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C O N S P E C T U S

Although Staudinger reported the reaction between ketenes and
imines 100 years ago (1907), this process is still the most gen-

eral and useful method for the synthesis of �-lactams and their deriv-
atives. This reaction is a [2 + 2] thermal cycloaddition in which two
chiral centers may be generated in one preparative step. Staudinger
reactions involving R,�-unsaturated imines or ketenes have issues con-
cerning the [2 + 2] or [4 + 2] periselectivity of the reaction. This
Account discusses how the main factors that determine the regiochemi-
cal and stereochemical outcomes of this reaction were elucidated with
computational and experimental data. This fruitful interplay between
theory and experiment has revealed that the [2 + 2] cycloaddition is actually a two-step process. The first step is a nucleo-
philic addition of the nitrogen atom of the imine on the sp-hybridized carbon atom of the ketene. This attack forms a zwit-
terionic intermediate that evolves toward the final �-lactam cycloadduct. The second step can be viewed as a four-electron
conrotatory electrocyclization that is subject to torquoelectronic effects. When R,�-unsaturated imines are used, the zwitte-
rionic intermediates yield either the corresponding 4-vinyl-�-lactams or the alternative 3,4-dihydropyridin-2(1H)-ones. In this
latter case, the cyclization step consists of a thermal disrotatory electrocyclization. In the context of stereoselectivity, it is
usually assumed that the first step takes place through the less hindered side of the ketene. The cis-trans selectivity of
the reaction depends on the geometry of the imine. As the general rule, (E)-imines form cis-�-lactams whereas (Z)-imines
yield trans-�-lactams. Most of the experimental results point to the two-step model. The asymmetric torquoselectivity of the
conrotatory ring closure of the second step accounts for the stereochemical discrimination in the reaction of chiral ketenes
or chiral imines. Nevertheless, recent studies have revealed that isomerization paths in the imine or in the zwitterion may
determine the stereochemistry of the reaction. Thus, if the rotation about the N1-C4 bond of the zwitterion intermediate
is faster than the cyclization, the formation of trans-�-lactams from (E)-imines is biased. Alternatively, in some cases, the
(E)-(Z) isomerization of the starting imines prior to the cycloaddition steps also results in the formation of trans-cycload-
ducts. Although the main variables that govern the outcome of the reaction have been elucidated, there are still several aspects
of the reaction yet to be disclosed. Finally, the discovery of the catalytic version of the reaction is a new and formidable
mechanistic challenge and will be a nice playground for forthcoming theoretical-experimental discussions.

1. Introduction
Staudinger reported in 1907 the reaction of diphe-

nylketene (1a) or dimethylketene (1b) and N-phenyl

benzylideneamine (2a) yielding 1,3,3,4-tetrapheny-

lazetidin-2-one (3a) and 3,3-dimethyl-1,4-dipheny-

lazetidin-2-one (3b), respectively.1 After 100 years,2

this general reaction yielding �-lactams is the

method of choice for the synthesis of these strained

heterocycles.3 The relevance of this venerable cen-

tenary reaction has steadily increased during the

years. Today the azetidin-2-ones (�-lactams) main-

tain their fundamental role as antibacterial agents in
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medicinal chemistry,4 and they are widely used as key synthetic

intermediates.5

The reaction written in Scheme 1 is straightforward from a

synthetic point of view. However, few other reactions have

raised such longstanding debate about their mechanisms. The

interest in these apparently simple processes may be due to

the following features:

• The concerted or stepwise nature of the cycloaddition.

• Two stereogenic centers may be formed during the

cycloaddition reaction whose formation can be effected

with complete stereocontrol.6

• For R,�-unsaturated imines7 or ketenes,8 the formation of

unsaturated δ-lactams is also conceivable, a fact that poses

novel stereoselectivity and periselectivity issues.

