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Cycloaddition Reaction Paths

Joanna E. Rodé and Jan Cz. Dobrowolski*T+*

Industrial Chemistry Research Institute, 01-793 Warsaw, 8 Rydygiera Street, Poland, and National Institute of
Public Health, 00-725 Warsaw, 30/34 Chetmska Street, Poland

Receied: September 8, 2005; In Final Form: Member 22, 2005

The reaction paths of [Z 2] cycloadditions of allene (BC=C=CH,) to isocyanic acid (HN-C=0) and

ketene (HC=C=O0) to vinylimine (H,C=C=NH), leading to all the possible 14 four-membered ring molecules,
were investigated by the MP2/aug-cc-pVDZ method. In the two considered reactions, the 2-azetj@inone (
lactam) ring compounds were predicted to be the most stable thermodynamically in the absence of an
environment. Although 4-methylene-2-azetidinone is the most stable product of the kei®ylamine
cycloaddition, its activation barrier is higher than that for 4-methylene-2-iminooxetane by ca. 6 kcal/mol.
Therefore, the latter product can be obtained owing to kinetic control. The activation barriers in the-allene
isocyanic acid reactions are quite high,-5 kcal/mol, whereas in the course of the ketewiaylimine
cycloaddition they are equal to ca.-3B85 kcal/mol. All the reactions studied were found to be concerted and
mostly asynchronous. Simulation of the solvent environment (toluene, tetrahydrofuran, acetonitrile, and water)
by using Tomasi’s polarized continuum model with the integral equation formalism (IEF-PCM) method showed
the allene-isocyanic reactions remained concerted, yet the activation barriers were somewhat higher than
those in the gas phase, whereas the ketemg/limine reactions became stepwise. The larger the solvent
dielectric constant, the lower the activation barriers found. The lowest-energy pathways in the gas phase and
in solvent were confirmed by intrinsic reaction coordinate (IRC) calculations. The atoms in molecules (AIM)
analysis of the electron density distribution in the transition-state (TS) structures allowed us to distinguish
pericyclic from pseudopericyclic from nonplargsseudopericyclic types of reactions.

Introduction The discovery of monocyclig-lactam antibiotics, arousing
interest in nonantibiotic activity and use of tfidactam ring

as a synthetic building block, results in permanent interest in
the synthesis of-lactam ring compounds. Even if the aim is
to synthesize the bicyclic antibiotics, the first step is to prepare

p-lactams are the most widely employed family of antimicrobial the 2-azetidinone ring so it is suitably stereoconfigured at the
agents accounting for 50% of the world’s antibiotic market. C3 and C4 atom¥’ Numerous methods of tifélactam skeleton

Of the many different families gf-lactam drugs now known, ~ Synthesis have been proposédJsually, thefs-lactam ring is
most have a fused bicyclic framewdtkThe discovery of  formed through either keterémine or isocyanic acietolefin
monobactanfs and nocardicirfs has revealed that, to be Or allene cycloaddition. The former is known as the Staudinger
antibacterial agentg-lactams do not have to be fused bicyclic reaction, discovered long before the biological activity and
2-azetidinone compounds. therapeutic value of thé-lactam moiety were establish&dThe
Current applications of the 2-azetidinone unit molecules are cycloaddition of unsymmetrically substituted allenes to isocy-
much wider than just antibacterial agents. One of the most anates provides a general access to synthetically usediky-
promising nonantibiotic uses @lactams is the inhibition of  lidenef-lactams antibiotics of the penicillin type: carpetimy-
serine protease enzymes. Among the enzymes inhibited ef-cins® asparenomycins,and thienamicirt® Despite the synthetic
fectively by the -lactam compounds are cytomegalovirus importance of such a reaction, little has been reported on its
proteasé€, prostate specific antigéhthrombin, and elastase, mechanism and a number of literature considerations are often
which hold potential for the control of human cytomegalovirus, qualitative and contradictory. For example, the existence of an
prostate and breast cancers, thrombotic episodes, and emphyintermediaté? the classical WoodwaregHoffmann supra—
sema, respectively. 2-Azetidinones are also potent humanantra,2° and pseudoconcerted mechanisms were propdgad.
leukocyte elastadé (HLE) and cholesterol absorption inhibi-  The mechanism of the allerésocyanic acid reaction, leading
tors:* Moreover, thef-lactam ring is utilized in commercial  to 3-methylengs-lactam, was investigated by Cossio et al. at

