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N-Heterocyclic carbenes (NHCs) have experimentally
proved to be powerful catalysts for the Staudinger reaction
([2+2] cycloaddition of a ketene with an imine) but without
giving a clear catalytic mechanism. According to different
experimental results, the “ketene-first” and the “imine-first”
mechanisms, arguing which reactant should be initially acti-
vated by the NHC catalyst, have been proposed. Our theoret-
ical investigation by employing density functional theory
(DFT) reveals that the reaction mechanism of the NHC-cata-

Introduction

The biological activity of β-lactams as antibacterial
agents[1] and further utility as pharmaceutical intermedi-
ates[2] have been prompting persistent synthetic activities of
the β-lactam skeleton for about one century. Although vari-
ous methods have been developed in succession,[3] the
Staudinger reaction,[4] the first one reported in 1907 and
characterized by [2+2] cycloaddition of a ketene with an
imine, remains the most widely used method for its versatil-
ity and efficiency.[5] Generally, the outcome of this reaction
is limited to achiral or racemic products, and chiral auxilia-
ries are usually required to overcome this disadvantage.[6]

Not long ago, a more general methodology based on asym-
metric catalysis was successfully applied to the Staudinger
reaction by Lectka et al. to furnish β-lactams with high
enantioselectivity in the presence of a quinine-derived cata-
lyst.[7] Central conception of this methodology lies in um-
polung catalysis, which makes the reaction start with re-
versed polarity, namely, the two reactants switch their roles
that they play in the classical Staudinger reaction.[8] In-
spired by this pioneering strategy, Fu et al. broadened the
scope of this reaction to include unsymmetrical disubsti-
tuted ketenes by using a series of 4-(pyrrolidino)pyridine
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lyzed Staudinger reaction is exclusively the “ketene-first”
mechanism, but the competitive reactions of NHC catalysts
with ketenes or imines will lead to different experimental ob-
servations. On the basis of this conclusion, we found that the
NHC-catalyzed Staudinger reaction would exhibit different
stereoselectivities by appropriate choice of the nitrogen sub-
stituent of the imines. Furthermore, these results are sup-
posed to be applicable for other nucleophile-catalyzed
Staudinger reactions.

(PPY) derivatives as catalysts; therefore, optically active tri-
substituted β-lactams were generated with not only good
enantioselectivity but also diastereoselectivity.[9]

Encouraged by the first successful isolation of a stable
carbene in 1991,[10] the full application of N-heterocyclic
carbenes (NHCs) as powerful catalysts in organic synthesis
has been demonstrated impressively.[11] Recently, their ef-
ficient catalysis of Staudinger reactions was also proved
able to guarantee equivalent yields with a wider range of
reactants.[12] However, in contrast to the successful practical
application, synchronous mechanistic investigations are
quite insufficient and the catalytic mechanism remains un-
clear. Up to date, two possible mechanisms have been pro-
posed, arguing which reactant should be initially activated
by the NHC catalyst (Scheme 1).[12a] As for the denoted
“ketene-first” mechanism A, the nucleophilic catalyst ini-
tially attacks the ketene to generate the NHC–ketene zwit-
terionic intermediate IN1A, which is followed by a Man-
nich-like reaction between this enolate and the imine to
form IN2A. Finally, the cyclization of IN2A to the product
liberates the catalyst and closes the reaction pathway. Alter-
natively, in the “imine-first” mechanism B these two reac-
tants interchange their order: the imine instead of the ke-
tene is activated by the catalyst, leading to the formation of
IN1B. Then, the highly nucleophilic NHC–imine zwitterion
IN1B attacks the ketene to form enolate IN2B. Subsequent
[4-exo-tet] cyclization of IN2B regenerates the catalyst and
furnishes the final product.