• The catalytic Staudinger reaction9 between ketenes and

imines has opened novel methodologies for the synthesis

of enantiopure �-lactams and derivatives using homochiral

organometallic10 and organic catalysts, posing novel mech-

anistic clues.11

The complexity of these processes was exposed by the pio-

neering work of Cooper et al..12 In this Account, we discuss the

main features, unsolved aspects, and challenges posed by this

fascinating reaction in its centennial.

2. Mechanism of the Reaction between
Imines and Ketenes: Concerted or
Stepwise?
The formation of a �-lactam from the interaction between a

ketene and an imine is, formally, a [2 + 2] cycloaddition. The

Woodward and Hoffmann13 rules allow these thermal

cycloadditions provided that the reactions follow a [π2s +
π2a] approach. The low steric congestion of the sp-hybrid-

ized carbon atom of the ketene makes this sterically demand-

ing mechanism possible. Additionally, [π2s + (π2s + π2s)]

mechanisms can be proposed for this reaction, in a way sim-

ilar to that suggested by Zimmerman14 for the reaction

between ketenes and alkenes to form cyclobutanones. Over

the years, several computational studies on model systems in

the gas phase have pointed to these concerted mechanisms.15

The simplest situation depicted above complicates when

the mechanisms of these reactions are studied in solution.

Overwhelming experimental3,6,7 (vide infra) and computa-

tional16,17 evidence indicates that the mechanism in solu-

tion18 of the Staudinger reaction between ketenes and imi-

nes is not concerted but stepwise. The accepted current

mechanism for these reactions in solution involves the initial

nucleophilic addition of the imine nitrogen atom to the cen-

tral carbon atom of the ketene to form a zwitterionic interme-

diate (Scheme 2).

Electrostatic interactions and the transfer of electron den-

sity from the ketene 1 to the imine 2 (Figure 1A), forming an

acyclic intermediate with a new C-N σ bond, favor this attack

(Figure 1B). Therefore, this step is not symmetry-restricted and

the C1-N2-C3-C4 dihedral angle can adopt any value.

The isolation of these zwitterionic intermediates or their detec-

tion has been a widely pursued goal. Kagan19a and Bellus19b

reported the formation of trans-thiazolidin-4-one 1,1-dioxides 4
by reaction between ketenes 1c and imines 2a in the presence

of liquid SO2. Formation of cycloadducts 4 was postulated to

occur by cheletropic reaction of SO2 on the zwitterionic interme-

diates INTa (Scheme 3a). Moore7b reported the formation of

amides 5 by the reaction of ethanol with intermediates INTb
arising from the reaction between chlorocyanoketene 1d and

imidate 2b (Scheme 3b). We observed20 the formation of δ-lac-

tams 6 in the reaction between ketene 1e and imine 2c. Since

[2 + 2 + 2] reactions are very improbable in the absence of suit-

able catalysts, we attributed the formation of these cycloadducts

to the [4 + 2] cycloaddition between a second equivalent of

imine 2c and the INTc (Scheme 3c).

Pacansky21 and Wentrup22 reported the formation of zwit-

terions INTd,e from the reaction between stabilized ketenes

1f,g and imidazoles 7 or pyridine, respectively (Scheme 4a,b).

In these cases, the aromaticity of the heterocycles precluded

the evolution of these zwitterions to the �-lactam products.

However, when electron-withdrawing groups are present in

the imidazole ring, new IR bands observed at 1770 cm-1

were attributed21 to the formation of �-lactams 3c (Scheme

SCHEME 1. The Reactions between Ketenes 1a,b and N-Phenyl
Benzylideneamine, 2a, as Reported by Staudinger in 1907

SCHEME 2. The Stepwise Mechanism of the Staudinger Reaction
between Ketenes 1 and Imines 2
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4a). Pannunzio23 reported the unambiguous formation of

intermediates INTf in the reaction between ketenes of type

1h and N-silylimines 2d (Scheme 4c). These intermediates

were completely characterized and transformed into the cor-

responding N-silyl-�-lactams 3d.

