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Abstract: The zwittazido cleavage reaction of the 4-azido-2-pyrrolinones is studied using the MP2/6-31G* and
MP4SDQ/6-31G*//MP2/6-31G* levels of theory and taking into account the electrostatic effect of the solvent by
means of a SCRF continuum model. Among the various reaction paths studied in this work, the most favored route
for the thermolysis of 4-azido-2-pyrrolinone is shown to proceed through the expulsigrfraiiNthetransconformer

of reactant. This K elimination is the rate-determining step of the zwittazido process and leads to an azirine
intermediate. The rearrangement of azirine to the zwitterionic intermediate may also proceed in a concerted manner
no nitrene minimum being located on the MP2 PES. A reaction path through the formation of a triazole intermediate
is not a competitive kinetic alternative to the Blimination from 4-azido-2-pyrrolinone. Concerning the evolution

of the zwitterionic intermediates, different competing pathways are investigated (electrocylic clogtiectams,
gauche-trandgnternal rotation, and fragmentation into cyanoketene and formaldimine). The solvent provides an
important electrostatic stabilization of zwitterions increasing the energy barriers for the fragmentation. The electronic
and steric roles of various substituents on the evolution of zwitterionic inermediates are examined through a set of
calculations at the MP2/6-31G*//HF/6-31G* SCRF level including mono- and multi-substituted structures. It is
shown that the electron donor groups at C3 and C5 and alkyl groups at N1 in the pyrrolinone ring favor the electrocyclic
closure tg3-lactams due to their torquoelectronic effect and steric hindrance, respectively, in a cooperative manner.
Therefore, the effects of substituents and solvent are required to explain theoretically the experimental results by
Moore et al. on the ring contraction of the 4-azido-2-pyrrolinones to the 3-cyano-2-azetidinones.

Introduction stituted vinyl azides. According to this model, cyclic vinyl
azides of the structural typecleave to the zwitterion2 when

The generation of reactive intermediates and the |n_duct|on X is a substituent capable of stabilizing a positive charge and
of concerted molecular rearrangements by the extrusion of ay and/or Z are anion stabilizing groups. The zwiterionic

nirogen molecule from organic azides have been extensively j,iormediate?, can then ring close t8 (ring contraction, path
investigated. Vinyl azides represent a special group of unsatur- a) or cleave to# (fragmentation, path b)

ated azides that have become an important and synthetically Thus Sch 2 deict trat f ket thesi
useful class of organic compounds due to their high reactivity IUS Scheme - depicls a strategy for cyanoketene Ssyntnesis
starting from precursors in which Y is a carbonyl group and X

in pyrolysis, photolysis, cycloadditions, and on attack by J . .

electrophiles and nucleophil&s.Nevertheless, the most general is an appropriate leaving group, suggests an independent route
. . : : = ’ . . to zwitterionic intermediate which have also been found in

r ion of vinyl azi is their thermal or photolyti nversion " ;

eaction of vinyl azides is their thermal or photolytic conversio the [2+2] cycloaddition reaction of ketenes with imines known

with loss of N, leading to diverse products. On the basis of the Staudi idand id tionale for the ri
the evaluation of a large set of thermolyses of acyclic and cyclic as the Staudinger reactiomnd provides a rationale for the ring
contraction of the 4-azido-2-pyrrolinones to the 3-cyano-2-

vinyl azides, Hassner et ahave proposed that the thermolysis i~ . . . . )
of vinyl azides to isolable 1-azirines usually takes place when azetldln.ones. which cons.tl.tutes an interesting synthetic foute
thea substituents (Rin Scheme 1) are aryl, alkyl, a heteroatom, to the blol_og|cally and cllnlc_ally |mportarﬁ-lacta_m_§5. When

the pyrrolinones were subjected to thermolysis in refluxing

and often alcoxy carbonyl. If the substituent is a proton, keto- benzene, the correspondiBigsomers of theg-lactams7, were
carbonyl, or a substituent destabilizing an adjacent positive N : . ’ " .
y g J P obtained in isolated yields ranging from 55% to 90%, depending

charge, in the case of cyclic vinyl azides, the azirine is rarely . 4 . .
isolated. Instead, rearrangement to nitriles or formation of 2" the substituents in the 4-azido-2-pyrrolinones (see Scheme
' ' 3).

heterocycles is observed. ) ) ) ) )
Particularly interesting is the so-called zwittazido cleavage . " revious theoretical wofK on the thermolysis of vinyl azide
has focused on the study of the Mxpulsion. This process

reactiod2bof certain organic azides whose foundation rests on -
the generalized mechanism outlined in Scheme 2. This has been shown to proceed thr'ough a transition structure (TS)
mechanistic model was proposed by Moore to predict the corresponding to the heterolytic rupture of the-W bond

products obtained from the thermolysis of appropriately sub- '€2ding to aziriné>< A vinyl nitrene intermediate has been
discarded as playing a significant role in this process due to its

® Abstract published i\dvance ACS Abstract€)ctober 15, 1997.
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Scheme 1
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vinyl-azide vinyl-nitrene azirine nitrile
Scheme 2 for the thermolysis of the cyclic 4-azido-2-pyrrolinone through
7 v sy s -y azirine or triaque interm_edigtes to produce the zv_vitterionic
;[ ) -Ny ) hd mterme_dlates_wul be_studled in an attempt to determine f_rom a
Ny~ X N C e T C . theoretical point of view the most significant structures (inter-
N N mediates and TSs) and energy barriers. Next, the subsequent
1 2 evolution of the zwitterionic intermediataesa the alternative
paths a and b in Scheme 2 will be considered both without
/ b substituents and with some of the experimentally used substit-
uents (Z= Cl, Ry = CH3, R, = OCH;; see Scheme 3) to analyze
ZXYD Z>:Y . X their electronic and steric effects. The electrostatic effect of
NC™ % NC the solvent will be also taken into account by means of SCRF
3 4 calculations. This theoretical study is expected to provide an
useful understanding of the mechanism of the zwittazido
Scheme 3 cleavage reaction that would make it possible to rationalize and
4-azido-2-pirrolynone zwitterion 3-cyano-2-azetidinone

(0] O-
z 90°C z _Ry 0 Ry
| N-Ry —oreme N N
1 toluene c T
N or benzene N R,

YR
3 R, CN ™2
5 6 7
% Yield
Z=Cl, R1= CH3, RZ:OCHg 55
Z:CI, R1= CHg, R2=OCH2CH3 60
Z=Cl, R4= CH,CHs, Ry=OCH,CH; 88
Z=Cl, Ry= CH(CHs),, R;=OCH,Ph 90

absence as an energy minimum on the potential energy surfac@r

(PES) when including electronic correlatié#. In addition,
theoretical and experimental evidefftdas shown that the

predict the experimental results.