The discovery of penicillin in 1929 a 5-lactam-containing
antibiotic, remains one of the most important contributions of
science to humanity as, from the beginning, the antibiotics have
been shown to act against bacterial infectidridowadays,

production of Taxol, a widely used anticancer dtég. the HF/6-31G* and MP2/6-31G* level.The transition-state
(TS) structures found were planar and corresponded to a
*To WhOm Correspondenpe _should be addressed. WHB)'568'24' concerted (One_step), yet asynchronous mechanism, namly’ [
21. E-mail: Jan.Dobrowolski@ichp.pl or janek@il.waw.pl. 23 h 2/6-3£G* calculati h h
TIndustrial Chemistry Research Institute. + 724]. I—_|owev_er, the MP2/6- caicu at'on_s . an
* National Institute of Public Health. that the inclusion of both electron correlation and diffuse
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functions led to a nonplanar TS, and therefore, 2 { (,2s +

25)] mechanism was proposed instead of tha; [+ .2].%*
Reactions of unsubstituted allenes vyielded 4-methyfene-
lactams?3-25 however, inclusion of substituents in the allene
moiety yielded the 3-methylene isomers. The results were
concordant with experimental findings. In experiments, allenes
substituted byr-donor functional groups were used and only
3-methylene regioisomers were obtained. Inclusion of a solvent
effect into the calculations has shown the energy profile to
change completely with respect to that found in the gas phase
the reaction has become a stepwise (two-step) prééess.

The ketene-imine Staudinger cycloadditiéhhas provided
useful and economic entries fhlactams, mainly due to the
ready availability of both, Schiff's bases and ketetesc-
cording to the experimental results of Moore and co-workers,
the cycloaddition of ketene to imine is a two-step zwitterionic

Rode and Dobrowolski

Also, for the lowest-energy pathways, the mechanisms in the
gas phase and in the solvents were confirmed by performing
the intrinsic reaction coordinate (IRC) calculations. The atoms
in molecules (AIM) analysis of critical points of the electron
density in the TSs allowed us to find arguments for a distinction
between pericyclic, pseudopericyclic, and nonplanar (NP)-
pseudopericyclic types of reactions.

This paper is organized as follows: First, the energetics of
the two [2+ 2] cycloaddition reactions in the gas phase are
‘discussed. Next, the geometrical parameters, with special
emphasis on the TSs, are analyzed. Then, the influence of
solvents on the reaction energetics and geometrical parameters
of the reaction components are modeled. Finally, reaction
mechanisms are discussed in terms of AIM analysis of the TS
structures.

process rather than a concerted one. This was also confirmed

by IR detection of a zwitterionic intermediate appearing in
thermal reactions of ketene with imines followed by a detailed
kinetic analysis by using low-temperature FTIR spectroséépy.

The first theoretical semiempirical and Hartrdeock (HF)

Calculations

All calculations were performed at the MP2/aug-cc-pvVDZ
leveP7-38which includes electron correlation effects and utilizes

investigations confirmed these results: the reaction was found@ large basis set containing both diffused and polarized functions.

to be a stepwise procedsThe ketene-imine cycloaddition

It was shown that HF theory usually overestimates barrier

mechanism toward 2-azetidinone seems to be solved unequivo€ights for chemical reactions and pure density functional theory

cally by Assfeld et al. and Truord.It was shown that the
solvent (1,4-dioxaR?2acetonitrile?®2or wate?®) significantly
stabilized the zwitterionic complex, consequently changing the
topology of the free energy surface from the one-step in the
gas phase to the two-step proc&sAs the polarity of the solvent

(DFT) usually underestimates théfhOn the other hand, it was
shown by Cossio et &k that inclusion of both electron
correlation and diffuse functions enabled us to find proper,
nonplanar, geometries of TS structures.

