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A theoretical analysis of the silver-induced ring expansion ofN-chloro-N-methyl-1-hydroxycyclopropylamine
to form N-methyl-2-azetidinone, and of the Cl- elimination from this substrate without Ag+ assistance, was
performed using the B3LYP method and the 6-31+G(d) basis set for C, N, O, H, and Cl atoms and the
relativistic effective core pseudopotential LANL2DZ complemented with one set of f polarization functions
(úf ) 0.473) for the Ag atom. The partial Ag+-assisted extrusion of Cl- at the rate-determining transition
state provokes an important change in the nodal properties of the frontier molecular orbitals of the
H3CClNCOHAg+ fragment, thus making very stabilizing HOMO-LUMO interactions between this fragment
and the C2H4 moiety possible. This interaction leads to the ring opening and release of most of the strain
energy, giving rise to a low energy barrier for the process. Also, by assisting the Cl- extrusion, Ag+ avoids
the elimination of the hydroxyl hydrogen atom, which would provoke the fragmentation of the system instead
of the formation of theâ-lactam.

Introduction

The synthesis ofâ-lactams has received considerable attention
in the past few years because of their potential antibacterial
activity1-7 and their role as precursors in the preparation of
different natural and unnatural products.8,9 Among the many
synthetic methods developed to obtainâ-lactams (the Staudinger
cycloaddition reaction between ketenes and imines, the ester
enolate-imine condensation, the cyclization ofâ-amino car-
boxylic acids and esters, the cyclizations ofâ-functionalized
amides, imidates, and hydroxamates, the cycloaddition of
chromium-carbene complexes with imines, the oxidation of
azetidines, and the ring contraction of 4-azido-2-pyrrolinones
to 3-cyano-2-azetidinones),1-7 one of the most appealing routes
is the ring enlargement of amine adducts across cyclopro-
panones, initially proposed by Wasserman et al.10-15 This author
has presented a general application of this method (see Scheme
1) that consists of adding primary amines to cyclopropanoneA
to get labile carbinolamineB, which may be converted to
N-chloro derivativeC by addition of tert-butyl hypochlorite
(Gassman reaction). Treatment of theN-halo derivative with
silver ion in acetonitrile leads to the formation ofâ-lactamD.11

This method has been extended for the preparation ofâ-lactams
from amino acid esters,14 which participate in the sequence
shown in Scheme 1 in the place of the primary amine. The major
drawback of this elegant synthesis is the difficult accessibility
of cyclopropanone, but in the last years this procedure has
reappeared in the literature as a regioespecific rearrangement
to obtain 1,4,4-trisubstituted 2-azetidinones from conveniently
substituted cyclopropanones.16

In a previous investigation, we studied the silver-induced ring
expansion ofN-chloro-N-methyl-2,2-dimethyl-1-hydroxycyclo-

propylamine andN-chloro-N-methyl-1-hydroxy-2-methoxycar-
bonyl-2-methylcyclopropylamine to yield the corresponding 4,4-
disubstituted-2-azetidinones.17 In that work we found that both
processes are regioespecific and proceed very easily in dichlo-
romethane through Gibbs energy barriers of 1.2 and 4.3 kcal
mol-1, respectively. However, the origin of the readiness of
those two ring-expansion reactions and the role played by the
silver cation in their mechanism are two important issues that
need further investigation. A more efficient use of any synthetic
tool requires a deeper understanding of the mechanism of the
process. This deeper insight can be gained by extracting the
wealth of information contained in the orbitals and electron
density of the system. To this end, here we present a theoretical
analysis of the silver-induced ring enlargement ofN-chloro-N-
methyl-1-hydroxycyclopropylamine to formN-methyl-2-azeti-
dinone, and of the Cl- elimination from this substrate without
Ag+ assistance.