The zwitterionic intermediates INTd and INTf depicted in

Scheme 4 formed the corresponding �-lactams 3c,d. The for-

mation of the �-lactam ring should take place via conrota-

tory electrocyclization of the zwitterionic intermediate (Scheme

5). However, the extension of the classical Woodward-
Hoffmann [π4c] mechanism to the second step of the

Staudinger reaction is not direct,24 since the frontier molecu-

lar orbitals (FMOs) of the intermediates INT are different in

nature from the ones of 1,3-butadiene. The FMOs of the zwit-

terionic intermediates derived from the initial attack of the

imine lone pair to the ketene are the unperturbed highest

occupied molecular orbital (HOMO) of the ketene and lowest

unoccupied molecular orbital (LUMO) of the imine (π and π*,

respectively, Figure 1B). Therefore, the second step of the

Staudinger reaction can also be viewed as an intramolecular

Mannich-like reaction, in which the π MO (similar to the

HOMO of an enolate) experiences nucleophilic addition on the

π* LUMO, analogous to the LUMO of an imine or iminium

cation.16,24 However, this intramolecular nucleophilic addi-

tion is facilitated by a in-phase coupling between the π and π*

FMOs (Figure 2A), leading to a topology between the termi-

nal atoms similar to that found in the HOMO of butadiene.

This results in a conrotatory motion to form the new σ C3-C4

bond, denoted in purple in Figure 2. The π-π* mixing can be

observed in the canonical LUMO corresponding to TS2a (Fig-

ure 2B).

The strong analogy observed in the torquoselectivity of

these reactions compared with the conrotatory electrocyclic

reactions of butadienes further supports the pericyclic reactiv-

ity of the zwitterions formed in the Staudinger reaction. Houk

coined the term torquoselectivity to define the stereoelectronic

effects associated with the torsion of a π-system to form a

cycle.25 The positions of the substituents at the terminal car-

bon atoms in conrotatory electrocyclizations are not equiva-

lent in the corresponding transition structures, with electron-

donating groups having a strong bias for the outward

positions and electron-withdrawing groups preferring the

inward positions.26 The analysis of the relative energies of the

transition structures having inward and outward substituents

[∆∆Ein-out ) ∆Ea(TSinward) - ∆Ea(TSoutward)] shows a linear cor-

relation between the transition structures corresponding to the

electrocyclization of 1,3-butadienes27 and the analogous zwit-

terionic intermediates of the Staudinger reaction28 (Figure 3).

The slope of the linear regression is close to 1.0, thus indicat-

ing that the torquoelectronic effects operating in both reac-

tions are very similar in magnitude.

3. Periselectivity

The reaction of ketenes and R,�-unsaturated imines can yield

either �- or δ-lactams (Scheme 5). This fact introduces the

question of [2 + 2] vs [4 + 2] periselectivity. Now, conrota-

tory electrocyclization of intermediates INT� leads to 4-vinyl-

�-lactams 3e, whereas disrotatory ring closure of the INTδ
conformers yields the corresponding δ-lactams 7.7,20

The analysis of the FMOs of both intermediates leads to the

diagrams shown in Figure 4. For INT�, the termini at C3 and

C4 (highlighted in purple) require a conrotatory motion to

form the �-lactam cycloadducts 3e. The in-phase coupling of

π and π* in INTδ requires disrotatory electrocyclization to

yield the six-membered cycloadduct 7. These π-π* interac-

tions are also found in the HOMO of the transition structure

associated with formation of δ-lactams 7 (Figures 4 and 5).

FIGURE 1. The first step of the Staudinger reaction: (A) electrostatic
potential projected onto electron density (red, -50 kcal/mol; blue,
+37 kcal/mol) and charges of ketene and formaldimine (in atomic
units, including those of the hydrogens attached to the heavy
atoms); (B) orbital interaction diagram associated with the
formation of the C-N bond. The depicted MOs correspond to the
canonical orbitals computed at the HF/6-31G* level of theory.
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Zwitterions INT� and INTδ derived from ketene 1 and