The TS structures were found by using the quadratic

increased, a greater stabilization of all the structures consideredsynchronous transit-guided quasi-Newton (QST3) method de-

was observed®@ Furthermore, the solvent effect was found to
lower the activation barrier by 4.5 kcal/mol in line with the
previous experimental daté

Also, the ketenevinylimine cycloaddition reaction could
possibly yield 4-methyleng-lactams?® We demonstrated that

out of the 11 possible products of such a reaction, 4-methylene-

B-lactam is the one most stable thermodynamic&lifowever,
no other theoretical nor experimental paper has dealt with this

reaction. On the other hand, we did not consider the mechanism

of this reaction, and this seems to be desirable as the
experimental findings report 2-iminooxetanes to be the main
product of the catalyzed cycloaddition reaction of vinylimine
with ketenes or aldehydés.

In both isocyanic acigallene and keterevinylimine reac-
tions, 14 molecules could possibly fodhhowever, out of them,
only the 3-methylene-2-azetidinone molecule is knGWQuite
recently, the chemistry of azetin-3-ones has been reviétved,
and some halogen derivatives of 1,2-oxazetidihesd imi-
nooxetane® have been discovered and characterized.

The objective of this study is to investigate the allene
isocyanic and keterevinylimine [2 + 2] cycloaddition reaction
paths leading to all possible four-membered ring products. To
this aim, we have performed MP2/aug-cc-pVDZ calculations
for the reactants, TS structures, and reaction products. Next
for the lowest-energy pathways, solvent environments were
simulated by the IEF-PCM method. In the calculations, solvents
of different dielectric permittivities were taken into account:
toluene € = 2.379), tetrafudrofuran (THF,= 7.58), acetonitrile
(36.64), and water (78.39). Although it was shown that water

veloped by Schlegel and co-workers, which uses a quadratic
synchronous transit approach to get closer to the quadratic region
around the TS and then uses a quasi-Newton or eigenvector-
following algorithm to complete the optimizatidf.As for
minimizations, it performs optimizations by default using
redundant internal coordinatés.

The influence of the solvent was studied for the low-energy
profiles. To model the solutesolvent interactions, Tomasi's
polarized continuum model with the integral equation formalism
(IEF-PCM) was use® In this procedure, the solvent is
mimicked by a dielectric continuum with dielectric constant
surrounding a cavity with shape and dimension adjusted on the
real geometric structure of the solute molecule. The latter
polarizes the solvent which, as a response, induces an electric
field (thereaction field which interacts with the solute. In the
IEF-PCM, the electrostatic part of such an interaction is
represented in terms of an apparent charge density spread on
the cavity surface.

Full geometry optimizations were performed both in the gas
phase and in solvents. All stationary points (minima and TSs)
were characterized as minima or transition structures by
calculating the harmonic vibrational frequencies, using analytical
second derivatives. Also, the low-energy pathways for the
reactions running in a vacuum and in all solvents were
confirmed by using the IRC method with mass-weighted
coordinateds3 Starting from the TS, the reactants and products
are unequivocally identified.

For the lowest-energy TSs in the most different environments,

reacts immediately with keten®sand isocyanaté$ yielding gas and water, the atomic charges were calculated based on the
carboxylic or carbamic acids, we simulated a water environment method that fits the charges to reproduce the molecular
to show energetic and geometrical tendencies with increasingelectrostatic potential (MEP) at a number of points around the
dielectric permittivities. molecule?*
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TABLE 1: Schematic Structures, Molecule Numbering, Names of the Systems Studied, and the Reaction Types Leading to
Them

Structure Numbering Name Obtained in reaction:

1 4-methylene-azetidin-2-one 1. allene+isocyanic acid
(4-methylene-2-azetidinone) 2. ketene+vinylimine
2 3-methylene-azetidin-2-one allene-+isocyanic acid

