin of the extremely high asymmetric induction observed in these reactions can be rationalized (Fig. 1)
on the basis of the stereoelectronic effect exerted by the o* (C—X) orbital (X being an electronegative atom and
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Scheme 6

26 o 27
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a R=4-McOCsHy; b R=PhCH,

i, PMNCH2COCI, EtaN, CH2Cl2, -78 °C — r. t., 20 h; ii, MeO2CCH=C (Me)NHCH2CO2K,
PhOPOCI, EtsN, CH2Clp, -40 °C — r. t.;iii, p-TsOH, Me2CO, r. t., 5 min

C a stereogenic carbon atom) over the HOMO of the transition states leading to the formation of the C(3)—C(4)
bond [17].

AH;=-6.6 Kcal/mol

e
(3R, 45y (3S, 4R)
minor product major product

Fig. 1. Calculated transition states corresponding to the formation of cis-(3R,4S)- and cis-
(35,4R)-4-[(S5)-1-aminoethyl-3-methoxyazetidin-2-ones. TSI exhibits an angular arrange-
ment between C; and the exocyclic C-X bond, whereas TS2 corresponding to the major
product has a linear disposition for the same atoms. The reason for the angular arrange-
ment in Ts1 is the steric interaction between the methyl group (R?) and the forming pB-

lactam ring. In Ts2 this steric interaction does not occur and as a consequence the
HOMO-o* stabilization takes place more efficiently.



a-Alkylaldehyde-derived imines, on the other hand, have not been successful for the Staudinger reaction in
terms of both chemical reactivity and diastereoselectivity. Nonetheless, Bhawal [20] has shown that the imine 33
(Scheme 7) upon treatment with phthalimido ketene leads to a mixture of B-lactams 34 and 35 in good yield and

diastereoselectivity. Azidoacetyl chloride also gives the corresponding B-lactam, albeit in somewhat less ‘stereoselec-
tivity (d. r. 86:14).

Scheme 7

i, PINCH,COC], EtaN, CH2Cl2, -78°C — r.1.,20h

3. ASYMMETRIC INDUCTION FROM THE KETENE COMPONENT

Another important strategy for the synthesis of nonracemic 3-amino-p-lactams involves the reaction of the Evans-
Sjogren ketenes [21, 22], generated from their corresponding oxazolidinylacetyl chlorides and triethylamine, with
aldimines. One example (Scheme 8) is the reaction of the acid chloride 36 and triethylamine, with benzaldimine
37, to provide 38 in 83% yield. Most notably this compound, upon deprotonation and subsequent a-hydroxylation,
leads to the intermediate a-amidocarbinol 39 that undergoes loss of the oxazolidinone moiety to give the a-keto-
B-lactam 40. The reduction of 40 by means of NaBH4 proceeds with complete stereoselectivity to give 41, the cyclized
form of the Taxol side chain [23]. Contemporary to this work, Holton [24] has reported a conceptually similar route
to 41.

Scheme 8

39 40 41

i, EtaN, CH2Cl2, -78 °C — r. t., 4 h, 83%: ii, LIHMDS, THF,-78°C — r.t,1,5h;
iii, MOOPH (3 equiv.), -78 °C, 6 h; iv, SiO2 or A, 40%,; v NaBH4, MeOH
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The acid chioride 42 on treatment with aldimines 43 has also been found (Scheme 9) to produce B-lactams 44
as single diastereomeric products. Nonetheless, removal of the camphorsultarn moiety by acid or base hydrolysis, as

well as by reductive techniques, has been unsuccessful [25]. In this instance, the method outlined in Scheme 8 might
be beneficial for removing the chiral auxiliary.

Scheme 9
Ar i N HoH Ar
N \[ _— 7
% . ol
SO, N. N
PMP .

0 Cl O PMP

42 43 44

i, EtsN, CH2Cl2,-23°C — r.t.,15h

The majority of the investigations on this topic have dealt, however, with the use of nonenolizable aldehyde
derived imines. Enolizable imines cannot be employed in such a reaction because of their facile isomerization to
enamines. Recently, it has been found that N-bis(trimethylsilyl)methyl imines circumvent this problem [26]). For ex-
ample (Scheme 10) the reaction of 45 with 47 and triethylamine in refluxing chloroform gives 48 in 75% yield along
with its trans-diastereomer, epimeric at C(4) position, in a ratio of 90:10. The major isomer 48 can be transformed
into the N-Boc derivative 50 through removal of the oxazolidinone moiety according to the Evans procedure and
subsequent introduction of the Boc group. However, better yields can be achieved from the p-lactam 49, obtained
by reaction of the new aminoketene precursor 46 with 47. In this instance, simple exposure of 49 to hydrogen over
Perlman’s catalyst in the presence of di-terr-butyldicarbonate affords the same $-lactam 50 in 96% yield. As Scheme
10 shows, the bis(trimethylsilyl)methyl group can be removed from the cycloadduct 50 by treatment with cerium(IV)

ammonium nitrate (CAN) and subsequent N-deformylation of the resulting intermediate 51. In this way, the product
52 was formed in 88% yield {27].