Experimental results from different groups do not con-
verge at an agreement but even contradict each other to
some extent. The experiment carried out by Smith et al.
showed that the addition of diphenylketene to the catalyst
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Scheme 1. Two proposed mechanisms for the NHC-catalyzed Staudinger reaction: the “ketene-first” mechanism A and the “imine-first”
mechanism B.[12a]

(triazolinylidene) followed by N-tosyl (Ts) imine gives excel-
lent conversion to β-lactam, whereas the reverse addition
order of reactants gives no conversion [Equation (1)],[12b]

obviously supporting the “ketene-first” mechanism A.
However, when N,N�-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene was used, Ye et al. identified the NHC–imine zwit-
terion (IN1B) rather than the NHC–ketene zwitterion
(IN1A); after being isolated, the zwitterion could further
react with phenylethylketene to give β-lactam [Equa-
tion (2)],[12a] which implies the possibility of “imine-first”
mechanism B. More evidence in support of mechanism B is
from the aforementioned PPY derivative catalyzed system,
in which the adduct of the catalyst with a more electrophilic
N-triflyl (Tf) imine was crystallized.[9a] However, it is inter-
esting to find that when N-Tf imine was replaced by N-Ts
imine, the interaction between the catalyst and the imine
cannot be detected by 1H NMR spectroscopy, and ac-
companied with the different behaviors of the two N-Ts/Tf
imines are the divergent cis/trans stereoselective preferences
of the final products (Scheme 2). These unexpected results
naturally led the authors to suggest that both mechanisms
are feasible but are dependent on the different N-substitu-
ents of the imine.

(1)

(2)

Numerous investigations have been devoted to the classi-
cal Staudinger reaction during the past decades, disclosing
that the mechanism of the Staudinger reaction is much
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Scheme 2. Different cis/trans stereoselective preferences for Stau-
dinger reactions reported by Fu et al.[9a]

more complicated than its simple appearance.[13] Appar-
ently, new challenges to the mechanical exploration of the
Staudinger reaction have been posed by the catalytic reac-
tions and little attention has been paid to this point.[8,14]

Herein, a theoretical investigation on the NHC-catalyzed
Staudinger reaction has been carried out by using density
functional theory (DFT) to get an in-depth understanding
of the catalyzed Staudinger reaction mechanism. The po-
tential relationship between the electrophilicity of imines
and reaction stereoselectivity, which has not been systemati-
cally studied before, is also addressed here.

Models and Computational Details

For simplicity, 1,3-dimethyltriazolylidene was used as a
template for the NHC catalyst in our calculations.[15] The
reactants, disubstituted phenylmethylketene and N-Ts
imine, come from the reported experiment.[12a] To make sure
whether the electrophilicity of the imine is one determinant
of the Staudinger reaction mechanism, N-Tf imine was bor-
rowed from the aforementioned PPY derivative catalyzed
system.[9a] Here, only the (E)-stereoisomer of the imines was
considered because most imines employed in the Staudinger
reaction have been experimentally determined to be exclu-
sively of E configuration.[16] Full geometry optimizations
and harmonic vibrational frequencies were calculated at the
B3LYP[17] level of theory with the 6-31G(d) basis set in the
gas phase, and solvent effects were taken into account for
single-point calculations by using a CPCM polarizable con-
ductor calculation model.[18,19] The solvent was set to THF,
which was used in experiments. The corresponding energies
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were corrected with zero-point vibrational energy by using
unscaled frequencies.[20] The structure of the transition state
with exactly one imaginary frequency was further validated
by intrinsic reaction coordinate (IRC)[21] analysis.

Results and Discussion

Reaction Mechanism

The stereochemical processes of the two mechanisms are
considered as follows: for the “ketene-first” mechanism A,
the exo or endo attack of the NHC on the ketene gives IN1A

of Z and E configurations, respectively. Each one can take
the Re or Si face to react with the imine from the Re or Si
side to generate IN2A. Thus, eight possible reaction pat-
terns exist and four of them lead to trans products and the
other four to cis products (Table 1). Considering the steric
effect, only the exo attack occurring at the less-hindered
side of the ketene was taken into account (Scheme 3A).
Similarly, for the “imine-first” mechanism B, the NHC may
attack the imine from the Re or Si face to give intermediate
IN1B (two enantiomers of S and R configurations). The
enantiomers then react with the ketene through exo and
endo attack to generate (Z)- and (E)-IN2B, respectively.
Overall, four possible reaction patterns would be obtained,
as shown in Table 2. As the enantiomers have identical
properties, only the case of (R)-IN1B was considered in our
calculations (Scheme 3B). Calculated relative free energies
(∆Gsol) of different reaction patterns are listed in Tables 3

Scheme 3. Illustration of the considered stereochemical processes of mechanisms A and B.
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and 4 for mechanisms A and B, respectively, and the most
energetically favored ones thereinto are depicted in Figure 1
with the N-Tf imine system in bracket.

Table 1. Eight possible reaction patterns for mechanism A.