Methods

Ab initio calculations were carried out with the Gaussian92/DFT
and Gaussian94 systems of progréins which extra links for the
solvent effect treatment have been adfedhe 6-31G* basis set was
used in all the calculatior’d. Stable structures have been fully
optimized, and transition structures (TSs) were located by means of
the Schlegel algorithf both in the gas phase and in solution. All the
structures reported in this work were first optimized and further
characterized by the analytical calculation of the Hessian matrix at HF/
6-31G* level. The HF/6-31G* frequencies were used to estimate the
ero point vibrational energy (ZPVE) correction to the relative energies.
0 estimate the effect of the electronic correlation on the geometry
and energy of the different minima and TSs for the nonsubstituted
structures, optimizations in vacuum were also carried out at the MP2-

formation of a cyclic 4H-triazole intermediate does not compete (£c)/6-31G* level. In addition, MP4SDQ(FC)/6-31G*//MP2/6-31G*

with the concerted Nextrusion from vinyl azide leading to
azirine. On the other hand, recent theoretical stddies the

single-point calculations were performed on the larger nonsubstituted
MP2 structures including the azo group while the contribution of triple

Staudinger reaction have made clear the strong influence ofexcitations at the MP4 level of theory was also taken into account in
substituents and solvent on the role played by the zwitterionic the rest of the nonsubstituted structures.

intermediates in the reaction mechanism.

The aim of the present work is to carry out an ab initio study
of the zwittazido cleavage reaction. First, the reaction paths

(6) (a) Burke, L. A.; Leroy, G.; Nguyen, M. T.; Sana, Nl. Am. Chem.
Soc.1978 100 3668-3674. (b) Bock, H. R.; Dammel, R.; Aygen, $.
Am. Chem. Socl983 105 7681-7685. (c) Yamabe, T.; Kaminoyama,
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40, 2095-2099.

(7) Lohr, L. I.; Hanamura, M.; Morokuma, KI. Am. Chem. Sod 983
105 5541-5547.
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M. F.; Sordo, T. L.J. Mol. Struct. (Theochenf)993 287, 193-199. (c)
Assfeld, X.; Ruiz-Lpez, M. F.; GonZez, J.; Lgpez, R.; Sordo, J. A.; Sordo,
T. L. J. Comput. Cheml994 15, 479-487. (d) Lez, R.; Sordo, T. L.;
Sordo, J. A.; GonZaz, J.J. Org. Chem1993 58, 3263-3264. (e) Lpez,
R.; Suaez, D.; Ruiz-Lgez, M. F.; GonZez, J.; Sordo, J. A.; Sordo, T. L.
J. Chem. Soc., Chem. Commu®95 1677-1678. (e) Lpez, R.; Ruiz-
Lépez, M. F.; Rinaldi, D.; Sordo, J. A.; Sordo, T. I.. Phys. Chenml996
100, 10600-10608.

(9) (@) Yamabe, S.; Minato, T.; Osamura, ¥. Chem. Soc., Chem
Commun.1993 450. (b) Coss, F. P.; Ugalde, J. M.; Lgez, X.; Lecea,
B.; Palomo, CJ. Am. Chem. So&993 115 995. (c) Cos®, F. P.; Arrieta,
A.; Lecea, B.; Ugalde, J. M. Am. Chem. So&994 116, 2085. (d) Arrieta,
A.; Ugalde, J. M.; Coss, F. P.; Lecea, BTetrahedron Lett1994 35,
442. (d) Arrastia, |.; Arrieta, A.; Ugalde, J. M.; CéssiF. P.; Lecea, B.
Tetrahedron Lett1994 35, 7825. (e) Lecea, B.; Arrastia, |.; Arrieta, A.;
Roa, G.; Lpez, X.; Arriortua, M. I.; Ugalde, J. M.; CossIF. P.J. Org.
Chem.1996 61, 3070-3079.

In order to address the role of the nondynamical electron correlation,
some complete active space multi-configurational SCF calculdfions
(CAS-MCSCF) were also carried out on some particular structures along
the reaction coordinate using the 6-31G* basis set. Dynamic correlation
effects on the CAS-MSCF optimized structures were introduced through
perturbative multireference MP2 single-point computatior{#R-
MP2). Reaction paths passing through the main TSs located in this
work for the thermolysis of 4-azido-2-pyrrolinone were studied at the

(10) (a) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Hill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. &aussian92 Revision C; Gaussian Inc.:
Pittsburgh, PA, 1992. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B;
Gill, P. M. W.; Johnson, P. M. W.; Robb, M. A.; Cheeseman, J. R.; Keith,
T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M.
A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P.
Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, JGaussian94Gaussian,
Inc.; Pittsburgh, PA, 1995.
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Figure 1. MP2/6-31G* optimized structures for the thermolysis of 4-azido-2-pyrrolinone (distances in A). The arrows display the most important

components of the transition vectors.

MP2/3-21G level by means of intrinsic reaction coordinate (IRC)
calculations using the Gofiza and Schlegel methdél. All the MCSCF
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work required to polarize the medium is exactly one-half the value of
the interaction energy. The computationv@fmay be made following

and IRC calculations were performed using the current methods different approaches. In the model used here it is obtained through a

implemented in Gaussian9%.

one-center expansion in terms of the spherical multipole moments of

Quantum chemical computations on solvated molecules and TSsthe solute including terms from order 0 td&° A relative permittivity
were carried out using a general self-consistent reaction field (SCRF) of 2.38 was used to simulate the solvents used in the experimental

model!” In this model, the solvent is represented by a dielectric
continuum characterized by its relative static dielectric permittiwity,

work (toluene and benzene).

