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A theoretical study of the cycloaddition reactions of ketene Hrgllyl-, N-germyl-, andN-stannylimines

were performed at the B3LYP/6-3115(d,p) theory level using the LANL2DZ effective core potential for

Ge and Sn and taking into account the effect of diethyl ether solvent by means of the polarizable continuum
model method. According to the obtained results the reaction between keteieganthylimine is a two-

step process due to the effect of solvent, whereas the cycloaddition of keteri¢-salyimine follows a
three-step mechanism because in this case the evolution of the electronic energy along the reaction coordinate
predominates over the effect of solvent. Restannylimine the two- and three-step mechanisms are competitive.

In all the cases the rate-determining barrier corresponds to the evolution of the azadiene intermediate. The
cycloaddition of ketene and-germylimine is kinetically the most favorable reaction of the three studied by

us and can take place as a domino process. In the three cases the isomerization of the imine through the
inversion at the nitrogen atom is easier than the formation of the azadiene intermediate so that the three
processes would afford theans(-lactam.

Introduction SCHEME 1
Among the numerous methods for the synthesjs-lafctams, R. /\ﬁ Ree 0° R\N O
the cycloaddition reaction of ketenes with imines, known as JN\ + G . 1_67';'4&7 . X_J(
the Staudinger reaction, has proven to be a versatile procedurez~~g2 RSJJ\R4 R RZ RY R R? R R;'R“
for the construction of thg-lactam ring! The mechanism of
the reaction involves the nucleophilic attack of the lone pair of SCHEME 2
the nitrogen atom of an imine on the central carbon atom of a RSi
ketene and subsequent conrotatory electrocyclization of the RsSi. Q o) ReSiL o
resultant zwitterionic intermediate leading t@-dactam whose JN\ + G ., 4/”4\%7 , N
stereochemistry can be cis, trans, or a mixture of both isomers  {~>gt H)I\Rz R H o H R e
(Scheme 1%. This mechanism is based both on experimental ROH
evidence of the occurrence of a zwitterionic intermediated _ trans
on theoretical studies. decrease when going down the 14 group we planned to
It has been reported thaans-lactams have been obtained investigate the effect of this diffg(ent facilij[y of migration on
through the Staudinger reactions of ketenes Rrgilylimines the mechanism of the cycloaddition reactions of ketene with

(Scheme 2§. This is clearly a formal two-step Staudinger N-Silyl-, N-germyl-, andN-stannylimines.
reaction_ sinceO-_sinIated intermediates have been i_solated. Computational Methods

Theoretical studies have also been performed on this process o .
showing that the formation of thg-lactam ring takes place Full geometry optimizations were performed with the B3LYP
through two consecutive reactiohdhe first one consists of ~ density functional method (DFPlusing the 6-31+G(d,p) basis
the nucleophilic addition of the iminic nitrogen to the central S€tfor H, C, N, O, and Si atoms, and the effective core potential

carbon atom of the ketene, with simultaneous migration of the LANL2DZ° for Ge and Sn atoms both in gas phase and in
silyl group from the imine to the oxygen atom of the ketene to solution. All calculations were carried out with the Gaussian03

form silyl—enol intermediates. Formation of tHeésilylated series of programs. The nature of the stationary points located
B-lactam takes place via a domino reacfi@onsisting of a was further checked, and zero point vibrational energies (ZPVE)
conrotatory electrocyclization followed by a new silatropic Were evaluated by analytical computations of harmonic vibra-
rearrangement. The rationalization of htnans f-lactams are tional frequencies at the same theory level. Intrinsic reaction
obtained is possible because the energy barrier for the isomer-co0rdinate (IRC) calculations were also carried out to check
ization of the initialN-silylimine is lower than that associated ~the connection between the transition states (TSs) and the

with the formation of the &N bond. minimum energy structures using the Gonzalez and Schlegel
Given that according to theoretical studidke activation ~ Method” implemented in Gaussian03. _ .
barriers for 1,3-migration of Miigroups (M= C, Si, Ge, Sn) AGgasvalues were also calculated within the ideal gas, rigid

rotor, and harmonic oscillator approximatiorisA pressure of
*To whom correspondence should be addressed. E-mail: tsordo@ 1 atm E_md a temperature of 298.15 K were assumed in the
uniovi.es. calculations.
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TABLE 1: Relative B3LYP Electronic Energies and Gibbs Energies in Solution (kcal mot?) for the Critical Structures Located
along the Reaction Coordinates for the Three Studied Cycloadditions and for the Isomerization of the Corresponding Iming&s

AEelec AGsolution

structures Si Ge Sn Si Ge Sn
R 0.0 0.0 (0.0) 0.0 0.0 0.0 (0.0) 0.0
TSR1 8.2 4.6 (5.9) 1.2 19.3 16.1(17.2) 13.4
11 —-19.7 —-17.3 (15.7) —22.5 —-4.1 —-1.9(-0.4) —6.8
TS12 14.0 15.3(16.9) 10.6 27.6 29.0 (30.5) 24.5
12 —22.7 —22.1(20.3) —27.2 —8.3 —7.6 (—6.0) —-12.4
TS2P -0.2 —6.7 (—4.2) —-21.5 13.3 7.6 (10.0) —6.6
TS1P 18.1 15.7 (17.3) 13.2 29.0 26.8 (28.2) 24.6
P —-35.7 —37.0 35.3) —38.8 —-23.4 —24.2 (-22.4) —-25.1
ketenet+ TSiny 7.1 11.6 (12.8) 8.6 7.3 11.8(12.9) 8.9

a|n parentheses are given the results obtainedNfgermylimine at the B3LYP/6-31G(d,p) theory level through full geometry optimization
in gas phase and in solution.
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Figure 1. B3LYP geometries of all the critical structures located along the reaction coordinate for the reaction of keteNesiyith(plain),
N-germyl- (italic), andN-stannylimine (bold) optimized in solution. Distances are given in angstroms.