Reaction Configuration Reacting face Product
pattern IN1A IN1A (E)-imine

ZSi–Si Z Si Si trans
ZSi–Re Z Si Re cis
ZRe–Re Z Re Re trans
ZRe–Si Z Re Si cis
ESi–Si E Si Si cis
ESi–Re E Si Re trans
ERe–Re E Re Re cis
ERe–Si E Re Si trans

Table 2. Four possible reaction patterns for mechanism B.

Reaction Reacting face Configuration Product
pattern (E)-imine IN1B IN2B

Rexo Si R Z cis
Rendo Si R E trans
Sexo Re S Z cis
Sendo Re S E trans

As shown in Figure 1, for the N-Ts system, the energy
difference between the rate-determining steps of pathway A
(IN2A�3A) and pathway B (IN2B�3B) is as much as
30.5 kcal/mol, indicating that the “ketene-first” pathway A
is much more favorable than the “imine-first” pathway B.
Besides, the overall energy barrier of pathway B reaches
34.9 kcal/mol. Such a high energy barrier suggests that
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Table 3. Calculated free energies in solvent THF (∆Gsol = THF) for
mechanism A at the B3LYP/6-31G(d) level (in kcal/mol).

0A TS1A IN1A TS2A IN2A TS3A 3A

N-Ts system

ZSi–Si 0 1.3 –22.8 4.7 –5.5 3.4 –12.0
ZSi–Re 0 1.3 –22.8 6.1 1.1 7.2 –11.0
ZRe–Re 0 1.3 –22.8 6.2 –4.4 2.8 –12.0
ZRe–Si 0 1.3 –22.8 1.6 –1.0 4.4 –11.0

N-Tf system

ZSi–Si 0 1.3 –22.8 –5.8 –14.5 –0.2 –11.2
ZSi–Re 0 1.3 –22.8 –8.0 –13.4 3.0 –10.3
ZRe–Re 0 1.3 –22.8 –1.9 –10.7 –0.8 –11.2
ZRe–Si 0 1.3 –22.8 –7.7 –13.1 1.3 –10.3

Table 4. Calculated free energies in solvent THF (∆Gsol = THF) for
mechanism B at the B3LYP/6-31G(d) level (in kcal/mol).

0B TS1B IN1B TS2B IN2B TS3B 3B

N-Ts system

Rexo 0 5.8 –10.1 0.9 –5.8 35.3 –13.3
Rendo 0 5.8 –10.1 7.8 –2.2 34.9 –14.3

N-Tf system

Rexo 0 2.9 –19.6 –9.8 –12.9 36.4 –11.5
Rendo 0 2.9 –19.6 –7.9 –11.3 35.2 –12.5

mechanism B is actually unfeasible, considering that the ex-
periments are usually carried out at room temperature or
below. Furthermore, as can be seen from Table 4, the energy
barrier difference between the two reaction patterns of
pathway B is only 0.4 kcal/mol. This result implies that the
distinct stereoselective preference displayed in the experi-
ments[12] would not be achieved provided that the catalytic
Staudinger reaction proceeds through pathway B. Of par-
ticular note is the finding that mechanism A basically be-
longs to umpolung catalysis, which has been successfully
introduced into the catalytic asymmetric Staudinger reac-

Figure 1. Calculated free-energy profiles of the most energetically favored reaction patterns for systems of N-Ts imine and N-Tf imine
(in bracket) at the CPCM-B3LYP/6-31G(d) level.
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tions by Lectka et al.[8] As shown in pathway A, the imine
acts as an electrophile and the ketene as a nucleophile,
which is opposite to the roles they play in the classical
Staudinger pathway (in which the imine acts as a nucleo-
phile toward the ketene). As for pathway B, the roles of the
reactants remain the same as that in the classical Staudinger
reaction. Combination of these factors suggests that the
“ketene-first” mechanism A is much more feasible than the
“imine-first” mechanism B for the NHC-catalyzed Stau-
dinger reaction.