Scheme 10

N SiMe;, — Ph N SiMe,
Ph g hd (60-85%) oY
0 SiMe; SiMe;
45 R=H 47 48 R=H
46 R=Ph 49 R=Ph
H H
BocHN };l P;{ BocHN. - -
—_— . —_—
N SLMC'; N~ 1
(72%) o \I/ - (92%) o R
SiMe;

50 . |-— 51 R!'=CHO
v

_» 52 R'=H
i, EtsN, CHClIs, reflux, 20 h; ii, Li (6 cquiv.), NH3, THF then (Boc)20, CH2Cly, r. t. or Ha,

Pd(OH)2, EtOH, (Boc)20, 60—380 psi, r. 1.; iii, (NH3)2Ce(NO3)s, MeCN, H20),0°C, 6 h;
iv, NaHCO3, NaHS03, NaCO0O3, H20, Me2CO, r. 1., 5h
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In general, a wide variety of N-alkylidene C,C-bis(trimethylsilyl)methyl amines can be employed in such a re-
action. The resulting B-lactams are usually obtained with diastereomeric cis:trans ratios ranging from 70:30 to 98:2,
with the only exception of glyoxylate imines that do not give any diastereoselectivity independently of the substituent
at the imine nitrogen atom. The remarkable thermal stability of these imines also becomes apparent in the reaction
of ketenes with the imine 53 (Scheme 11), the first isolable and stable methanimine, that allows direct formation
of 4-unsubstituted B-lactams. For example, the reaction of 45 with 53 leads to 54 in 75% isolated yield and with
perfect symmetric induction at C(3) position [28].

Scheme 11

|| i QrN]H;n

N SiMe, Ph
e BTy
SiMe:; SiMe3
53 54

1
RYR i %N :
N SiMe; Ph J;rg SiMe;
0

T

SiMe; SiMe; -
55 56
a R=Me, R!'=Me 70%,de. >98%
b R=Me, R'=Me 69%,de. >98%
¢ R=Me, R!=Me 70%,de. >98%
d R=Me, R'=Et 80%,de >70%
e R=Me, R!'=PhCH,CH, 60%, d.e.> 49%

i, 45, EnN, CHCl3, reflux., 16 h

This strategy can also be employed for the construction of B-lactams with quaternary stereogenic centers at
C(4) position by simply using ketimines [29]. However, as Scheme 11 illustrates, while symmetrical ketimines 55a-c
give B-lactams 56 with virtually complete diastereoselectivity, unsymmetrical ketimines 55d,e derived from aliphatic
ketones lead to low levels of reaction diastercoselection. In contrast, aralkyl ketone-derived imines also give single
diastereomers (Scheme 12). For instance, the reaction of 45 with ketimines 57a and 57b gives 58a,b in good yields
and complete diastereoselectivity. Under the same conditions, however, 57¢ provides 58c in 80% d. e. On the other
hand, it should also be mentioned that a-alkoxyketone-derived imines upon treatment with achiral ketenes also
afford B-lactams with almost complete diastereoselectivity [29].

Another approach to 3-amino B-lactams involves the use of diimines 59 [30]. As Scheme 13 illustrates, both
bis-B-lactams 60 and 61 can be made accessible by the Staudinger reaction [31]. The latter can be converted easily
into the 4-formylazetidin-2-one 62.

4. DOUBLE STEREODIFFERENTIATING CYCLOADDITIONS

Recently it has been found that the concept of double asymmetric induction can also be applied to [2+2]
cycloadditions of ketenes with imines [32] (Scheme 14). However, the reaction still needs to be improved. For ex-
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Scheme 12

Ar Me i KrN c t_Ar
jr _—
NBn de.> 98% Ph NBn
o
57 58

a Ar=Ph 70%
b Ar=4-MeOC4H4 65%
Ar =PhCH=CH 67%

i, 45, EsN, CHCI3, -78°C — r.t,20h

ample, in the reaction of the imine 63 with the Evans-Sjogren ketene 45 in which both reactants are mismatched,
the result is the formation of a mixture of B-lactams 64 and 65 in 40:60 ratio respectively. Hitherto, the most in-
teresting stereochemical outcome has been found in the reaction of the imine 66 with 45 to afford B-lactams 67
and 68 in a ratio of 85:15. Thus, the matched relationship between the amine component of the imine 66 and the
ketene partner affords an Evans-selective reaction, albeit in moderate diastereoselectivity [33]. An interesting variant
of this reaction has been reported by Panunzio [34] (Scheme 15) in which the imine 69 upon treatment with 45
gave 70 and 71 in a ratio of 90:10. In this instance, the reaction is believed to occur through 72. In any case, it
should be noted that the configuration at C(4) of the B-lactam ring in 70 is the opposite to that predicted by the
imine partner as it was indicated in Fig. 1 (also see Scheme 5).

As Scheme 16 illustrates, the stereoselective reduction of 4-acyl B-lactams 75, readily obtainable from the acid
chloride of 74 and Grignard reagents, constitutes a good alternative pathway to get B-lactams 76 essentially as single
isomers. Thus, starting from B-lactams with configuration predicted by the imine partner such as 73 and/or its en-
antiomer, it is possible to obtain the remaining cis-diastereomers that are not directly accessible via simple and
double stereodifferentiating cycloadditions [33].