To take into account condensed-phase effects, we used a selfehemical computations on solvated molecdfeghe solvent is

consistent reaction field (SCRF) model proposed for quantum represented by a dielectric continuum characterized by its
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Figure 2. Relative Gibbs energy profiles in diethyl ether solution corresponding to the reaction between keté#silgtichine.

relative static dielectric permittivit. The solute, which is

corresponding to the ketené N-silylimine reaction as an
placed in a cavity created in the continuum after spending someillustration. We will discuss in the text the Gibbs energy

an electric field inside the cavity. This interaction can be taken

cavitation energy, polarizes the continuum, which in turn creates variation in solution along the reaction coordinates.

the electronic energy of the solute plus the Gibbs energy chang

corresponding to the solvation procég#ddition to AGgyasOf
the solvation Gibbs energy givésGsouion Within the different

approaches which can be followed to calculate the electrostatic
potential created by the polarized continuum in the cavity we

have employed the polarizable continuum model (PE€Mjth
the united atom Hartree=ock (UAHF) parametrizatio®. The
solvation Gibbs energiesGsonationalong the reaction coordinate

were evaluated through reoptimization of the geometry of all

species in solution. A relative permittivity of 4.33 was employe

¢ ! ! Pe tan Initially the reactants evolve through the TSR for the
into account using quantum chemical methods by minimizing n,cjeophilic attack of the nitrogen lone pair of the imine on

€the carbonyl carbon atom of the ketene with the simultaneous
migration of the MH group to yield the intermediatd. The
corresponding energy barriers are 19.3 (Si), 16.1 (Ge), and 13.4

kcal moi (Sn).11 is a 1,3-azadiene which in some cases has

been isolated and characterizenhd is 4.1 (Si), 1.9 (Ge), and
6.8 kcal mot! (Sn) more stable than separate reactants. This
intermediatell can afford the finals-lactam through a two-
step process. At the first T$S12 the closure of th@-lactam

ring takes place to give the intermedid® with an energy

d . :
to simulate diethyl ether as the solvent used in the experimentalParrier of 31.7 (Si), 30.9 (Ge), and 31.3 kcal mo(Sn). In the
work. A natural population analysis on the species in solution Sécond step the Mimigration from the oxygen atom to the
was performed to obtain the corresponding atomic chafges. nitrogen atom occurs by transformii@into the final product,

Results and Discussion

We will present now the results obtained for the cycloaddition
reactions between ketene amdsilyl-, N-germyl-, and N-

P, which is 23.4 (Si), 24.2 (Ge), and 25.1 kcal mb{Sn) more
stable than reactants. In contrast to previous theoretical studies
we also found a concerted process leading ftbro P through

the TSTS1Pfor the simultaneous MEimigration and3-lactam
ring closure with an energy barrier of 33.1 (Si), 27.7 (Ge), and

stannylimines. Table 1 collects the relative electronic energies 31-4 kcal mof (Sn). At these TSSS1P the MH; moiety
and Gibbs energies in solution for the three reactions, and FigurePrésents a positive charge of 0:58.66 e which is quite similar

1 displays the most important geometrical features of all the to thatin the finaj3-lactam (0.56-0.63 e). Accordingly, at these
critical structures located along the reaction coordinate optimized TSs the MH3 migration is practically completed, whereas the

in solution. Tables 1S3S of Supporting Information present

ring closure is just starting so that both processes are very

the absolute and relative electronic energies, the ZPVE correc-asynchronous. Therefore, from the above results we see that in
tions, and the relative Gibbs energies in the gas phase and inthe case oN-germylimines the transformation ¢f into the
diethyl ether solution for all the critical structures, and Figure S-lactam takes place in a concerted manner, whereas for
1S displays the geometrical parameters of all the critical N-silylimines the ring closure and the Mhhigration occurs in
structures optimized in the gas phase.

a consecutive fashion and fdkstannylimines both routes are
We found an analogous mechanism for the three processesompetitivel® The large value of the energy barriers impeding

investigated. We present in Figure 2 the energy profiles the evolution ofl1 both into the final product and back into
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SCHEME 3 N-stannylimines, whereas in the case Mfgermylimine the
MH, energy barrier corresponding T&1Pis lower enough to render
HsM L N I the f-lactam in a domino process. The cycloaddition of ketene
HJ\H N H)LH T H)'\H andN-germylimine is kinetically the most favorable one. In the
three cases the isomerization of the imine through the inversion
TSiny at the nitrogen atom is easier than the formation of the azadiene

intermediate so that the three processes would afforttains-
the separate reactants in the casblilylimines is the reason  S-lactam.
this intermediate has been isolated and characterized experi-
mentally. Acknowledgment. We thank Principado de Asturias for
It is interesting to note that the energy barrier To8R1 financial support (Grant PB02-045 FICyT). We also thank
diminishes from Si to Sn. It appears then that the more CIEMAT for computer facilities.
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e for N-stannylimine. AtTSR1, the MH; moiety presents an  diethyl ether solution for all the critical structures located in
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