Computational Details

Quantum chemical computations were performed using the
Gaussian 98 series of programs18 with the hybrid density
functional B3LYP method,19 which combines Becke’s three
parameter nonlocal hybrid exchange potential with the nonlocal
correlation functional of Lee, Yang, and Parr. The 6-31+G(d)
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SCHEME 1: Preparation of 2-Azetidinones from
Cyclopropanone
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basis set20 for C, N, O, H, and Cl atoms, and the relativistic
effective core pseudopotential LANL2DZ21 complemented with
one set of f polarization functions (úf ) 0.473) for Ag were
used in the calculation. The geometries of stable species were
fully optimized using Schlegel’s algorithm.22 Harmonic vibra-
tional frequencies were calculated at this same theory level to
characterize the critical points located and to evaluate the zero-
point vibrational energy (ZPVE). Intrinsic reaction coordinate
(IRC) calculations were also carried out to check the connection
between the TSs and the minimum energy structures using the
Gonzalez and Schlegel method23 implemented in Gaussian 98.

Thermodynamic data,∆H, ∆S, and∆G (298.15 K, 1 atm),
were computed using the B3LYP frequencies within the ideal
gas, rigid rotor, and harmonic oscillator approximations.24

To take into account condensed-phase effects, we used a self-
consistent-reaction-field (SCRF) model proposed for quantum
chemical computations on solvated molecules.25-27 The solvent
is represented by a dielectric continuum characterized by its
relative static dielectric permittivity,ε. The solute, which is
placed in a cavity created in the continuum after spending some
cavitation energy, polarizes the continuum, which in turn creates
an electric field inside the cavity. This interaction can be taken
into account using quantum chemical methods by minimizing
the electronic energy of the solute plus the Gibbs energy change
corresponding to the solvation process that is given by28

whereEint is the solute-solvent electrostatic interaction energy

In this equation,Vel is the electrostatic potential created by the
polarized continuum in the cavity,RR andZR are the position
vector and charge of the nucleusR, respectively, andF(r) is
the electronic charge density at pointr. We calculated the
electrostatic potential,Vel, by employing the united atom
Hartree-Fock (UAHF) parametrization of the PCM26,29model
as implemented in Gaussian 98. The solvation Gibbs energies,
∆Gsolvation, along the reaction coordinate were evaluated from
single-point PCM-UAHF calculations on the gas-phase opti-
mized geometries at the B3LYP/6-31+G(d)-LANL2DZ level.
Relative permittivities of 8.93 and 36.6 were assumed in the
calculation to simulate CH2Cl2 and CH3CN as the solvents used
in experimental work.

The B3LYP electron densities were analyzed by means of
the theory of atoms in molecules developed by Bader30 using
the AIMPAC package of programs.31 The Kohn-Sham deter-
minants of the most important critical structures located along
the reaction coordinate were also studied by means of a
theoretical method developed by Fukui’s group.32 This method
is based on the expansion of the molecular orbitals (MOs) of a
complex system, AB, in terms of the MOs of its constituent
fragments, A and B, using the geometry each fragment has in
the corresponding critical structure and the performance of the
configurational analysis. The configurational analysis is per-
formed by writing the determinant constructed by the Kohn-
Sham MOs of the complex system,Ψ, by a combination of
various fragment electronic configurations

whereΨ0 (zero configuration, AB) is the state in which neither

electron transfer nor electron excitation takes place andΨq

stands for monotransferred configurations,Ψofu′, in which one
electron in an occupied MO, o, in one of the two fragments A
or B is transferred to an unoccupied MO, u′, of the other
fragment (A+B-, and A-B+ configurations), monoexcited
configurations,Ψofu, in which one electron in an occupied MO,
o, of any of the two fragments is excited to an unoccupied MO,
u, of the same fragment (A*B and AB* configurations), and so
on. This configuration analysis, which has proved useful for
understanding the physicochemical features of chemical interac-
tions, was performed by means of the ANACAL program.33

The Kohn-Sham orbitals were also analyzed by means of an
NBO (Natural Bond Orbital) analysis.34

Results and Discussion

First we present the results obtained for the ring expansion
of N-chloro-N-methyl-1-hydroxycyclopropylamine assisted by
Ag+, eq 1, and then the mechanism found for the elimination
of HCl from this same substrate in the absence of Ag+.