imines 2e (Scheme 5) may equilibrate via rotation about

the C4-C bond.29 Therefore, the relative energies of the

conrotatory or disrotatory transition structures determine

the periselectivity ([4 + 2] vs [2 + 2] cyclization) of the reac-

tion. Figure 5 shows the general shapes of both transition

structures. It is clear that the steric interaction between the

R2 and R3 groups in the disrotatory transition structure (Fig-

ure 5B) is stronger than that in the conrotatory transition

structure (Figure 5A). Therefore, preferential or exclusive

formation of [2 + 2] cycloadducts is expected, especially

when both R2 and R3 are bulky substituents. This fact has

been demonstrated experimentally in the reaction between

chloroketenes 1d and 1i and imines 2f,g7a and 2h,i7b

(Scheme 6). For R ) H, only [2 + 4] cycloadducts are

obtained, whereas for R ) Ph (imines 2h,f, R ) Ph), only the

[2 + 2] cycloadducts are obtained.

The alternate situation, namely, the reaction between

vinylketenes and imines may form either 3-vinyl-�-lactams or

SCHEME 3. Trapping Experiments in the Interaction between Ketenes and Molecules Containing CdN Bonds

SCHEME 4. Direct Detection of the Intermediate Zwitterions in the Interaction between Ketenes and Molecules Containing CdN Bonds

SCHEME 5. Reaction between Ketenes and R,�-Unsaturated Imines
2e To Yield �-Lactams 3e or δ-Lactams 7
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5,6-dihydropyridin-2(1H)-ones. Experimental results indicate

that both vinylketene30a 1j and methylvinylketene30b 1k yield

the corresponding [2 + 2] cycloadducts 3h-j exclusively.

Bulkier silylvinylketenes like 1p form exclusively the corre-

sponding [4 + 2] cycloadducts8 (Scheme 7). This latter reac-

tion has not been studied computationally.

FIGURE 2. (A) Orbital topology associated with the conrotatory
electrocylization leading to �-lactams. The hollow arrows
emphasize the in-phase coupling between the π and π* FMOs of
the zwitterionic intermediates shown in Figure 1. (B) Main geometric
features and shape of the HOMO of the second step of the
formation of �-lactams.

FIGURE 3. Differences in computed activation energies between
3-in and 3-out transition structures in the second step of Staudinger
reaction between monosubstituted ketenes and formaldimine
(∆∆Ein-out) and in the conrotatory electrocyclic reaction of 3-
substituted cyclobutenes (∆∆Ein-out′).

FIGURE 4. Orbital topologies associated with the second step of
the ketene-R,�-unsaturated imine reaction: (A) conrotatory
electrocyclization leading to 4-vinyl-�-lactams; (B) disrotatory
electrocyclization leading to γ,δ-unsaturated-δ-lactams; (C) main
geometric features and shape of the HOMO of the second step of
the Staudinger reaction leading to the formation of δ-lactams. The
hollow arrows emphasize the in-phase coupling between the π and
π* FMOs of the corresponding zwitterionic intermediates as shown
in Figure 1.

FIGURE 5. General shape of the conrotatory (A) and disrotatory (B)
transition structures for the second step of the reaction between
ketenes and R,�-unsaturated imines to yield �- and δ-lactams,
respectively.
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4. Cis-Trans Selectivity

The reaction of unsymmetrically substituted ketenes or imi-

nes may form cis- and trans-�-lactams (Scheme 8).

The stepwise model for the Staudinger reaction allows the

imine nitrogen of 2 to interact with the LUMO of ketene 1
either via the less hindered side of this reagent to yield inter-

mediates INTexo (exo attack, Scheme 9) or by the opposite side

of the ketene (endo attack, INTendo). Steric considerations lead

to the expectation of the preferential formation of exo inter-

mediates INTexo. It is noteworthy that the exo attack in the first

step of the Staudinger reaction forms transition structures TS2′
having the largest substituent of the ketene at the 3-out posi-

tion. The torquoelectronic model predicts preferential 3-out

transition structures when π-donors are present (vide supra).