(3-methylene-2-azetidinone)

2-methylene-azetidin-3-one

n- vinvlimi
3 (2-methylene-3-azetidinone) ketene+vinylimine
NH
ﬁ 4 3-imino-cyclobutanone ketene+vinylimine
[0}
H
N\
(6] N .. T
\\‘ ( 5 2-imino-cyclobutanone ketene+vinylimine
(6] N\H
v 6 2-imino-cyclobutanone ketene+vinylimine

N
AN
7 H 7 4-methylene-oxetan-2-ylideneamine 1. allene+isocyanic acid
0 (4-methylene-2-iminooxetane) 2. ketene+vinylimine
H\N
Y 3 4-methylene-oxetan-2-ylideneamine 1. allenetisocyanic acid
(4-methylene-2-iminooxetane) 2. ketene+vinylimine
(6]
H
/

N 9 2-methylene-oxetan-3-ylideneamine Ketene+vinylimine
(2-methylene-3-iminooxetane) y
(6]
N
H 10 2-methylene-oxetan-3-ylideneamine Ketene-vinylimine
0 (2-methylene-3-iminooxetane) y
N
H 1 3-methylene-oxetan-2-ylideneamine allene+isocyanic acid
)\ (3-methylene-2-iminooxetane)
H\
N 12 3-methylene-oxetan-2-ylideneamine allene+isocyanic acid
(3-methylene-2-iminooxetane)
(6]
HN
o 13 2,4-dimethylene-[1,3]oxazetidine ketene+vinylimine
V 14 3,4-dimethylene-[1,2]oxazetidine ketene+vinylimine

o
|
z

SCHEME 1. Possible Product Structures Obtained from were visualized by using the Molekel 4.0 progréfithe bond
the [2 + 2] Cycloaddition of the Cumulenes Considered critical points (BCPs) (3;1) and the ring critical points (RCPs)
(3,+1) in the TS structures were localized by using the AIM2000

X \Y% X X \%
X—V
rogrant*®
R R SR =D A
Y_.
| | Ny, Y z Results and Discussion
Y V7
The [2+ 2] cycloadditions of allene with isocyanic acid (path

All the calculations were performed with the Gaussidi98 A) and ketene with vinylimine (path B) can potentially lead to

and Gaussian@8software packages. The imaginary vibrations 6 and 11 products, respectively (Scheme 1, Table 1).
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CHART 1. Energetics in the Gas PhaseAG (p = 1 atm, T = 298 K), of the [2 + 2] Cycloaddition Reaction of Allene—
Isocyanic Acid (path A) and Ketene-Vinylimine (path B) Calculated at the MP2/aug-cc-pVDZ Level

(71.9) TS,(11,12)

TTS,(4) (532)

@D TS,(7,8).

TS,(9,10) (48.49)
{TS(5,6) 474
TTS,0)_ ¢459)
[ TS, (13) | 446)
14 @26) |

| Ts,(1) G6s

| TS,(4) (33

b cn,cornnecn,: B

AG=15.7

A HNCO+CH,CCH,

99) 1 (:25.6)

However, some products differ from each other only in a TABLE 2: MP2/Aug-cc-pVDZ Relative Reaction Energies
syn—anti configuration of the imine H-atom. Therefore, the ";'tt‘r I;espelct tg dt'?e Isc}latltlad R?aqtants (kcal/mdo[) f?hr the
number of TS structures is smaller, because the same TS Cathase] cycloaddition ot afiene fo 1socyanic acid in the gas
lead to a syn or anti isomer. This is the case for the following

pairs of isomers:5 and6, 7 and8, 9 and 10, and11 and 12 AEze AES AG,AGP frequency inter”gﬁedtgﬂoﬁ
For the gas phase, selected geometrical parameters of the TSs : - ——

are presented in Figures 2 and 3. The Gibbs free energy | _leasth A a_”g_ns‘z; isocyanic acid