The solute is placed in a cavity created in the continuum, the shape of Results and Discussion
which is chosen to fit as best as possible the solute molecular shape

according to the solvent accessible surfdassuming a general cavity

A. Thermolysis of the 4-Azido-2-pyrrolinone: Direct Loss

shape which is obtained using modified van der Waals solute atomic of N, from the Azo Group. Figure 1 shows the geometry of

spheres’ The solute charge distribution polarizes the dielectric which the corresponding TSs and intermediates located at the MP2/
in turn creates an electric field that modifies both the equilibrium g_31G* |evel for the thermolysis of the nonsubstituted 4-azido-
geometry and the electronic charge of the solute. One may take imoZ-pyrroIinone. Figures 2 and 3 display the structural and
account this interaction at the SCF level by minimizing the energy of energetic features resulting from the MP2/3-21G IRC calcula-

the solute plus the electrostatic free energy change corresponding to

the solvation process that is given'bs?

AG = —',E,,

whereE;y is the interaction energy:
B = Veltw)Zo = f Velr)p(r) or
[*3

In this equation)/e is the electrostatic potential created by the polarized
continuum in the cavity,, and Z, are the position vector and the charge
of nucleusa, respectively, and(r) is the electronic density at point
The factor—Y, in the free energy arises from the fact that the positive

(16) (a) Fukui, K.Acc. Chem. Resl981, 14, 363. (b) Gonzkz, C.;
Schlegel, H. BJ. Phys. Chem199Q 94, 5523.

(17) (a) Rivall, J. L.; Rinaldi, D.; Ruiz-Lpez, M. F. InTheoretical and
Computational Model for Organic Chemistfyormosinho, S. J., Csizmadia,
I. G., Arnaut, L., Eds.; NATO ASI Series C; Kluwer Academic Publishers:
Dordrecht, 1991; Vol. 339, pp 792. (b) Dillet, V.; Rinaldi, D.; Angya,

J. G.; Rivall, J. L.Chem. Phys. Letl993 202, 18. (c) Dillet, V.; Rinaldi,
D.; Rivail, J. L.J. Phys. Chem1994 98, 5034-5039.

(18) Richards, F. MAnnu. Re. Biophys. Bioengl977, 6, 151.

(19) Claverie, P. IrQuantum Theory of Chemical Reactipmaudel,
R., Pullman, A., Salem, L., Veillard, A., Eds.; Reidel, Dordrecht, 1982,
Vol. 3, pp 151-175.

(20) Ruiz-Lgpez, M. F.; Assfeld, X.; Gafey, J. |.; Mayoral, J. A;
Salvatella, L.J. Am. Chem. S0d993 115, 8750.

tions of the most important TSs for this process. The relative
energies of all the structures computed at the MP2, MP4SDQ/
IMP2, and MP2 SCREF levels are contained in Table 1. Unless
otherwise specified the relative energies given in the text
hereafter include the ZPVE correction from the HF/6-31G*
unscaled frequencies.

Scheme 4 sketches some of the structures involved in the
reaction paths for the direct loss of, Nrom nonsubstituted
4-azido-2-pyrrolinone according to our MP2 calculations.

Concerning the conformation of the azo group in the initial
reactant, our calculations predict tbis form to be more stable
than thetrans one by 1.4 and 1.6 kcal/mol at the MP2 and
MP4SDQ//MP2 levels, respectively (see Figure 1 and Table 1).
According to a van der Waals radii analysis, the origin of this
difference could be ascribed to weak steric interactions in the
transconformation between theslgroup and the Ckifragment.

A rotational TS TS in Figure 1) connecting theis andtrans
conformers was located, rendering a small energy barrier of 3.7
kcal/mol at the MP2 level (see Table 1).

A nearly planar TSTSg;s in Figure 1) was located for the
loss of one N molecule from thesis conformer of the 4-azido-
2-pyrrolinone. The most important component of the transition
vector of this TS corresponds to the breaking of the-N bond
which has a bond length of 1.875 AE$.;s (compared to 1.250
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MP2/3-21G IRC TS,

Bond distance (A) Energy (au)
2.6 1 T -444.72
2.4 4 44473
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Figure 2. IRC energy profile obtained at the MP2/3-21G level for dieelimination of N from 4-azido-2-pyrrolinone. Geometrical evolution of
significant interatomic distances is also shown.

MP2/3-21G IRC TS,

Bond distance (A) Energy (au)
3+ - 44473
2.8 4 1 -444.735
261 1 444.74

24
1 444745
.2 | ——C3-N6
L 44475
------ N6-N7
2 .
— —— C4-N6 n [ -444.755
1.8 - .
" . - [
m  Energy l. 1 .444.76
1.6 . -
| ] [ ]
_____ 4 -444.765
144~ ————==-"- !- T~ -
................ "- “\-_______________________—-— r
1.2 a L 444.77
1 d‘a , ' . . , . —L 444775
- 4 2 0 2 4 6 8 10

Reaction Coordinate (amu'? bohr)

Figure 3. IRC energy profile obtained at the MP2/3-21G level for thans elimination of N> from 4-azido-2-pyrrolinone. Geometrical evolution
of significant interatomic distances is also shown.

A at the reactant) although the GHing puckering and a  N(imine) bond distance of 2.641 A (sedWg in Figure 6) and
simultaneous rotation about the €81 bond contribute to the  is 20.1 and 28.6 kcal/mol more stable than reactant at the MP2
reaction coordinate as well (see the transition vector sketchedand MP4SDQ//MP2 levels, respectively. The IRC reaction path
in Figure 1). We also note in Figure 1 that the-&15 and for thecis N, extrusion reveals that most of the cleavage of the
N1—C2 distances in the pyrrolinone ring are elongated in 0.079 pyrrolinone ring takes place after passing.is while the N6-

and 0.028 A atTSs respectively. The calculated energy N7 bond is appreciably broken at this TS (see Figure 2).
barriers of TS with respect to theis conformer of 4-azido- The loss of one Bl molecule from thetrans conformer of
2-pyrrolinone are 44.2 and 31.2 kcal/mol at the MP2 and the 4-azido-2-pyrrolinone proceeds through a nearly planar TS
MP4SDQ//MP2 levels, respectively. According to MP2/3-21G (seeTSyans in Figure 1). TSyans Shows a more reactant-like
IRC calculations (see Figure 2) thiESs evolves to a cy- character thaif S¢js given that the N6N7 bond length is 1.776
anoketeneformaldimine complex which presents a C(ketene) A and the C4C5 bond length is increased in only 0.012 A.
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Table 1. Relative Energies (kcal/mol) of the Main Structures Involved in the Thermolysis of 4-Azido-2-pyrrolinone

structures MP2 ZPVE MP4SDQ//MP2 MP2 SCRKe = 2.38)
4-azido-2-pyrrolinongrans 0.0 0.0 0.0 0.0€3.2)
TS azidecis <> azidetrans (T Sqor) 3.9 -0.2 3.2 4.3¢2.6)
4-azido-2-pyrrolinoneis —-1.5 0.1 -1.7 —-1.1(-2.8)
TS azidecis <> gaucheint. (TSqis) 45.6 -2.8 32.4 45.3€3.5)
TS azidetrans<> azirine (T Syang 425 —2.4 31.5 42.443.3)
azirine intermediate 2.3 —4.1 —-4.1 2.2 3.1)
TS azirine<> gaucheint. (TS,w) 321 51 21.7 31.8¢3.4)
gauchevdW intermediate\(dW ) -16.9 —4.6 —25.6 —16.1 (2.3)

aZPVE correction from the HF/6-31G* frequenci@sViP2/6-31G* SCRF single-point calculations on the gas phase geometries. Solvation energies
are indicated in parentheses.