Therefore, the preferential exo attack in the first step of the

reaction results in lower energy conrotatory transition struc-

tures.16 This fact leads to cis-�-lactam from (E)-imines and to

trans-�-lactams from (Z)-imines. Thence, cyclic imines having

a fixed Z-configuration react with ketenes yielding trans-�-

lactams, while acyclic imines ((E)-isomers) should form prefer-

entially or exclusively cis-�-lactams (Scheme 9).31

In many cases, the experimental results nicely agree with

the model. Thus, cyclic imines,31,32 like 2o,p result in the

exclusive formation of trans-�-lactams, whereas acyclic imi-

SCHEME 6. Examples of the Periselectivity of the Staudinger
Reaction between Ketenes and R,�-Unsaturated Imines

SCHEME 7. Examples of the Periselectivity of the Staudinger
Reaction between Vinylketenes and Imines

SCHEME 8. Formation of cis- and trans-�-Lactams from the
Staudinger Reaction between Monosubstituted Ketenes and
Aldimines

SCHEME 9. General Stereochemistry of the Staudinger Reactiona

a S and L stand for small and large substituents, respectively.
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nes like 2n yield the cis cycloadducts as major isomers24b

(Scheme 10).

However, an alternative explanation would be competing

isomerization paths between the intermediate zwitterions (E)-

INT and (Z)-INT (Scheme 11). This possibility was suggested

for the Staudinger reaction involving imidates (ROCHdNR′), in

which always the corresponding trans-4-alkoxy-�-lactams are

obtained.33 Xu et al. explored this isomerization in a series of

outstanding studies.24,32 According to these authors assum-

ing an exo attack in the first step of the reaction, the zwitteri-

onic intermediate (E)-INT can evolve in two ways: it can

cyclize to form the corresponding cis-�-lactam, or it can

isomerize via rotation about the N1-C4 bond to form the cor-

responding intermediate (Z)-INT, which irreversibly cyclizes to

the trans-cycloadduct (Scheme 11).

Banik34 reported that methoxyketene derived from meth-

oxyacetyl chloride reacts with imine 2a to form the cis-�-lac-

tam cis-3n, while imine 2q forms exclusively the cycloadduct

trans-3n. These experimental results pointed to the more com-

plex kinetic scheme depicted in Scheme 12, which has been

thoroughly examined by us and Banik to explain this stereo-

divergent behavior.35 B3LYP/6-31G* simulations (including

solvent effects) indicated that when the substituent in the

imine nitrogen is Ph, the nucleophilic attack on the ketene is

faster than the E/Z-isomerization of the imine, thus yielding

the cis-�-lactam 3n. When this substituent is 1-naphthyl, the

isomerization is faster than the nucleophilic attack and only

trans-3n is obtained. Therefore, the stereochemical outcome

of the Staudinger reaction in some cases is also dependent on

the isomerization of the imine prior the cycloaddition stag-

es.36

5. The Enantioselectivity Question

Scheme 13 depicts both possible intermediates leading to

enantiomeric cis-2-azetidinones. In the absence of chiral sub-

stituents either at the ketene or at the imine, the intermedi-

ates INT are enantiomeric pairs of conformers, which may

SCHEME 10. Examples of the Formation of cis- and trans-�-Lactams
from Acyclic and Cyclic Imines

SCHEME 11. Formation of cis- and trans-�-Lactams via exo Attacks
of (E)-Imines, According to the Kinetic Scheme Proposed by Xu et al

SCHEME 12. Kinetic Scheme for the Formation of cis- and trans-�-
Lactams in the Reaction of Methoxyketene and N-Aryliminesa

a Exo-attacks followed by isomerization of the zwitterionic intermediates or the
starting imines are considered.
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interconvert via rotation about the N1-C2 bond. If the dihe-

dral angle ω ) C4-N1-C2-C3 is negative, the formation of

�-lactam 3M takes place via clockwise conrotation about the

C4-N1 and C2-C3 bonds in concert with rotation about the

N1-C2 bond (ω f 0). Similarly, anticlockwise conrotation of

INTP leads to the enantiomer 3P.