Scheme 13

PMP-N

61 62
i, 45, EtaN, CH2Clp, -78 °C — r. t.,ii, HCI §%
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Scheme 14
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Ph 1,3-Matched Ph 68 Ph
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i, 45, EtsN, CH2Cl2, -78°C — r.1,20h
Scheme 15

TBDPSO,
OTBDPS j/
Z
‘)\ i N

i, 45, E3N, toluene, 0 °C — reflux, 6 h

S. APPLICATION TO THE SYNTHESIS OF CARBACEPHEM INTERMEDIATES

An important application of the ketene-imine cycloaddition over recent years has been made in the synthesis
of carbacephem intermediates [35]. An illustrative example is Lorabide or Loracarbef which possesses a spectrum
of biological activity similar to Ceclor, but is substantially superior in chemical stability. At present, this family of

M el
compounds is not directly accessible via fermentation processes or by the structural modification of naturally occur-
ring B-lactam antibiotics [36].
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Scheme 16

% - Rl
94-98% Ph Nj

a R=Me b R'=Ph

i, TosOH, THF, H20; ii, NalO4, KMnOyg; iii, SOCly; iv, RlMgX; v, L-Selectride

The most convenient approaches to carbacephems have focused on the chemical synthesis of suitable monocyclic
intermediates for subsequent intramolecular cyclization leading to the bicyclic carbacephem framework [35, 37]. Two
representative examples of the latter are the Dieckmann cyclization of 77 [38] and the rhodium acetate mediated
carbene insertion into the N—H bond of the B-lactam 78 [39, 40]. Various syntheses of both 77 and 78 have employed
the ketene-imine cycloaddition as the key step (Scheme 17). For instance (Scheme 18) Fujisawa and Shimizu [41]
have utilized the imine 79, which upon treatment with azidoacetyl chloride gave 80 in 42% yield. Deoxygenation of
80 and reduction of the azido group in 81 generated 82 as a suitable intermediate of Loracarbef. The same authors
reported the synthesis of protected B-lactam 83 and its conversion to 4-hydroxymethyl-B-lactam 84 as an intermediate
of the antibiotic Carumonam 6 [42] (Scheme 19).

Other syntheses have involved the use of the aminoketene of Evans-Sjogren and imines bearing a carboxyl
group surrogate. In these cases, two methods to remove the oxazolidinyl moiety from the resulting cycloadducts
have been reported, namely, a dissolving metal reduction [39] and treatment with trimethylsilyl iodide [43]. Alter-
natively, the use of 46 allows a more convenient access to Loracarbef intermediates [44]. For example, the reaction
of 46 with the imine 85 gives the B-lactam adduct 86 in 71% yield. Exposure of 86 to hydrogen over Perlman’s
catalyst in THF as solvent containing di-terr-butyldicarbonate leads to the removal of the oxazolidinone moiety to-

Scheme 17

78
Synthetic approaches to Loracarbef antibiotic
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Scheme 18

OTBS
COEt
I ————l———a»
PMPN 1%
79
H H H
N GC CO,Et HzNPgI : CO,Et
NPMP —_— NH
© 81 0

i, N3sSCH2COC|, EtsN, CH2Clz, -78°C — r.t., 18 h;
ii, 36% aq. HF, EtOH,; iii, MsCl, DBU, toluene, 80°C, 1 h

gether with the reduction of the double bond giving the N-Boc derivative 87 in 84% yield. This compound has been
transformed easily into the Loracarbef intermediate 88.

6. CONCLUSIONS

The examples gathered in this short survey illustrate the most recent developments of the ketene-imine cycload-

dition reaction for the asymmetric synthesis of p-lactams. These small heterocycles are not only crucial for the ad-
vancement of synthetic antibiotics, but are also new promising building blocks of B-amino acid derivatives [45].
Therefore, it is to be expected that improvements in their stereocontrolled preparation will contribute to render

chemistry.

them the synthetic intermediates of choice for chemists working in the fields of peptide synthesis or heterocyclic

Scheme 19

H H
CbzHN_: : E
i, ii L AN COE gy
81 e
64% NPMP 65%
o)
83
H H
CbzHN_ = =
v OH
—_ _ 6
60% NH
0
84

i, (NH4)2S, MeOH,; ii, Cbz-Cl, EtaN, CH2Cly;
i, §9% mol OsQ4, NalQj4, dioxane; iv, NaBH4; v, CAN, CH3aCN
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Scheme 20

O
Ph O_‘( HH Ph
\/\" i Ph&rN e N
N —_— .
3 42% Ph Nﬁ
COzMe Conc
85
H H
_ BocHN IE{ IE{ Ph BocHN. - : CO.H
ii
o o7 Y
CO,Me CO,Me
87 88

i, 46 EisN, CH2Cl2, -78°C — r.t., 18 h;
i, H2, Pd(OH)2, E1OH, (Boc)20, 60—80 psi, r. t.;
iii, RuCls (cat.), MeCN, H20,r.t.,2h
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