Ring Expansion of N-Chloro-N-methyl-1-hydroxycyclo-
propylamine in the Presence of Ag+. N-Chloro-N-methyl-1-
hydroxycyclopropylamine can exist in two isomeric forms with
the hydrogen atom bonded to the oxygen in the syn or anti
position with respect to Cl, respectively (see Figure 1). The syn
isomer in Gibbs energy in CH2Cl2 (CH3CN) solution is 0.6 (0.2)
kcal mol-1 more stable than the anti one (see Table 1), with
both conformers being connected through a transition state (TS)
3.6 kcal mol-1 above the syn isomer in both solvents. Despite
this, the anti isomer presents the most adequate conformation
to interact with Ag+ along the reaction coordinate for reaction
1 and thus we will consider the process for this isomer.

We will report first the electronic energy profile including
the zero-point vibrational energy (ZPVE) correction and then
the Gibbs energy profile both in the gas-phase and in solution.

Reaction 1 proceeds under the energy level corresponding
to the reactants and starts with the formation of an adduct,CAG,
39.8 kcal mol-1 more stable than the reactants, in which Ag+

bonds simultaneously to the chlorine atom at a distance of 2.656
Å and to the oxygen atom at a distance of 2.384 Å. The
cyclopropyl ring remains atCAG practically unaltered.CAG
can evolve to the nitrenium intermediate,I , and a AgCl
molecule, 37.0 kcal mol-1 under reactants, throughTSCAGI ,
4.6 kcal mol-1 aboveCAG. At TSCAGI , AgCl is practically
formed as the AgCl bond distance is 2.453 Å (at the theory
level employed by us the bond distance in the isolated AgCl is
2.362 Å). Both C1-C2 and C1-C3 bonds lengthen, particularly
C1-C3 that becomes 1.650 Å (see Figure 1 for atom number-
ing). I evolves through the TSTSIP for rotation about the C1-
C2 bond and formation of the new C3-N bond with an energy
barrier of 0.4 kcal mol-1 to yield the final protonatedâ-lactam
+ AgCl, 84.9 kcal mol-1 more stable than separate reactants.

In the gas phase, the thermal correction to the energy is
similar for all of the critical structures along the reaction
coordinate. Entropy destabilizesCAG andTSCAGI by about
7-8 kcal mol-1, whereas it favors the remaining structures with
respect to reactants by 4 kcal mol-1, approximately. As a
consequence, in Gibbs energy in the gas phase the barrier
corresponding toTSCAGI is 3.8 kcal mol-1 and the exother-
micity of the process is 88.5 kcal mol-1.

∆Gsolvation) - 1
2

Eint

Eint ) ∑
R

Vel (RR)ZR - ∫Vel(r)F(r) dr

Ψ ) C0Ψ0 + ∑CqΨq
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Owing to the point charge of Ag+, CH2Cl2 (CH3CN) solvent
effects stabilize separate reactants considerably by about 28 (31)
kcal mol-1 with respect toCAG andTSCAGI , and about 17
(19) kcal mol-1 with respect to the rest of the energy profile.
Thus, in solution, the adductCAG and the intermediateI +
AgCl are 3.9 (1.0) and 23.7 (21.6) kcal mol-1 more stable than
the initial reactants. The Gibbs energy barriers corresponding
to TSCAGI and TSIP 3.1 (2.3) and 0.7 (0.6) kcal mol-1,
respectively, and the exothermicity of the process is 71.8 (69.8)

kcal mol-1. We see then that the solvent with larger relative
permittivity (CH3CN) renders a lower energy barrier for the
rate-determining step of this process. The Gibbs energy profile
in solution for this reaction is displayed in Figure 2.