differences AG, defining the reaction energies and the activation  ts,(1) 30.84 50.35 7300 »(N1C4)+ »(C2C3)

barriers at 298 K, for the two types of the reaction paths are 2 —15.77 —4.61

presented in Chart 1. Furthermore, the values from Chart 1, as TSa(2) 43.67 54.50 7591 v(N1C4)+ v(C2C3)

well as the total energy differences corrected for the zero-point 7 :‘31?‘5‘ g%

energies,AEzpe, and interpretation of imaginary frequency  1g,7g 52 56 63.74 7691 1(O1C4)+ +(C2C3)

modes of the TSs, are collected in Tables 2 and 3. The HOMO 11 —0.42 11.14

LUMO orbital energy gaps for the reactants studied are gathered = 12 1.18 12.73

in Table 4. TSa(11,12) 61.34 71.85 1053i »(0O1C4)+ »(C2C3)

For the lowest-energy pathways of both reactions, different 2 AE;pe stands for energies corrected for ZPE axig}, for activation
solvent environments were included. The selected geometricalbarriers.® AG stands for the Gibbs reaction energies @l for free
parameters for the TS structures and intermediates in solutionGibbs activation barriers.The modes corresponding to the imaginary
are presented in Figure 5. For the lowest-energy pathways, thefrequenues_(crrﬂ) of the TS structures are interpreted in terms of
mechanisms in the gas phase and in solvents were confirmedntemal motions.
by IRC calculations (Figures 1 and 4). The BCPs and RCPs details and energetics of the products, intermediates, and TSs
are presented in Figures 6 and 7. Additionally, the geometric studied are collected in Tables S$4 of the Supporting
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TABLE 3: MP2/Aug-cc-pVDZ Relative Reaction Energies
with Respect to the Isolated Reactants (kcal/mol) for the wa| GAS
[2 + 2] cycloaddition of ketene to vinylimine in the gas - TS,(1) TS,(2)
phasé :
AEzpg, AEa AG, AG, frequency mode interpretation
path B: ketenet vinylimine
1 —-37.37 —25.57
TS:(2) 25.96 36.56  513i ¥(C3C4)
3 —17.96 —6.24
TS:(3) 34.31 4586  308i ¥(N1C4)
4 —27.58 —16.54
TS:(4) 22.18 33.54  424i v(C2C3) 2
5 —27.60 —16.36
6 —2556 —14.43
TS:(5.6) 35.88 4739  286i v(C1C4)+ 7(CHa)in
+ T(CHz)ket -284,49 -
7 —20.53 —8.71
8 —19.04 —-7.21
TS:(7,8) 19.65 30.82 248 v(01C4) i
9 —7.61 4.11
10 —6.92 4.82 B
TS5(9,10) 36.81 48.36 184i 7(CHy) 4
13 —4.42 7.49 H
TSs(13) 32.90 4457 500i  1¥(01C4)+ 7(CHa)vin 29455 |
14 30.86 42.58
TSs(14) 41.85 53.18  497i y(NH)
=284,57
aFor abbreviations, see Table 2.
TABLE 4: MP2/Aug-cc-pvVDZ HOMO —LUMO Orbital 284,59 T T v T
Energy Gaps Ae between Reacting Systems 0 L e b 2
Ac IRC
) ) ) Figure 1. Gas-phase IRC profiles for the allensocyanic acid and
interacting orbitals kcal/mol ev ketene-vinylimine [2 + 2] cycloadditions. The molecular scheme
HOMO (isocyanic acidyLUMO (allene) ~ —307.699 —13.34 corresponds to the bifurcation point.
HOMO (allene)-LUMO (isocyanic acid) —253.953 —11.01
HOMO (ketene}-LUMO (vinylimine) —250.671 —10.87 are quite high to be overcome in spontaneous reactions. The
HOMO (vinylimine)-LUMO (ketene) —245199 -10.63 barriers obtained by Cossio et?lat the MP2/6-3+G* level