Scheme 4

4-azido-2-pyrrolinone azirine intermediate

o o}

- N2
| N-H N N-H
/

N
trans m*
(o) TSt nitrene
ﬂN_H “Na H 0o Figure 4. CAS-MCSCF(4,4)/6-31G* optimized structures of the
NEN-N - = '.‘.‘H nitrene intermediate and the TS for its ring closure to azirine.
- w  CHz
cis N a complete (4,4) active space which consists of falit*
cyanoketene-formaldimine orbitals Iocat_ed on the C—K_:4—N_6 atoms. The_ CAS-MCS(_:F
method predicts that the vinyl nitrene is a minimum (see Figure
complex 4). According to the expansion of the CAS-MCSCF(4,4)/6-
) _ ) 31G* wavefunction, the resultant nitrene minimum has an
The calculated energy barriers corresponding 8ans with electronic structure resonant between vinyl nitrene and imine

respect to the most stableis conformer of the 4-azido-2-  carbene structures. Atthe CAS-MCSCF(4,4)/6-31G* level only
pyrrolinone amount to 41.5 and 30.7 kcal/mol at the MP2 and 3.3 kcal/mol are required for the ring closure of this intermediate
MP4SDQ//MP2 levels, respectively. ThuBSuans is 2.7 and o azirine throughr Sy, (see Figure 4). Considering the crucial
0.5 kcal/mol more favored thahSc;s at the same theory levels.  importance of including the dynamical electron correlation in
Although these relative barriers are dependent on the theoreticalpredicting relative energie?, MR-MP2/6-31G* single-point

method used (see Table 1), it is clear that theeimination ~  calculationd® were also performed on vinyl nitrene afi®n,
constitutes the rate-determining step in the mechanism for therendering an almost negligible energy barrier for the ring closure
zwittazido cleavage reaction of 4-azido-2-pyrrolinéheThe of 0.4 kcal/mol without ZPVE correction. Moreover, when the

highest theory level used predicts energy barriers for these N zpVE correction calculated at the HF/6-31G* level is included,
elimination close to some experimental values for related TS, turns out to be 0.8 kcal/mol more stable than the nitrene.
thermolyseé’. In constrast with theis N, elimination, an MP2/ Thus, in agreement with previous Wd:i(kz we find that
3-21G IRC calculation shows that tians N elimination is dynamical electronic correlation discards the vinyl nitrene route
accompanied by the N6C4—C3 ring closure to yleld an azirine for the therm0|ysis of 4_azid0_2_pyrro|in0ne_
intermediate (see Figure 3) in accordance with the favorable  according to MP2 calculations the ring opening of the azirine
orientation of a N6 lone pair toward the C3 atomTiyans. intermediate gives the cyanoketerfermaldimine complex
This azirine intermediate is 0.4 kcal/mol more stable than the through TS, in Figure 1. The transition vector of this TS is
cisvinyl azide at the MP2 level (4.3 kcal/mol at the MP4SDQ/ analogous to that fof Sgis presenting a C3C4—N6 bending
IMP2 level, see Figure 1). motion and a more pronounced contribution from the;@Hg
Vinyl nitrenes have also been proposed as intermediates forpuckering and rotation about the €Bl1 bond. These last
the thermolysis of vinyl azide. Given that a vinyl nitrene  motions would play an important role to avoid the small-angle
for the thermolysis 4-azido-2-pyrrolinone is located at the HF/ strain in the ring opening of pyrrolinone. The calculated energy
6-31G* level but does not exist on the MP2/6-31G* PES, it barrier for the ring opening of azirine is 28.8 (MP2), 24.8
seems convenient to investigate the role of nondynamical (MP4SDQ//MP2), and 21.3 (MP4SDTQ//MP2) kcal/mol with
electron correlation on this part of the PES. CAS-MCSCF/6- respect to azirine. These values lie in the typical range observed
31G* optimizations on the singlet state were carried out using for pericyclic reactiong? It is interesting to note that following

(21) To investigate a possible biradical character of this TS, a CAS- the definition proposed by HergésT S, could be considered

MCSCF/6-31G*//MP2/6-31G* single-point calculation was performed using as an example of @Oamtate TS for the lone pairfive-
a (8,8) active space of 8 electrons andr/&* and 2 o/o* orbitals more membered ring terminators processes.

directly involved in the bond making and breaking. The HF electronic
configuration was observed to clearly dominate the multideterminant (22) Borden, W. T.; Davidson, E. RAcc. Chem. Re4.996 29, 67—75.
expansion of the CAS-MCSCF wave function in which the corresponding (23) Houk, K. N.; Li, Y.; Evanseck, J. DAngew. Chem., Int. Ed. Engl.
coefficient has a value of 0.91. Therefore, nondynamical electronic 1992 31, 682—708.

correlation is expected to play a minor role in this part of the PES. (24) Herges, RAng. Chem., Int. Ed. Engll994 33, 255-276.
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Figure 5. MP2/6-31G* optimized structures for the thermolysis of 4-azido-2-pyrrolinone through a triazole intermediate (distances in A).