Let us now analyze the critical structures located in the first
stage of the process, which is the rate-determining one, to
elucidate the assistance role played by Ag+. It is well-known
that ring strain can make three-member ring compounds
particularly reactive. However, we have found when studying

Figure 1. B3LYP optimized geometries corresponding to the critical structures located along the Ag+-assisted ring expansion ofN-chloro-N-
methyl-1-hydroxycyclopropylamine.

TABLE 1: Relative B3LYP Electronic Energies Including the ZPVE Correction, Enthalpies, Solvation Energies, and Gibbs
Energies in the Gas Phase and in Solution (kcal mol-1) for the Critical Structures Located along the Reaction Coordinate for
the Ag+-Assisted Ring Expansion ofN-Chloro-N-methyl-1-hydroxycyclopropylamine

structure ∆(Eelec+ ZPVE) ∆H ∆Ggas

∆∆Gsolvation

CH2Cl2/CH3CN
∆Gsolution

CH2Cl2/CH3CN

R-syn + Ag+ -2.5 -2.5 -2.5 1.8/2.3 -0.6/-0.2
TSs-a+ Ag+ 1.8 1.5 1.9 1.2/1.5 3.0/3.4
R-anti + Ag+ 0.0 0.0 0.0 0.0/0.0 0.0/0.0
CAG -39.8 -40.0 -32.1 28.2/31.1 -3.9/-1.0
TSCAGI -35.2 -35.3 -28.3 27.5/29.6 -0.8/1.3
I + AgCl -37.0 -36.4 -41.2 17.5/19.6 -23.7/-21.6
TSIP + AgCl -36.6 -36.7 -40.1 17.1/19.1 -23.0/-21.0
P + AgCl -84.9 -84.9 -88.5 16.7/18.7 -71.8/-69.8
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the ammonolysis of 2-azetidinone that although the release of
the strain energy (28.9 kcal mol-1) is the main thermodynamic
factor favoring the process, its kinetic influence is quite moderate
because it takes place after the transition state.35 So an issue of
interest in the present study is whether the strain energy of
N-chloro-N-methyl-1-hydroxycyclopropylamine will contribute
to facilitate the ring opening of the molecule and consequently
the whole process or not. The importance of the strain energy
accumulated would explain the exothermicity of the formation
of the nitrenium intermediate, but will this strain energy facilitate
the opening of the ring?

A topological analysis of the electron density ofN-chloro-
N-methyl-1-hydroxycyclopropylamine (see Figures 3 and 4)
shows the existence of a C1-C2-C3 ring critical point (F )
0.197 au) and clearly reflects the presence of an important strain
in this ring through the outwardly curved bond paths that
determine an important ellipticity for the three constituent C-C
bonds. These bonds have ellipticity values similar to those found
for cyclopropane (ε ) 0.49),30 whose strain energy is 27.5 kcal
mol-1.36 The differences between the geometric and the bond
path angles of the ring are about 15-18° (see Table 2) also
similar to the value reported for cyclopropane (18.8°).30

The configurational analysis of the electronic structure of
N-chloro-N-methyl-1-hydroxycyclopropylamine in terms of the
fragments A) C2H4 and B ) CH3ClN-C-OH (see Table 3)

shows that the coefficients of the zero configuration and all of
the monotransfers and monoexcitations are null. These data
clearly indicate that HOMO-LUMO interactions between
fragments A and B lead to no stable species and bonding has
to be formed by pseudoexcitation.37 In effect, from Figure 5
we see that inN-chloro-N-methyl-1-hydroxycyclopropylamine
the HOMO-LUMO interactions between the constituent frag-
ments considered are symmetry forbidden, HOMO-HOMO and
LUMO-LUMO interactions being responsible for the molecular
cohesion.

Figure 2. Gibbs energy profiles in CH2Cl2 (CH3CN) solution for the Ag+-assisted ring expansion ofN-chloro-N-methyl-1-hydroxycyclopropylamine.

Figure 3. Most important bond lengths (Å) ofN-chloro-N-methyl-1-
hydroxycyclopropylamine, and the corresponding electron density,F,
(au) and ellipticity,ε, evaluated at the bond critical points.