When substituents R1, R2, and R3 are achiral, both transi-

tion structures TS2M and TS2P (Scheme 12) are isoenergetic

and a racemic pair of 3M and 3P is obtained. However, should

any substituent R1-R3 be chiral and its effect on the relative

energies of TS2M and TS2P proved to be large enough, the

predominant or exclusive formation of one of the possible cis-
stereoisomers will be expected. Enantiomerically (with respect

to the four-membered ring) enriched or pure 2-azetidinones

have been obtained by placing chiral auxiliaries in all the

available positions of the imine and the ketene.

5.1. Imines Having Chiral Auxiliaries at the Nitrogen.
Simple C2-symmetric chiral groups incorporated at the N1-po-

sition of the emerging �-lactam ring produced excellent dias-

tereoselectivities,37 while other chiral substituents at the imine

nitrogen usually produce fair selectivities. The nearly com-

plete diastereoselectivities observed in the reaction of ketenes

derived from acid chloride 10b with hydrazones 2r to yield

(3R,4S)-�-lactams 3o (Figure 6) have been studied at the

B3LYP/6-31G* level showing that the origin of this selection

is the unfavorable inside axial disposition of one of the pyr-

rolidine’s Me-groups in TS2pa, which is not present in TS2Ma.

5.2. Chiral Ketenes. Evans and Sjogren38 showed that

ketenes derived from chiral 2-((S)-2-oxo-4-phenyloxazolidin-

3-yl)acetyl chloride 10c can react with imines to yield cis-�-

lactam (3S,4R)-3p with excellent diastereocontrol. The origin

of this stereocontrol stems from the orientation of both CdO

dipoles in transition structures TS2Mb and TS2Pb (Figure 7).39

The lowest energy saddle point has the phenyl group out-

side the emerging �-lactam ring, whereas the (3-out, 4-in)-

transition structure has the Ph-group inside, resulting in a

more crowded transition structure for this last arrangement.

SCHEME 13. Formation of Chiral �-Lactams via Clockwise or
Anticlockwise Conrotationsa

a ω denotes the dihedral angle C4-N1-C2-C3 of the �-lactam ring to be
formed.

FIGURE 6. A selected example of high diastereoselection induced
from the N1 position of the �-lactam to be formed. Geometries and
relative energies were calculated by Fernández, Lassaletta et al.37 at
the B3LYP/6-31G* level.

FIGURE 7. A selected example of high diastereoselection induced
from the C3 position of the �-lactam to be formed: RHF/AM1
geometries and relative enthalpies for saddle points TS2Mb and
TS2Pb.
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5.3. Imines Having Chiral Components at the Imine

Carbon. There are several examples of highly diastereoselec-

tive Staudinger reactions in which the chiral induction stems

from a chiral auxiliary at the imine carbon.40 Imines derived

from enantiopure aldehydes incorporating C-O or C-N bonds

(namely, good σ-attractors) at the R-position are specially effi-

cient in inducing chirality in these reactions. For example,

Staudinger reactions of imines 2t derived from (S)-2-methox-

ypropanal lead to the corresponding cis-�-lactams (3S,4R)-3q

with high diastereoselectivity (Figure 8).38 Analysis of the cor-

responding transition structures TS2Mc and TS2Pc shows41

that in TS2Pc there is a collinear arrangement between the

(3S) carbon atom and the C(S)-O bond with the Me-group

placed outside of the emerging �-lactam, a group that is inside

in the more energetic (3-out, 4-in)-saddle point TS2Mc (Fig-

ure 8). This constitutes an example of asymmetric

torquoselectivity.26,27

6. Further Mechanistic Challenges: The
Catalytic (and Asymmetric) Staudinger
Reaction
The first synthesis of �-lactams from ketenes and imines cat-

alyzed by chiral amines was described in 2000 by Lectka et

al.11,42 The catalytic process requires strongly electrophilic imi-

nes (imines bearing N-tosyl or alkoxycarbonyl groups) to pro-

duce satisfactory results. This fact is compatible with the

reaction mechanism A depicted in Scheme 14.