. . are close to ouAE, values, namely, 39.7 and 43.6 kcal//fol
Information (SI)._ For the lowest-energy T_Ss in the gas phase vs 39.9 and 43.7 kcal/mol for T§l) and TS(2) in this paper,
and water, atomic charges are presented in Figure S1 of the Sl'respectively. The reaction energies expressed in term&afe

Gas Phase. EnergeticsTwo factors are important in do not agree so well.
determining the stability of a molecule: the stabilizing energy In comparison with the allerdisocyanic acid reaction, the
resulting from the formation of bonds between the atoms (the R " L
P ketene-vinylimine cycloadditions run through lower activation
enthalpy term) and the destabilizing energy due to the loss of barriers ar):d if theyylead to the same prodguct as in the path A
f involved i ining th ithin th lecul ' '
reedom involved in constraining the atoms within the molecular then they are much lower (Chart 1, Tables 3 and S2). They

structure (the entropy term). The thermodynamic function which
embraces both of these factors is the free enetgg funda- range from ca. 30 to 55 kcal/mol. The products are more
f stabilized as well.

mental quantity which controls the feasibility and the rates o ) )
all reactions. Therefore, below, we refer to thé values only. However, in the reaction path B toward proddctthermo-
It is important, however, that for all studied reactions the entropy dynamically the most stable, the activation barrier is not the
term (TAS) is quite constant (it varies within 2 kcal/mol, Tables lowest. Itis higher than the &%7,8) by ca. 6 kcal/mol, and it
S1 and S2). Thus, for the reaction studied practically, the can_be ;tated that 2-|m|n_oo_xetanes can possibly be formed owing
enthalpy term differentiates th&G values. Also, one can find 0 kinetic control. The 2-iminooxetane compounds are the main
AEpe values in Tables 2 and 3 and S1 and S2. products in the vinylimine-aldehyde or ketene cycloaddi-
For the allene-isocyanic acid [2+ 2] cycloaddition reaction, ~ ions3%%* The least stable product of the reaction is 3,4-
there are no experimental values for either reaction energies ordimethylene-[1,2]Joxazetidiné,4, with both heteroatoms built
activation barriers. On the other hand, such a reaction was theinto the ring and the barrier toward reactants equal to ca. 10
subject of theoretical investigation; however, only the com- kcal/mol only. Thus, it is likely thatl4 decomposes rapidly.
pounds endowed with thg-lactam ring structure]l and?2 (4- It is interesting to see why the activation barriers are lower
and 3-methylene-2-azetidinone), were considered at differentin the ketene-vinylimine reaction than those in the allene
levels of theory?324In this paper, we consider reactions leading isocyanic acid one. The answer can be derived simply from an
to all possible four-membered ring products. argument based on the frontier orbitals approximation (FEA).
The reactions following path A towartland2 are exoergic, According to the approximation, the stabilization effect is due
whereas those leading to the other possible products, 4- ando the (highest occupied molecular orbitédwest unoccupied

3-methylene-2-iminooxetane§, and 8 and 11 and 12, are molecular orbital) HOMG-LUMO reactant orbitals interaction
endoergic (Chart 1, Table 2). which is proportional to the overlap integr8land to 1Ae,
Also, the barrier heights toward thfelactam molecules are ~ whereAe = i — LM is the energy separation between

lower than those toward 2-iminooxetanes, however, the reactionthe two orbitals of the donor D and acceptor A molecifds.
barriers of T&(1) and TS(2) (50 and 55 kcal/mol, respectively) the ketene-vinylimine cycloaddition, the HOM&LUMO
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174.5)
} 166.4]

o(R)=35.5 (0.0) [34.4]

Nieia o(R)=0.0(0.0) [21.7]

Y(NH)= 0.0

0 0
TS,(1) o TS,(2) N] .