Figure 4. Map of the gradient vector field of the electronic charge
density ofN-chloro-N-methyl-1-hydroxycyclopropylamine in the plane
containing the nuclei of the ring. Bond critical points are denoted by
solid circles and the ring critical point by a solid square.

TABLE 2: Differences between the Geometric Angles,rc,
and the Bond Path Angles,rb, Found for the Three-Member
Ring of N-Chloro-N-methyl-1-hydroxycyclopropylamine

angle Rc (deg) Rb (deg) ∆R ) Rb - Rc (deg)

1 60.8 79.0 18.2
2 60.5 76.8 16.3
3 58.8 74.4 15.6

Synthesis ofâ-Lactams J. Phys. Chem. A, Vol. 109, No. 34, 20057825



At the intermediate,I , the C1-C2 bond is still appreciably
bent (ε ) 0.450) but the ellipticity of the C2-C3 bond has
considerably diminished (ε ) 0.120) and neither a bond critical
point for C1-C3 nor a ring critical point were found. Therefore,
at this point of the reaction coordinate the three-member ring
is open and most of the strain energy has already been emitted.

The configurational analysis of this intermediate in terms of
the fragments A) C2H4 and B ) CH3N-C-OH+ shows that
the electronic structure of this species is determined by the
HOMO-LUMO transfer from the C2H4 moiety and the zero
configuration, with no pseudoexcitation being present already
(see Table 4). As can be seen from the nodal properties of the
frontier orbitals of A and B in Figure 6, the ordinary HOMO-
LUMO interactions between the constituent fragments are now
symmetry allowed.

Therefore, we see that the system has undergone a deep
electronic restructuring from separate reactants through the
intermediate at the end of the first stage of the process. How
has this evolution taken place?

The situation for the adduct formed betweenN-chloro-N-
methyl-1-hydroxycyclopropylamine and Ag+, CAG, is com-
pletely analogous to that in the reactant. The ring remains
practically undistorted with ellipticity values very similar to
those for the reactant, and no strain energy has been released,
whereas the ethylenic moiety is still connected to the rest of
the system through pseudoexcitation because the HOMO-
LUMO overlap between the constituent fragments is null.

A topological analysis of the electron density shows that in
the TS for the elimination of AgCl,TSCAGI , there is neither
a bond critical point between C1 and C3 nor a C1-C2-C3
ring critical point, and that the ellipticity value for C2-C3 has
diminished to half of the original value in the reactant (see
Figures 7 and 8). Therefore, at this point of the reaction
coordinate most of the strain energy has been released,
contributing to the stabilization of this structure. The ellipticity

Figure 5. HOMO-HOMO and LUMO-LUMO interactions inN-chloro-N-methyl-1-hydroxycyclopropylamine (A) C2H4; B ) CH3ClN-C-
OH).

Figure 6. HOMO-LUMO interactions in the nitrenium intermediate (A) C2H4; B ) CH3N-C-OH+)

TABLE 3: Coefficients and Relative Weights of the Most
Important Electronic Configurations for
N-Chloro-N-methyl-1-hydroxycyclopropylamine (A ) C2H4;
B ) CH3ClN-C-OH)

configuration relative weight/coefficient

A*B* (HO -LU/HO-LU) 1.0/0.47
A+B* - (HO-LU/HO-LU) 0.57/-0.35
A-B* + (HO-LU/HO-LU) 0.41/0.30
A* +B- (HO-LU/HO-LU) 0.41/0.30
A* -B+ (HO-LU/HO-LU) 0.33/-0.27

TABLE 4: Coefficients and Relative Weights of the Most
Important Electronic Configurations for the Nitrenium
Intermediate (A ) C2H4; B ) CH3N-C-OH+)

configuration relative weight/coefficient

A+B- (HO-LU) 1.0/0.72
AB 0.65/0.58
A2+B2- (HO-LU/HO-LU) 0.29/0.39

Figure 7. Most important bond lengths (Å) of the TS for AgCl
elimination,TSCAGI , and the corresponding electron density,F, (au)
and ellipticity, ε, evaluated at the bond critical points.