Scheme 5
4-azido-2-pyrrolinone triazole intermediate diazo intermediate
o
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| N-H N N-H ———— N
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The calculated solvation energies for all the structures located Table 2. Relative Energies (kcal/mol) of the Main Structures
along the reaction coordinate from vinyl azides to the azirine Involved in the Thermolysis of 4-Azido-2-pyrrolinone through a
or cyanoketeneformaldimine intermediates have moderate 17aZole Intermediate

values around 3 kcal/mol at MP2 SCRF level using the gas- MP4SDQ// MP2 SCRE
phase geometries (see Table 1). Thus solvation energies do structures MP2 ZPVE  MP2 (e=2.38)
not introduce important changes in the relative energies of those4-azido-2-pyrrolinoneis 0.0 0.0 0.0 0.042.8)
structures. The most significant changes in solution occur for TS&ZSideSiS*’"iamle 39.0 -13 401 38.942.9)
the energy d|ffere'nce. betwgen this a'mdt.rans conformaﬂons triazolg?lntermediate 13.9 16 6.2 1224.4)
of the azo group in vmyl_am_des which is rgduced in Q.4 kcall 15 triazole< gauchent. 293 -2.8 357 28.1¢4.0)
mol, and the N cis elimination from 4-azido-2-pyrrolinone (TS2w)
which is slightly favored by 0.2 kcal/mol at the MP2 SCRF TStriazole< diazoint. 23.2 -1.6 30.0 21.944.1)
level. (TSdiazd

B. Thermolysis of the 4-Azido-2-pyrrolinone: Triazole diazo intermediate 09-16 -34 -07(43

Route. Scheme 5 summarizes the mechanism for the ther- 2ZPVE correction from the HF/6-31G* frequenciéMP2/6-

molysis of 4-azido-2-pyrrolinoneia a triazole intermediate ~ 177408n* page single-point calculations on the gas phase geometries.

according to our calculations. Figure 5 shows the located Solvation energies are indicated in parentheses.

structures for the rearrangement and fragmentation of the

bicyclic triazole intermediate, while Table 2 contains the . . )

corresponding relative energies at the different levels of theory. N8 forming bond is not much advanced. The IRC reaction path
According to our calculations the corresponding TS for ring at the MP2/3-21G level confirms thatSyz0e connects both

closure fromcis 4-azido-2-pyrrolinone to the bicyclic triazole ~ Minima, giving energy barriers of 37.0 and 38.8 kcal/mol at

structure TSazle in Figure 5) is clearly a highly destabilized the MP2 and MP4SDQ//MP2 levels, respectively. Atthe MP2

structure in which the azo group is very distorted and theeC3 and MP4SDQ//MP2 levels the triazole intermediate (see Figure
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Scheme 6
zwitterions
B-lactam gauche intermediate trans intermediate
. 0- -
o R ellectrocyllc 7 R isomerization 't
N closure %N* \%N+4\R2
—_— |
ZYN\R c lR ¢ R
CN ™2 N 2 N
fragmentation
Z, H
,C=C=0 + ,C=N,_
CN 2 R4

cyano-ketene

5) is less stable than thas 4-azido-2-pyrrolinone by 15.5 and
7.8 kcal/mol, respectively (see Table 2).

formaldimine

located on this area of the MP2 PES in gas phase is a planar

vdW complex,vdWg, which results from the opening of the

Scheme 5 shows two possible pathways for the subsequenyrrolinone ring (see Figure 6). In contrast, a platrans

evolution of the triazole intermediate. The extrusion of a N
molecule from the triazole to yield a cyanoketefiermaldimine
complex proceeds in a concerted manner throl§,,, (see

zwitterionic intermediatel; in Figure 6, appears on the MP2
PES in which the C(keteneN(imine) bond distance has a value
of 1.588 A and is 0.6 kcal/mol less stable thadWg at the

Figure 5). MP2/3-21G IRC calculations show that most of the MP2 level (see Table 3). At the MP2 level the fragmentation
opening of the pyrrolinone ring takes place after the extrusion of this trans intermediate requires only 0.6 kcal/mol through
of the Nb molecule. The energy barriers for this process with TS; in Figure 6 and leads to a planar vdW structweW: in
respect to the triazole intermediate amount to 11.0 and 25.0Figure 6). At the MP2 levelydW; andvdWg have nearly the
kcal/mol at the MP2 and MP4SDQ//MP2 levels of theory, same energy and are connected to each other through a
respectively. The ring opening of the triazole intermediate can conformational rotation TSTS,vdW in Figure 6) with an
also occuria a 1,3-dipolar intramolecular cycloreversion TS energy requirement of 1.7 kcal/mol. BotlW, and vdW,
(TSdiazo in Figure 5) which leads to an open-chain intermediate complexes can directly dissociate without an energy barrier into
(diazoin Figure 5). This pericyclic TS is a more stable structure isolated cyanoketene and formaldimine, which are about 7 kcal/
than TS2y, presenting energy barriers of 6.1 and 20.6 kcal/ mol higher in energy than the vdW complexes (see Table 3).
mol at the MP2 and MP4SDQ//MP?2 levels, respectively. The  The minimum energy path for the formation gflactams
resultant diazo compound has a relative energy with respect tofrom the zwitterionic intermediates proceeds, as in the Staudinger
triazole of—16.2 and—12.8 kcal/mol at the same theory levels. reaction8 along a conrotatory electrocylic closure. Figure 6
Concerning the electrostatic effect of solvent along the shows the optimized TS.S,, for the ring closure of thgauche
reaction coordinate passing through the triazole intermediate,vdW intermediate to give 3-cyano-2-azetidinone. In this TS,
the calculated MP2/6-31G* SCREF relative energies do not show the cyano group presents award orientatior§®f as a conse-
important changes with respect to those in gas phase apart fronguence of theynrelationship between cyano and formaldimine

a moderate stabilization of-42 kcal/mol of the triazole and
diazo compounds (see Table 2).

groups at the intermediate. The energy barrier corresponding
to TS, with respect to therdWg structure is 27.5 kcal/mol at

According to the results presented above, the energy profile the MP2 level, similar to the MP4//MP2 predicted value of 28.3

via a triazole intermediate is clearly more unstable than that kcal/mol.

for the Nb elimination from 4-azido-2-pyrrolinone. Thus, the

The reaction energy corresponding to this ring
contraction computed at MP2 level amounts-t26.7 kcal/mol

triazole route does not constitute a competitive kinetic alternative (—25.3 at the MP4//MP2 level) relative tadW.

to the N elimination from the initial reactant leading to the

cyanoketeneformaldimine complex as the first step of the

zwittazido cleavage reaction.
C. Evolution of the Cyanoketene-Formaldimine Zwit-

terionic Intermediates. Scheme 6 depicts several paths for

the evolution of the cyanoketenéormaldimine zwitterionic

In contrast with the thermolysis of vinyl azides discussed
above, the electrostatic influence of solvent appears to play a
decisive role in the nature of the cyanoketef@maldimine
intermediates, as expected from the large charge polarization
present in these structures. This crucial effect of solvent has
been previously recognized in the study of the Staudinger

intermediates. Figure 6 shows the geometry of the correspond-reaction between ketenes and imige$.Therefore, we carried
ing TSs and intermediates located both in vacuum and in out optimizations in solution at the MP2/6-31G* SCRF level
solution at the MP2/6-31G* level. The relative energies of these (¢ = 2.38) in order to estimate properly the role of solvent in

structures are contained in Table 3.