Fu et al. proposed that the catalytic mechanism of the
Staudinger reaction might switch from A to B when N-Tf
imine takes the place of N-Ts imine in their PPY derivative
catalyzed system.[9a] However, our calculations find that
this mechanistic change is unlikely to happen. As can be
seen from Figure 1, when the N-Ts imine is replaced by N-
Tf imine, the energy barrier of pathway B increases only by
0.3 kcal/mol, and meanwhile that of pathway A reduces by
5.2 kcal/mol. That is to say, the replacement of N-Ts by N-
Tf in the imine makes pathway A more energetically prefer-
ential. It can be explained by the fact that, acting as electro-
philes in pathway A, N-Tf imine with stronger electrophilic-
ity is more active than N-Ts imine. The result further sup-
ports our conclusion that mechanism A is more feasible for
NHC-catalyzed Staudinger reactions.

From Figure 1 we also note that the relative free energy
of TS1B is only 5.8 kcal/mol, meaning the reaction of the
catalyst with N-Ts imine is also facile, which has been ex-
perimentally confirmed by the isolation of the NHC–imine
IN1B.[12a] Further study indicates that the IN1B could react
with ketene to generate the β-lactam as well, as if the reac-
tion proceeds through the “imine-first” pathway B. The ex-
planation from the authors for this point is that IN1B may
decompose in situ into the initial reactants and then form
the β-lactam through pathway A.[22] Our calculations may
well explain this hypotheses. The difference in energy barri-
ers of the formation and decomposition of IN1B is calcu-
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lated to be only –10.1 kcal/mol, so the break up of IN1B

is easy. Meanwhile, we also found that the energy barrier
difference between the formation of IN1B and its reverse
extends to –19.6 kcal/mol for the more electrophilic N-Tf
imine system. This implies that the formation of IN1B

might not always be a reversible process if the electrophilic-
ity of the imine increases to some extent. The reaction
would stop at the stage of forming relatively stable IN1B,
that is, the catalytic activity of the NHC is inhibited
through the formation of stable catalyst–imine adducts and
the expected product could not be obtained. This point is
believed to be a reasonable explanation for the experiment
carried out by Smith et al. that the addition of the imine to
the catalyst followed by the ketene gives no conversion to
the β-lactam [Equation (1)].[12b] It is noteworthy that the
activity inhibition of the NHCs arising from the reaction
with electrophilic imines has been confirmed by experi-
ments.[23]

On the basis of the overall considerations of the above
discussions, we conclude that the mechanism of the NHC-
catalyzed Staudinger reaction is exclusively the “ketene-
first” mechanism A, but a competition between the reac-
tions of NHC catalysts with ketenes (K) or imines (I) will
lead to different experimental observations. A general pre-
diction about the experimental results is illustrated in Fig-
ure 2. As displayed, when the reaction rate constant of the
catalyst coupling with the ketene (k1) is larger than that
with the imine (k2+), the reaction proceeds directly through
pathway A to generate the β-lactam without the observa-
tion of IN1B. On the contrary, if k1 is smaller than k2+, the
catalyst prefers to react with the imine rather than the ke-
tene to form IN1B, which may decompose into the initial
reactants (k2+ ≈ k2–) or not (k2+ �� k2–). For the former
case, the reaction still follows pathway A to give the final
product, but the latter case only gives the stable IN1B.

Figure 2. General kinetic prediction of possible experimental re-
sults.

Reaction Stereoselectivity

NHCs are regarded to be typical nucleophilic catalysts in
Staudinger reactions, so the results derived from the NHC-
catalyzed system are rationally believed to be applicable in
the other nucleophile-catalyzed Staudinger reactions. It oc-
curs to us that the divergent stereoselective preferences of
the nucleophile-catalyzed Staudinger reactions would not
originate from different mechanisms but from other stereo-
chemical factors. Therefore, a series of N-sulfonyl (N-SO2R)
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imines bearing different substituents [R = CH3-, C6H5-, 4-
(CF3)C6H4-, and 4-(NO2)C6H4-] was supplemented to get
a systematic view. As depicted in Scheme 3, the stereoselec-
tivity is determined by the step IN1A�IN2A for pathway A.
So the discussion of stereochemical control focuses only on
this step. The calculated relative free energies of TS2A are
displayed in Figure 3. To differentiate the electrophilicity of
imines, the calculated Mulliken charge distributions of the
sulfonyl group of imine monomers are denoted by abscissa.

Figure 3. Calculated relative free energies of TS2A in solvent THF
(∆Gsol = THF) for different reaction patterns at the B3LYP/6-31G(d)
level.