Figure 8. Map of the gradient vector field of the electronic charge
density of the TS for AgCl elimination,TSCAGI , in the plane
containing the C1, C2, and C3 nuclei. Bond critical points are denoted
by solid circles.
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for C1-N indicates the formation of a double bond between
these two atoms.

A configurational analysis of this TS in terms of the fragments
A ) C2H4; B ) CH3ClNCOHAg+ reveals that its electronic
structure is determined by the electron transfer from the HOMO-
(A) to the LUMO(B) and by an important back-donation from
the HOMO(B) to the LUMO(A) (see Table 5).

These data reveal an important change in the electronic
structure of the system. The partial extrusion of Cl- assisted
by Ag+ affects drastically the frontier orbitals of the fragment
(CH3ClNCOHAg+), provoking an inversion of their nodal
properties as displayed in Figure 9. Consequently, from this
point of the reaction coordinate the HOMO-LUMO interactions
between the constituent fragments are possible. Further, these
HOMO-LUMO interactions are very stabilizing owing to the
important stabilization of the frontier molecular orbitals of the
CH3ClNCOHAg+ fragment by the positive charge supplied by
the assisting Ag+ (εHOMO ) -0.44 eV,εLUMO ) -0.39 eV, to
compare with the corresponding values for the reactant in Figure
5).

An NBO analysis of this TS yields as the most important
Lewis structure that with an electron lone pair at C1 and a two-
electron three-enter (C1-C2-C3) interaction (I in Figure 10).
This analysis also renders a second important Lewis structure
generated by a C1 lone pair donorf C1-C2-C3 three-center
antibonding acceptor orbital interaction (II in Figure 10). We
see that the HOMO(A)-LUMO(B) interaction is now reflected
in the first Lewis structure through the three-center interaction,
whereas the second Lewis structure reflects the HOMO(B)-
LUMO(A) interaction. Further, these two structures show that
the net effect of these HOMO-LUMO interactions is the
opening of the three-member cycle by cleavage of the C1-C3
bond and the release of the strain energy in agreement with the
Bader analysis above.

Because of the release of the strain energy and the very
efficient HOMO-LUMO interactions at this point of the
reaction coordinate, the energy barrier corresponding to this TS
for AgCl extrusion is low and the system can readily evolve
through it to form the nitrenium intermediate.

Elimination of Chloride from N-Chloro-N-methyl-1-hy-
droxycyclopropylamine without Ag+ Assistance.Trying to
get a deeper insight into the role played by Ag+ in the above
process, we studied the mechanism of Cl- elimination from
N-chloro-N-methyl-1-hydroxycyclopropylamine in the absence
of Ag+.

We will report first the electronic energy profile including
the ZPVE correction and then the Gibbs energy profile both in
the gas-phase and in solution.

This process takes place from the syn isomer through a TS,
TSRCP, with an energy barrier in electronic energy+ ZPVE
of 20.2 kcal mol-1 to give a product complex,CP, with an
energy of -38.8 kcal mol-1, in which HCl, ethylene, and
N-methylisocianate are interacting in a circular arrangement.
In TSRCP, the two ring C-C bonds in which the substituted
carbon atom is involved are stretched to approximately the same
value of 1.627 Å (see Figure 11), and the leaving Cl- (2.813 Å
away from the nitrogen atom) is interacting with the hydroxyl
hydrogen atom at a distance of 2.143 Å. This interaction is
favored by the adequate orientation of the H atom in the syn
isomer. No TS was located for the Cl- elimination from the
anti isomer, which would evolve then through transformation
into the syn isomer to undergo this process. Finally, the complex
CP dissociates to yield HCl+ ethylene+ N-methylisocianate
3.2 kcal mol-1 above it. Thus, when the elimination of Cl- is
not assisted by Ag+ the system decomposes into ethylene, HCl,
andN-methylisocianate instead of yielding aâ-lactam.