743
1.780

2,100

.

w{Ry=-51.6 u oR)=28.1
NH)=-5.0 T
HNH)=-3 ANH)=5.6

NH NH
TS,(7, 8) ! TS (11, 12) v

Figure 2. Atom numbering and selected geometrical parameters (angstroms and degrees) of the transition-state structures foritioeydisice
acid cycloaddition (path A) in the gas phase calculated at the MP2/aug-cc-pVDZ level. Parentheses and brackets include the HF/6-31G* and
MP2/6-3H-G* values?* respectively.

energy separation is smaller than that in the allesecyanic the four-membered ring and is defined as the dihedral angle of
one (Table 4). Thus, the activation barriers in the former reaction the 1-2—3—4 ring atoms. The/(NH) dihedral angle defines

are expected to be lower than those in the latter one. the position of the NH group hydrogen atom and is defined as
For both reactions, for the lowest-energy pathways leading the dihedral angler(H,N,C,0) in H-N=C=O0 or y(H,N,C,C)

to 1 and2 (in the allene-isocyanic acid reaction) arid 4, and in H—=N=C=CH, in the allene-isocyanic acid and ketere

7 (in the ketene-vinylimine reaction), the IRC calculations were ~ Vinylimine reactions, respectively. In products, it reflects the

performed (Figure 1). distortion of the H(N) atom from the four-membered ring plane.

The IRC calculations have confirmed that the reactions are  Inspection into the geometrical parameters for the TSs of
concerted. The only problem appeared in the IRC calculations allene-isocyanic acid reactions indicates that the first-order
leading top-lactam1 in the ketene-vinylimine reaction: the  saddle points of thg-lactam skeleton, T&1) and TS (2), have
IRC calculations always stopped at a perpendicular arrangementC: and the Cs symmetry, respectively (Figure 2). The TS
of the components with one small imaginary frequency sug- geometries are in line with those of the previous calculations
gesting a rotation around the EZ3 bond. This is probably a  performed by Cossio et &t.for 4-methylene-2-azetidinone at
bifurcation point (Figure 1): rotation in one direction leads to the MP2/6-3%G* level (Figure 2). However, for 3-methylene-

1 and in the other tet. The IRC calculations from that point ~ 2-azetidinone, there are two main differences: First, in our
performed for one reaction direction convergedlitwhereas calculations, the allene angle is equal to 152hereas Cossio’s
for the other direction converged th Thus, the bifurcation angle is 117. Second, the TS obtained here is planar, whereas

point is a TS from the isomerization reaction betwéeand4. Cossio’s TS is skewed by 220n the other hand, planarity of
TS Geometries.The selected geometrical parameters of the the ring in the 3-methylene compounds is not observed to occur
four TS structures toward the allensocyanic acid cycload- 1N TSa(11,12) and the ring deformation is significant in TS

dition products are presented in Figure 2. More geometrica| (7,8) In 2-iminooxetane TSS, the intermolecular distances are
parameters can be found in Table S3. The geometrical param-slightly shorter than those for thelactam TS structures.

eters calculated at the HF/6-31G* and MP2/6+&3* levels by The eight TS structures considered in the keterinylidene
Cossio et af* are shown in parentheses and brackets, respec-[2 + 2] cycloaddition lead to 11 possible four-membered ring
tively (Figure 2). Thew(R) angle reflects the deformation of  products (Figure 3). Four of the TS structures are nearly planar.
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126.7

1,868 146.8

£3

1718 1L

2971

o R)= 83,00 wofRy=-51.9 w(R)=-43.1
WHNpm<45 THN)=-18.4 YHN)= 6.0
0 (0] NH
TS,(1) );( TS,(3) | TS,(4) ;[//
NH NH
(0]
b ‘ 0.6
1600
1.519
152
P 2415
2734 2836 |
158.1
L wlR)= 454 {R)= 0.0
w{R)= 6.5 u WHN)}=123.2 YiHN)= 180.0
y(HN)= -2.5 - =
TS,(5. 6) TS,(7, 8) }f TS,(9, 10) \]E{

1.493 127.3

24m 107.1
w(R)=-28 S

¥(HN)=210 wiR)=3.6
THN)=57.8

HN/ \_/
TS,(13) %0 TS,(14) O—NH

Figure 3. Atom numbering and selected geometrical parameters (angstroms and degrees) of the transition-state structures for virey ketizree
cycloaddition (path B) calculated in the gas phase at the MP2/aug-cc-pVDZ level.