As shown in Figure 3, for reaction patterns ZRe–Re and
ZRe–Si (denoted by symbols with dotted lines) in which
IN1A takes the Si face in the reaction, the free energies
(∆Gsol) of TS2A(ZRe–Si) are always lower than those of
TS2A(ZRe–Re) for all six systems, meaning an exclusive cis
stereoselectivity independent of the choice of imines. Inter-
estingly, for the other case where IN1A assumes the Re face
to react with imines (symbols with solid lines), the reaction
stereoselectivity diverges according to the bulk size of the
N-substituents of the imines. For systems of imines with
small N-substituents (R = CH3- and CF3-), the values of
∆Gsol of TS2A(ZSi–Re) are lower than that of TS2A(ZSi–Si),
which leads to trans stereopreference, whereas for other
bulky N-substituted systems, reaction pattern ZSi–Si is more
preferential than pattern ZSi–Re with the cis stereoselectivity
favored. An exception is the system with the most electro-
philic imine [R = 4-(NO2)C6H4-]. Unlike other bulky N-
substituted systems with cis stereoselectivity, it is trans se-
lective.

To get a visual understanding of the origins of the above
results, the optimized structures of TS2A for the N-Ts
imines along with electrostatic potential (ESP)-mapped
electron density surfaces are illustrated in Figure 4. As dis-
played, two major factors are regarded to be responsible for
the stereoselectivities. One is the static repulsion between
the N-sulfonyl group and carbonyl group, and the other is
the steric exclusion resulting from the bulky N-sulfonyl
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group. As can be seen, in the reaction patterns ZRe–Si and
ZRe–Re, the two effects cooperate with each other making
both the two interactions strong in TS2A(ZRe–Re) (denoted
as S,S in Figure 4) and weak in TS2A(ZRe–Si) (denoted as
W, W) no matter the nature of the imine. That is why we
cannot see the intersection of the two dotted lines in Fig-
ure 4. However, for other reaction patterns, the two effects
behave in a negative manner leading to a strong static repul-
sion but a weak steric exclusion in TS2A(ZSi–Si) (denoted as
S, W), and a weak static repulsion and strong steric ex-
clusion in TS2A(ZSi–Re) (denoted as W, S). For imines with
small N-substituents, the contribution from static repulsion
overwhelms that of steric exclusion, and therefore, the reac-
tion pattern ZSi–Re is preferred. In contrast, if the imine
bears a bulky N-substituent, the steric exclusion will over-
come the static repulsion and the reaction pattern ZSi–Si

becomes favored. The special case of 4-(NO2)C6H4 implies
that the stereoselectivity may be predominantly controlled
by static effects when the electrophilicity of the imines in-
creases to some extent.

Figure 4. Optimized structures of TS2A with key parameters and
electrostatic potential (ESP)-mapped electron density surfaces for
the N-Ts imine system at the B3LYP/6-31G(d) level. Distances are
given in Å. S (strong) and W (weak) denote the relative intensity
of the static and steric effects. All hydrogen atoms are omitted for
clarity.

The above discussions reveal that the catalytic Staudinger
reaction will exhibit divergent trans/cis preferences through
the appropriate choice of the N-substituents of the imines
on condition that IN1A assumes one certain face in the re-
actions [Equations (1) and (2)]. The point that the exclusive
reaction on one face of the “NHC–reactant” intermediate
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would be accomplished through proper steric and/or elec-
tronic modification of the substituents of the NHCs has
been experimentally[24] and computationally[15a,25] proven.

Conclusions

The theoretical calculations on the two proposed reac-
tion mechanisms demonstrate that the “ketene-first”
mechanism A is much more feasible than the “imine-first”
mechanism B in the NHC-catalyzed Staudinger reaction.
The change of electrophilicity in the imines does not alter
the reaction mechanism but leads to different experimental
observations. On the basis of this conclusion, we found that
the catalytic Staudinger reaction will exhibit divergent ste-
reoselectivities and follows the unique mechanism A. Fur-
ther study with full consideration of different substituents
on the NHC catalysts is underway with the hope of getting
a thorough understanding of the catalytic Staudinger reac-
tion.

Supporting Information (see footnote on the first page of this arti-
cle): Absolute energies of the species involved in mechanisms A and
B and those of TS2A for systems of N-sulfonyl imines [R = CH3-,
4-(CH3)-C6H4-, C6H5-, 4-(CF3)C6H4-, -CF3, and 4-(NO2)C6H4-] as
well as the corresponding atomic coordinates.
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