HF calculations render gauchezwitterionic intermediatéy
which is 27.8 kcal/mol more stable than tlees 4-azido-2-
pyrrolinone. This intermediate could also be formed bsya
attack of formaldimine on cyanoketene. Tduati structuréf is
not considered in this work since only tegnstructure can be

the nature and evolution of the cyanoketefiemaldimine
intermediates. Figure 6 and Table 3 display the geometric and
energetic data of the located intermediates and TSs in solution.
The most remarkable outcome of the optimization in solution
is that a stable nonplangauchezwitterionic intermediatéy is
located on the MP2 SCRF PES in contrast with the gas-phase

obtained in the thermolysis of the 4-azido-2-pyrrolinones. The PES where no such structure was found (see Figure 6). This

inclusion of electronic correlation at the MP2 level causge

donor—acceptor intermediate has a C(ketend)imine) bond

disappear from the PES. The only minimum energy structure distance of 1.577 A and presents a nonplanar structure due to
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Figure 6. MP2/6-31G* optimized structures both in gas phase and in solution for the evolution of the zwitterionic intermediates (distances in A,

and values in parentheses correspond to MP2/6-31G* SCRF optimized structures).
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Table 3. Relative Energies (kcal/mol) of the Main Structures Involved in the Evolution of the Nonsubstituted Zwitterionic Intermediates

structures MP2 ZPVE MP4SDQ//MP2 MP2 SCRKe = 2.38)
gauche intermediaté) - 0.0 - 0.0
TS gaucheint. < gauchevdW int. (TSg) - -1.2 - 2.0
gauchevdW intermediate\dW ) 0.0 —2.4 0.0 —-0.4(-2.3)
transintermediate I) -2.2 0.4 —0.6 —5.9 (-5.5)
TS transint. <> transvdW int. (TS, 0.2 -1.4 0.4 -
transvdW intermediate\(dW) 0.0 —-25 -0.1 -
TS gaucheint. < transint. (TS,) - -0.6 - 1.7
TS gauchevdW < transvdW (gas phase)lS,vdW) -
gauchevdW < transint. (solution) 's,vdW) 22 29 23 13€27)
TS electrocyclic closureTS) 25.8 -0.7 26.6 22.944.7)
3-cyano-2-azetidinone -30.7 1.6 —-27.3 —32.7 (-3.8)
formaldimine+ cyanoketene 8.6 —-3.6 8.3 6.7 £3.7)

aZPVE correction from the HF/6-31G* frequenciéOptimization in solution at the MP2/6-31G* SCRF level. Solvation energies are indicated

in parentheses.

the steric interaction between the cyano group and the form- required to dissociate this intermediate throdgy to yield a
aldimine moiety. At the MP2 SCRF level, 0.8 kcal/mol are vdW complex which is 2.8 kcal/mol more stable thign(see
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Figure 7. Sketch of the main substituted structures involved in the evolution of the zwitterionic intermediates. Relative energies (kcal/mol) at the

MP2/6-31G* SCRF{ = 2.38) level using the HF/6-31G* gas-phase ge
also indicated.

Figure 6). A TS for the internal rotation about the C(cy-
anoketene}N(imine) bond TS, in Figure 6) connectsy with

It in solution, giving an energy barrier of 1.1 kcal/mol with
respect tdg. In addition, the MP2 SCRF optimization shows
that the C(ketene)N(imine) bond distance in solution is 0.031
A shorter in thetrans intermediate than in the corresponding
gas-phase structurevdW; and TS; structures which were
already very close in structure and in energy in the MP2 gas-

ometries and including ZPVE correction from HF/6-31G* frequencies are

performance of the MP2//HF calculations on the nonsubstituted
system, calculations were carried out optimizing the substituted
structures at HF level in the gas phase and performing MP2
single-point calculations on the HF structures both in the gas
phase and in solutiof?. Furthermore, the experience gained

from the topology of the PES in the nonsubstituted case allowed
us to focus our attention on the most chemically significant
critical points for the substituted systems. Figure 7 shows the

phase PES (see Table 3 and Figure 6) coalesce in solution whersubstituted structures that were studied along the reaction

optimizing at the MP2 SCRF level. In solutiohS,vdW
connectd; andvdWjg structures with an energy barrier of 1.2
kcal/mol with respect thgauchevdW cyanoketeneformaldi-
mine structure.

coordinate and indicates their relative energies calculated at the
MP2/6-31G*//HF/6-31G* SCRF level, including the ZPVE
correction from the HF/6-31G* frequencies (unless otherwise
indicated, energies cited in the text hereafter correspond to this

On the other hand, the electrostatic effect of solvent decreasegheory level). Some molecular properties of the different

the energy barrier connecting the zwitterionic intermediates with

substituted g structures are collected in Table 4. First, the effect

the -lactam whereas the energy barriers for fragmentation to of each substituent is discussed separately, and subsequently
y|e|d the Corresponding van der Waals Comp|exes are increasedthe simultaneous effects of two and the three substituents will
Thus, at the MP2 level the energy barrier for the electrocylic be considered.

closure of thevdWy complex in gas phase is 27.5 kcal/mol while
in solution the ring closure takes place from a moderately stable
gauchezwitterionic intermediate with an energy barrier of 22.2
kcal/mol. It appears then that the electrostatic effect of solvent
favors the formation of theg-lactams from the zwitterionic
intermediates. However, the solvent effect in the cyanoketene
formaldimine system result is clearly insufficient to explain a
significant stereochemical ring closure to fofislactams given
that the energy barrier for the dissociation of thauche
intermediate structure (0.8 kcal/mol at the MP2 SCREF level) is
much smaller than that for the electrocyclic closure (22.2 kcal/
mol at the same level)Therefore, a crucial role must be played
by substituents in thevelution of the zwitterionic intermediates