The thermal correction to the energy ofTSRCP is practically
the same as that of the initial reactant, butCP and the final
products become destabilized in∆H by about 3 kcal mol-1.
Entropy slightly stabilizesTSRCP by 0.3 kcal mol-1, whereas
CP and the products are appreciably favored by it by about 13
and 25 kcal mol-1, respectively.

The effect of solvent lowers the energy barrier for the process
and increases its exothermicity, producing the∆Gsolutionprofile

Figure 9. HOMO-LUMO interactions in the TS for AgCl elimination,TSCAGI , (A ) C2H4; B ) CH3ClNCOHAg+).

TABLE 5: Coefficients and Relative Weights of the Most
Important Electronic Configurations for the TS for AgCl
Elimination, TSCAGI, (A ) C2H4; B ) CH3ClNCOHAg+)

configuration relative weight/coefficient

A+B- (HO-LU) 1.0/-0.32
A2+B2- (HO-LU/HO-LU) 0.88/0.30
A(B- (HO-LU/HO-LU) 0.66/0.26
A+B* -(HO-LU/HO-LU) 0.61/0.25

Figure 10. Most important Lewis structures for the TS for the
elimination of a AgCl molecule,TSCAGI .

Synthesis ofâ-Lactams J. Phys. Chem. A, Vol. 109, No. 34, 20057827



presented in Figure 12. In CH2Cl2 (CH3CN) solution, the product
complex,CP, becomes a transient structure and the reaction
concerted with a Gibbs energy barrier of 10.4 (8.8) kcal mol-1

and an exothermicity of 62.2 (60.7) kcal mol-1. We see then
that the larger the permittivity of the solvent the lower the energy
barrier for this process.

Let us now analyze the TS for the elimination of Cl-,
TSRCP. A topological analysis of the electron density shows
(see Figures 13 and 14) that inTSRCP the original ring remains
closed with an electron density at the ring critical point of 0.176
au, lower than in the reactant. Therefore, in this case the cannot
contribute to the stabilization of the TS reducing its correspond-
ing energy barrier. It is interesting that, as we can see in the
molecular graph in Figure 14, the bond paths corresponding to
C1-C2 and C1-C3 are curved inwardly, determining important
ellipticity values for these bonds30 and a negative value for the
difference between the geometric and bond path angle 1 (see
Table 7). The two bonds, C1-C2 and C1-C3, have weakened
appreciably, diminishing their bond critical electron density. As
indicated above, the ring critical electron density has also
undergone a parallel reduction while these two bond critical
points get closer to it tending to coalescence. All of these facts

clearly show that this ring is unstable with respect to its
fragmentation by extrusion of an ethylenic moiety.

A configurational analysis of this TS in terms of the fragments
A ) C2H4; B ) CH3ClN-C-OH shows (see Table 8) that now
the most important electronic configurations ofTSRCPare the
electron transfer from the ethylene moiety, the zero configura-
tion, and the back-donation from the CH3ClN-C-OH moiety.
This clearly indicates that there is no pseudoexcitation present
in this TS. In effect, as in the process assisted by Ag+, the
elimination of Cl- provokes the interchange of the nodal
properties of the HOMO and LUMO of B and, consequently,
the ordinary HOMO-LUMO interactions between the constitu-
ent fragments become symmetry allowed atTSRCP. However,
these HOMO-LUMO interactions now produce a smaller
stabilization of the system because the frontier MOs of the CH3-
ClN-C-OH fragment are less stable without the positive charge
supplied by Ag+ (εHOMO ) -0.28 eV,εLUMO ) -0.22 eV) and
because both fragments present a lower overlap. This lower
stabilization gained from the HOMO-LUMO interactions
between the constituent fragments would cause the evolution
of the system through C1-C2 and C1-C3 stretching and
weakening of the bonding between both fragments. As a
consequence of the strain energy retention and the lower

Figure 11. B3LYP optimized geometries corresponding to the critical structures located along the reaction coordinate for the elimination of HCl
from N-chloro-N-methyl-1-hydroxycyclopropylamine without Ag+ assistance.
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stabilization from the HOMO-LUMO interactions,TSRCP
presents a larger electronic energy barrier thanTSCAGI .

