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Ab initio calculations a t  the RHF/6-31G* and MP2/6-31G*//6-31G* theory levels show that the 
torquoelectronic effect is present in the ketene-imine cycloaddition reactions and is an important 
factor in the control of the reaction stereoselectivity. 

The [2 + 21 cycloaddition reaction of ketenes with 
imines, usually known as the Staudinger reaction, con- 
stitutes a very efficient synthetic route to the biologically 
and clinically interesting @-lactams (Scheme I).l 

The mechanism of this reaction has been a subject of 
controversy for several years, but some experimental 
evidence appears to support a stepwise process rather than 
a concerted one.2 We have recently reported the results 
of ab initio calculations,3 which indicate that the [2 + 21 
cycloaddition of ketenes with imines takes place in a two- 
step process, through the formation of a zwitterionic 
intermediate, which undergoes a electrocyclic conrotatory 
closure to give the final @-lactam (Scheme I). A t  both the 
RHF/6-31G* and MP2/6-31G* theory levels the ring 
closure is predicted to be the rate-determining step of the 
rea~t ion .~  

The geometry of the transition structure corresponding 
to the conrotatory ring closure of the intermediate (Figure 
1) is very close to those located for the electrocyclic ring 
opening of cyclobutenes.5Jj In these cases, Houk and co- 
workers have discovered that the stereoselectivities of the 
thermal opening of 3-substituted cyclobutenes are strongly 
influenced by the electronic nature of the substituents a t  
the carbons involved in the breaking bond.5a According 
to their calculations, outward rotations of the substituents 
in position 3 are favored by donors and inward rotations 
by powerful acceptors. This new type of stereoselectivity 
has been termed torquoselectiuity.516 
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Figure 1. RHF/6-31G* optimized transition structure for the 
electrocyclic conrotatory ring closure of the zwitterionic inter- 
mediate in keteneimine cycloaddition reactions (see ref 3). 
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In order to check if the above findings on torquoselec- 
tivity hold for the case of the [2 + 21 ketene-imine 
cycloadditions we have carried out ab initio calculations 
at the RHF/6-31G* and MP2/6-31G*//6-31G* theory 
levels,' investigating the effect of several substituents on 
the transition structure corresponding to the ring closure 
step of the reaction of substituted ketenes with form- 
aldimine. The substituents studied are strong donors such 
as OH, F, and C1, a mild donor such as the methyl group, 
and a strong acceptor such as the BH2. The relative 
activation energies are indicated in Table I, and the 
corresponding transition structures located8 are shown in 
Figure 2. As can be seen from these data, there is a strong 
preference for the outward rotation of the donor groups, 
while the powerful acceptor BH2 prefers to rotate inward. 
These results are quite similar to the ones obtained in the 
case of the electrocyclic ring opening of the substituted 
cy~lobutenes.~,6 

As the transition structure corresponding to the con- 
rotatory closure of the zwitterionic intermediate is the 
rate-determining step of the ketene-imine cycloaddition 

(7) The calculations described here were performed with the GAUSS- 
IAN &? series of programs: Frisch, M. J.; Head-Gordon, M.; Schlegel, H. 
B.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. 
J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, 
L. R.; Stewart, J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. Gaussian 
Inc., Pittsburgh, PA, 1988. 

(8) The transition structures were located using Schlegel's algorithm@ 
and characterized by calculation of the Hessian matrix. 
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Table I. Influence of Ketene Substituents on the 
Stereochemistry of Ketene-Imine Cycloaddition 

0. 

OH 1 (inw) 2(out) 10.1 12.3 
c1 3 (inw) 4(out) 9.8 12.7 
F 6 (inw) 6 (out) 9.6 11.2 
CHs 7(inw) 8(out) 8.8 8.5 
H 0.0 0.0 
BH2 S(inw) lO(0ut) -12.6 -14.9 

0 Transition structures numbered ae in Figure 2. * Values in kcal 
mol-'. 

reacti0n,3*~Jo the strong preference of donor or acceptor 
groups for outward or inward rotation, respectively, could 
be decisive in the control of the stereoselectivity of this 
reaction. Thus, for example, it has been reported recently 
that the reaction of imines with fluoroketenes is very 
stereoselective, this result not being related to the steric 
requirements of the other substituent on the a-carbon of 
ketene." The only stereoisomer obtained corresponds to 
an addition of the imine anti to the fluorine of ketene 
(Scheme 11). This experimental evidence is consistent 
with the fact that an anti addition leads to an intermediate 
which undergoes the conrotatory closure via a transition 
structure having the fluorine atom in the outward position. 
The alternative addition of the imine syn to the fluorine 
of the ketene would cause the fluorine atom to rotate 
inward in the closure of the intermediate, which is 
disfavored by about 11 kcal mol-' at MP2/6-31G*//6-31G* 
level of theory, according to data in Table I. This effect 
appears to be operating also in the reactions of imines 
with several alkoxyketenes.12 

The theoretical results presented in this paper clearly 
indicates that the torquoelectronic effect could play a 
relevant role in the control of the stereoselectivity of the 
[2 + 21 ketene-imine cycloaddition reactions. 

(10) The aemnd step of the rscrction, corresponding to the electrocyclic 
closure of the zwitterionic intermediate, ie a h  the ratedetermining step 
of the reactions involving subtituted ketenes. Thus, RHF/6-310* 
calculatio~ in piogrean in our laboratory indicate that the f i t  transition 
structure ie always more stable, by about 16-20 kcal mol-', than the m n d  
traneition structure, for the reactio~ of formaldimine with fluoro-, chloro-, 
and hydroxyketene. 

(11) Araki, K.; Witchtowski, J. A.; Welch, J. T. Tetrahedron Lett. 
1991, 6461. 
(12) See, for example: Georg, G. I.; Ravikumar, V. T. in The Organic 

Chemistry of @lactame; Georg, G. I., Ed.; VCH Publishers, Inc.: New 
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Figure 2. RHF/6-31G* optimized transition structures for the 
ring closure step in the cycloaddition reaction of substituted 
ketenes with formaldimine. 
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