According to this mechanism, the catalyst adds to the sp-

hybridized atom of the ketene to form zwitterion INT2. This

enolate attacks the imine via a Mannich-like reaction to yield

the intermediate INT3 in which the chiral information

supplied by the catalyst 13 (Scheme 14) is transferred to the

new C-C bond. Subsequent cyclization of zwitterion INT3
leads to the formation of the reaction product 3 and to the

regeneration of the catalyst. Good to excellent enantioselec-

tivites have been obtained with the amines 13a-e (Figure 9).

A systematic computational study on this mechanism has

yet to be published. Lectka et al.43 have explored computa-

tionally the formation of enolates INT2 from phenyl ketene

and the catalysts 13a-e indicated in Figure 9. All these cat-

alysts worked by blocking the re face of the enolate moiety

(Figure 10), in which the HOMO of the enolate is closely

related to the b2(π) orbital of ketenes (Figure 1), These con-

clusions were in agreement with the experimental results. In

addition, trapping experiments, DFT calculations, and IR mea-

surements are consistent with the formation of intermediates

of type INT2.9

FIGURE 8. A selected example of high diastereoselection induced
from the C3 position of the emerging �-lactam. Geometries and
relative energies were calculated at the B3LYP/6-31G* level.

SCHEME 14. Possible Mechanisms for the Catalytic Staudinger
Reaction in the Presence of Tertiary Amines

FIGURE 9. Catalysts for the Staudinger reaction.
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Catalysts 13a-e yield mainly or exclusively cis-�-lactams,

probably because of the formation of (Z)-enolates like those

shown in Figure 10. Recently, the preferential formation of

trans-�-lactams using achiral catalysts of type 13f (Figure 9)

has been reported. Formation of (E)-enolates of type INT2
(Scheme 14) have been postulated to explain this change in

stereoselectivity.44

Fu et al.45 have described the very efficient catalysts 13g,h
(Figure 9). Two mechanisms are operative with these cata-

lysts depending on the imine. For N-Ts imines the cycle A in

Scheme 14 is operative, while for N-Tf imines leading to trans-
�-lactams,46 the mechanism of type B was proposed.45 Mech-

anism B involves the imine instead of the ketene as the

reagent being activated by the catalyst to form the interme-

diate INT4. The highly nucleophilic nitrogen atom of the

resulting species attacks the sp-hybridized atom of the ketene

to yield the enolate INT5. Finally, the [4-exo-tet] cyclization of

INT5 forms the corresponding trans-�-lactam.

7. Conclusions and Outlook

The main features of the Staudinger reaction between

ketenes and imines have been elucidated. The experimen-

tal evidence is compatible with a stepwise mechanism

instead of a concerted [2 + 2] mechanism. The first step is

the nucleophilic attack of the imine nitrogen on the cen-

tral carbon atom of the ketene. The second step is the elec-

trocyclic conrotatory ring closure to form the �-lactam ring.

The stereochemistry of this second step is determined by

torquoelectronic effects. When R,�-unsaturated imines or

vinyl ketenes are used, both [2 + 2] and [4 + 2] cycload-

ducts are obtained depending on the substitution patterns

and the geometries of the competing conrotatory or disro-

tatory transition structures. The stereochemistry of the reac-

tion appears to be related to the rotation about the N1-C4

bond of the zwitterionic intermediates. These results,

together with the recent report describing the role of alter-

nate isomerization pathways in the imine before reaction

with the ketene, deserve future research.

The catalytic version of the reaction probably proceeds via

stepwise mechanisms in which either the ketene or the imine

can be activated by the addition of the catalyst. Both the syn-

thetic potential of this reaction and the preliminary elegant

experiments and calculations to elucidate its mechanism

augur an exceptional future for these processes. These stud-

ies will keep alive the fruitful dialogue between theory and

experiment witnessed by the Staudinger reaction over these

first 100 years.
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