The NBO analysis renders I in Figure 16 as the most
important Lewis structure ofTSRCP. Now the interaction of
the HOMO of the ethylene moiety with the LUMO of the CH3-
ClN-C-OH fragment determines a two-electron three-center
interaction involving N, C1, and C2 while the Cl- is separated
from the rest of the system. Another important Lewis structure

is II in Figure 16, which presents the system divided into Cl-,
CH3N-C-OH, and C2H4. From this structure it is easy to

Figure 12. Gibbs energy profiles in CH2Cl2 (CH3CN) solution for the elimination of Cl- from N-chloro-N-methyl-1-hydroxycyclopropylamine
without Ag+ assistance.

TABLE 6: Relative B3LYP Electronic Energies Including the ZPVE Correction, Enthalpies, Solvation Energies, and Gibbs
Energies in Gas Phase and in Solution (kcal mol-1) for the Critical Structures Located along the Reaction Coordinate for the
Elimination of HCl from N-Chloro-N-methyl-1-hydroxycyclopropylamine without Ag+ Assistance

structure ∆(Eelec+ ZPVE) ∆H ∆Ggas

∆∆Gsolvation

CH2Cl2/CH3CN
∆Gsolution

CH2Cl2/CH3CN

R-syn 0.0 0.0 0.0 0.0/0.0 0.0/0.0
TSRCP 20.2 20.3 19.9 -9.5/-11.1 10.4/8.8
CP -38.8 -35.4 -48.1 3.3/4.0 -44.8/-44.1
Pa -35.6 -32.9 -57.7 -4.5/-2.9 -62.2/-60.7

a P ) HCl + C2H4 + N-methylisocianate.

Figure 13. Most important bond lengths (Å) forTSRCP and the
corresponding electron density,F, (au) and ellipticity,ε, evaluated at
the bond critical points.

Figure 14. Map of the gradient vector field of the electronic charge
density ofTSRCP in the plane containing the nuclei of the ring. Bond
critical points are denoted by solid circles, and the ring critical point is
denoted by a solid square.
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understand that the system will evolve fromTSRCP through
Cl- carrying the hydroxyl hydrogen atom and leaving a lone
pair of electrons on the O atom, which will form aπ system
with C1 orthogonal to the C-N one, thus determining the
fragmentation of the system in ethylene, HCl, andN-methyl-
isocianate. Therefore, this analysis shows that the elimination
of chloride fromN-chloro-N-methyl-1-hydroxycyclopropylamine
without the assistance of Ag+ causes the weakening of the
bonding between the C2H4 and the CH3ClN-C-OH fragments
and, ultimately, the fragmentation of the system in HCl, CH3N-
C-O, and C2H4 when the leaving Cl- carries the hydroxyl
hydrogen atom.38

In summary, in the silver-induced ring expansion ofN-chloro-
N-methyl-1-hydroxycyclopropylamine to formN-methyl-2-
azetidinone, the partial Ag+-assisted extrusion of Cl- at the rate-
determining TS provokes an important change in the nodal
properties of the frontier MOs of the CH3ClNCOHAg+ frag-
ment, thus making very stabilizing HOMO-LUMO interactions
between this fragment and the C2H4 moiety possible. This
interaction leads to the ring opening and the release of most of
the strain energy, giving rise to an important reduction of the
energy barrier for the process. Further, Ag+ prevents the leaving
Cl- from carrying the hydroxyl hydrogen atom, which would
give rise to the formation of HCl, CH3N-C-O, and C2H4.
Therefore, the Ag+ assistance consists not simply in favoring
the process by reducing an energy barrier, but it plays a crucial

role in avoiding the fragmentation of the system thus making
the formation of aâ-lactam possible.
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