D. Evolution of the Substituted Zwitterionic Intermedi-
ates. We shall discuss now the effect of substitution at three
different positions of the cyanoketentormaldimine zwitter-
ionic intermediates. The following groups were choser=Z
Cl, Ry = CH3, and R = CH30 (see Scheme 3). Owing to the

The presence of the chlorine atom provokes a greater
interaction between €lcyanoketene and formaldimine moieties
in the zwitterionic intermediates: the C(keten&)(imine) bond
distance is slightly shortened in 0.021 Algtand the HF NB@
charge transfer from the formaldimine moiety to cyanoketene
is increased in 0.029 au with reference to the nonsubstituted
case (see Table 4). This can be understood in terms of the
electron-withdrawing effect of the chlorine atom conferring a
greater acceptor capability to the substituted cyanoketene whose
LUMO orbital energy decreases by 0.04 au. On the other hand,
the z-donor effect and theutward alignment of the chlorine
atom stabilize the TS for the electrocyclic closur&,, by means

(25) In general, for the nonsubstituted systems studied in this work, the
MP2//HF and MP2 relative energies manifest a good agreement. In addition,
the solvation energy calculated on gas-phase optimized structures (not
detailed here) compare well with that calculated on structures optimized in
solution and reported in Table 3.

(26) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, J-.Chem. Phys.
1985 83, 735. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re.

size of the substituted systems and on the basis of the goodi198g 88, 899.
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Table 4. Molecular Properties of the Substitutgduchelntermediates ¢) Optimized at the HF/6-31G* Theory Level in the Gas Phase

Z=HR= Z=Cl,Ri= Z=H,R= Z=H,Ri= Z=ClLRi= Z=HR= Z=ClLRi= Z=ClLR =
properties H R, =H H,R=H HR=0CH; CH;;Ri=H CH3; Ri=H CH; R,=0CH; H,R,=0CH; CHs R, =OCH;
C(keteney-N(imine 1.564 1.543 1.531 1.560 1.540 1.532 1.514 1.518
bond distance (A)
imine — ketene NBO 0.509 0.538 0.550 0.517 0.547 0.578 0.552 0.579
charge transfer (au)
dipole moment (debyes) 6.78 8.65 8.52 6.84 8.74 7.87 10.55 9.96
AEy* 2 for fragmentation 0.9 3.2 2.0 2.2 5.7 4.8 5.4 9.4
(kcal/mol)
(2.2) (1.2) 1.3) (4.8)[1.3] (3.9)[1.5] (4.5)[2.1] (8.5) [4.8]
AE* 2 for electrocyclic 22.6 17.9 17.6 23.3 18.6 18.4 13.9 14.8
closure (kcal/mol)
(—4.7) (=5.0) 0.7) 4.0) [0.0] (4.2)[0.1] (-8.7)[1.0] (=7.8)[1.2]
mean lifer x 1013 (sp 2.8 38 5.2 7.4 7.4 2717 3.21? 1.110°

a Energy barriers computed at the MP2/6-31G*//HF/6-31G* level including ZPVE correction from HF/6-31G* frequencies and solvation energy
(e = 2.38).0AEq* between the substituted and nonsubstitutgstriicture are shown into parentheses\E; — S0AEomond iS @ measure of the
cooperative effect of substituents in the energy barriers and is shown in brackets for the two- and three-supstitutddrées® See ref 29.

of the so-called torquoelectronic effé€t?” Therefore, the for the CI- and methoxy-substituteg structures, respectively.
2-fold electronic role of the chlorine atom results in an increase The corresponding calculated increments of the energy barriers
of 1.8 kcal/mol in the energy barrier for the fragmentation of for the electrocyclic closure are 3.3 and 1.1 kcal/mol, respec-
Ig and a diminution of 4.0 kcal/mol in the energy barrier for tively.
the electrocyclic closure with respect to the nonsubstituted The inclusion of two substituents and solvent simultaneously
system. induces in all the cases an increase of about 2 kcal/mol in the
The effect of the CBO group on the evolution of the energy barriers for the fragmentation of thestructures (see
zwitterionic intermediates is mainly related to the stabilization Table 4). The most remarkable effect on the electrocyclic
of these intermediates supplied by the electron-donor ability of closure occurs when Cl and GBI groups are present, rendering
methoxy. The doneracceptor interaction between formaldi- an energy barrier of only 13.9 kcal/mol due to the nearly additive
mine and cyanoketene at thestructure is slightly strengthened  character of the torquoelectronic effect of both substituents.
according to the calculated reduction of the C(ketejmine) When the three substituents are present and the solvent is
bond distance (0.033 A) and the increase of 0.041 e of the HF taken into account, the energy barrier for dissociation ofl he
NBO?6 charge transfer from the fomaldimine moiety to cy- structure has a value of 9.4 kcal/mol, thestructure is only
anoketene with respect to the nonsubstituted system (see Tabl®.7 kcal/mol more stable thdg, and the energy barrier for the
4). Thus, the barrier for the dissociationlgishows a moderate  electrocyclic closure of théy structure is 14.8 kcal/mol (see
increment of 0.6 kcal/md® A more prominent effect of the  Table 4). These computational results indicate that the frag-
methoxy group is found iTS; where CHO is placed in an mentation and the electrocylic closure of the fully substituted
outward orientation stabilizing this TS due to the above |4 structure could be kinetically competitive processes, the
mentioned torquoelectronic effeé®’ The barrier for the B-lactams being the thermodynamically favored products by 41.6
electrocyclic closure with respect tg amounts to 17.6 kcal/  kcal/mol with respect to the isolated Cl-cyanoketene and
mol at the MP2//HF level (4.3 kcal/mol lower than the methoxyN-methylformaldimine fragments.
nonsubstituted system). When the data in Figure 7 are compared for the fully
The most important effect of the methyl group is a conse- substituted system with those for the monosubstituted systems,
quence of its steric requirements. From data in Figure 7 it canit is clear that the similar stability ofyjauche and trans
be seen that the methyl group favors théntermediate due to  zwitterionic intermediates is related to the presence of the methyl
important steric interactions between methyl and cyano groupsgroup. Similarly, the combined electronic effect of the Cl and
in thetransconformation. In this case, thensintermediate, CH3O groups on the electrocyclic closure accounts for the
I+, has a nonplanar structureC---N=C: 149.5) and is 1.5 observed diminution in the corresponding energy barrier.
kcal/mol (MP2//HF) less stable thdg. Hence, the presence  However, the most striking results are the computed barriers
of the methyl group inverts the previously observed trend for dissociation of thegaucheand trans intermediates. The
regarding the relative stability gaucheandtransintermediates. magnitude of these energy barriers (approximately 11 and 8
The rest of the relative energies and molecular properties for kcal/mol at MP2//HF level with and without estimation of
R1 = CHz do not show significant changes with respect to their solvent effects, respectively) reveals that the effect of the
corresponding nonsubstituted structures. substituents is not strictly additive and consequently, an
Concerning the effect of solvent on the monosubstituted important cooperative effect may be claimed. This is clearly
systems it can be noted that the stabilization of the zwitterionic shown bySAEqs* — Snondd AEo* as a measure of the cooperative
intermediates by the electrostatic interaction with solvent is effect in the energy barriers for fragmentation and electrocyclic
slightly reinforced by chlorine and methoxy substituents owing closure (see Table 4 for the details). When passing from the
to the increase in the dipole moments induced by these groupsmonosubstituted systems to the 2-fold substituted ones, the
(see Table 4). When compared with MP2//HF calculations in cooperative effect on the energy barrier for fragmentation is
gas phase, the MP2//HF SCREF single-point calculations predictabout -2 kcal/mol. However, this cooperative effect rises
increments of 3.0 and 2.7 kcal/mol in the fragmentation barriers sharply up to 4.8 kcal/mol when the three substituents are
(27) Dolbier, W. R.; Koronial, H.; Houk, K. N.. Sheu, Gwce. Chem. included. The importe}nce of this cooperative effect is also
Res 1996 29, 471-477. reflected by the mean life for fragmentation of thestructures
F)E(SZSf)OIrn t\ﬂgwn(())fntshl?besftfiteuctte céf tsheS t?elﬁqwt?\ri“sc cg:[rzcl&i?nb%r;rtigirs &ert ?L theer in solution which was estimated using the conventional transition
investigated by means of MP2y/6-31('3* opti?nizations of theand TSy state the(_)r)?.g As Table.4 shows, the separa_te mcorporatlo.n of
structures substituted with,R= OCHs. These two critical points were  the substituents hardly increases the mean life of the substituted
confirmed to exist at MP2 level, the resultant barrier being 0.4 kcal/mol. intermediates which is around 18 s. For the disubstituted
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structures, the computed mean life increases t32) Notably,

J. Am. Chem. Soc., Vol. 119, No. 43, 188301

formation of a triazole intermediate is not a competitive kinetic

the simultaneous effect of the three substituents dramatically alternative to the M elimination from 4-azido-2-pyrrolinone.

increases the computed mean life up to®€ This large value
of the mean life would allow for equilibration of the internal

The gauchezwitterionic intermediate may undergo either an
electrocyclic closure to g-lactam or a dissociation into

energy of the zwitterionic intermediate facilitating the access formaldimine and cyanoketene. Although SCRF calculations
of the system to the electrocyclic closure channel in competition reveal that the zwitterionic structures are clearly favored by the
with fragmentation. Thus, the observed yield of 55% reported electrostatic interaction with solvent, our calculations show that

by Moore et al for the ring contraction tg-lactam of the three-
substituted azidopyrrolinones studied in the present work (Z
Cl, Ry = CHs, R, = OCHg) could be explained. On the other
hand, when R= CHg is replaced by R= CH,CHz or Ry =
CH(CHg),, yields around 8890% have been obtained. This
is in accord with our finding that the steric effect of the R
group favors thgauchezwitterionic intermediate which is the
precursor for the electrocyclic closure. In this way, trens

fragmentation of the nonsubstituted zwitterions presents very
low barriers compared to the electrocylic closure.

At the MP2/6-31G*//HF/6-31G* SCRF level including the
ZPVE correction from the HF/6-31G* frequencies, it has been
shown that the role played by substituents is critical on the
evolution of the zwitterionic intermediates. The R CH30
and Z= Cl substituents slightly strengthen the charge transfer
interaction between cyanoketene and formaldimine fragments

channel for dissociation becomes disfavored and the yield of while the R = CHs group destabilizes th&ans zwitterions

the alternative cyclization increases. Replacement =R
CH30 by R, = CH3CH,0 barely modifies the observed yield

with respect to thecis ones due to steric repulsions. The
presence of Cl and GJ& substituents reduces the energy barrier

to a 60% in agreement with the similar electron-donor character for the ring contraction of zwitterions t@-lactams by the

of these substituents.

Summary

The kinetic controlling step of the zwittazido cleavage of
4-azido-2-pyrrolinone corresponds to the loss ofardlecule
from thetrans conformer of the initial vinyl azide leading to

torquoelectronic effect. The simultaneous inclusion of the three
substituents is required in order to rationalize the experimental
data by Moore et dl. Thus, the computed energy barriers for
fragmentation and electrocyclic closure of the nonsubstituted
or monosubstituted zwitterionic intermediates are82and 18-

22 kcal/mol, respectively, whereas for the three-substituted

the azirine intermediate. For the nonsubstituted system, thestructures the corresponding values are 9.4 and 14.8 kcal/mol,
MP4SDQ/6-31G*//MP2/6-31G* energy barrier for this process respectively. Consequently, when the three substituents are
has a value of 29.1 kcal/mol including ZPVE correction from included and solvent is taken into account, the mean life of the
the HF/6-31G* frequencies. Taking into account the dynamical Zwitterionic intermediates before fragmentation is notably
and nondynamica| electronic Corre|ation’ the appearance of aincreased, thus aIIOWing a Significant formation of the thermo-
vinyl nitrene as a critical point on the PES is discarded in favor dynamically favoreds-lactam ring in agreement with experi-

of the azirine intermediate. The azirine intermediate rearrangesment. Therefore the formation of-lactams through the

to a more stable zwitterionic intermediate passing through a ZWwittazido cleavage reaction would be favored by using Z and
TS which presents an energy barrier of 24.8 and 21.3 kcal/mol Rz strong electron-donor substituents and Bubstituents

at the MP4SDQ/6-31G*//MP2/6-31G* and MP4SDTQ/6-31G*/ destabilizing thetrans conformation of the zwitterionic inter-
IMP2/6-31G* levels including ZPVE correction from the HF/ Mediates through steric hindrance.

6-31G* frequencies, respectively. A reaction path through the
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AE} is the activation barrier for fragmentation as shown in Table 5, and

the selected temperature was . JA970517J