In three cases, Tg6l), TSg(4), and TS(7,8), the angle of one  constants (toluene, THF, acetonitrile, and water) have been
of the components is almost unchanged and equal to cd. 170 simulated by the IEF-PCM methd&>! The energetics, lowest
Probably, this small deformation of the angle is the reason the frequency motions, and mode interpretations obtained for the
activation barriers are relatively low. For each TS structure, one lowest-energy pathways in different solvents are collected in
of the newly forming bonds is much shorter than the other. Table 5. In Table 6, th&G values for different environments
Moreover, excluding T®1), TSs(4), and TS$(7,8), one of the are juxtaposed to illustrate the tendencies produced by solvent
bonds is already formed, as the differences between the distanceffect.
in TS and the appropriate product do not exceed 0.05 A (Table As in the gas phase, the allerisocyanic acid reactions in
S4). Therefore, the reactions are highly asynchronous. ;3 TS solvents are concerted (Figure 4), yet they run through slightly
(1), TSs(4), and T$(7,8), the newly forming C-C bonds are higher activation barriers and end up in products a bit more
much shorter than the NAC4, C2-C3, and O1-C4 distances, stabilized (Table 6).
respectively, yet much longer than those in the appropriate The IRC calculations convince us that, in solvents, the
product. In T$(13), the C2-N3 bond is formed earlier than  ketene-vinylimine reactions leading té and7 become stepwise
the C4-01 bond. processes. The reaction leadindltm water and acetonitrile is
Solvent Effect. EnergeticsPolar solvents have been shown a multistep process as well, however, in the other solvents, the
to significantly stabilize zwitterionic complexes, consequently second T82(1)s was not found: in toluene and THF, the
changing the topology of the free energy surface from the one- supposed Tg2(1)s structure converged to E31(4)s. This
step in the gas phase to the two-step proée3herefore, for suggests that this reaction is a one-step process in toluene and
the lowest-energy pathways (leading to producgsd?2 in the THF, yet convergence problems in obtaining the appropriate
allene-isocyanic acid reaction and o 4, and7 in the ketene- TSs in these solvents cannot be excluded entirely. For water
vinylimine reaction), solvent environments of different dielectric and acetonitrile, when starting the IRC routine from the
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TABLE 5: MP2/Aug-cc-pVDZ Relative Reaction Energies
with Respect to the Isolated Reactants (kcal/mol) Calculated
in Different Solvents for the Two Lowest-Energy Pathways
for the Allene—Isocyanic Acid and Ketene-Vinylimine [2 +
2] Cycloadditions?

Rode and Dobrowolski

TABLE 6: MP2/Aug-cc-pVDZ Relative Reaction Energies
with Respect to the Isolated Reactants (kcal/mol) Calculated
in the Gas Phase and in Different Solvents for the
Lowest-Energy Pathways for Allene-Isocyanic Acid and
Ketene—Vinylimine [2 + 2] Cycloadditions®

AEzpg, AEa AG, AG, frequency mode interpretation gas toluene THF acetonitrile  water
path A: allenet isocyanic acid in toluene: (= 2.379) path A: allenet isocyanic acid
1s —21.99 —10.72 ) 1s —-9.89 -10.72 -—11.03 —11.18 —10.78
TSa(1)s 40.21 50.94 6651 v(N1C4)+ »(C2C3) TSa(1)s 50.35  50.94  50.98 50.87 51.22
2 —-16.49  -5.49 _ 2 -461 —549 —6.01 -6.27  -591
TSA(2) s 44.95 55.53 772i  v(N1C4)+ v(C2C3) TSa(2)s 54.50 55.53 56.57 57.03 57.52
L path B:Sgeltgnel- vi%lig;ine in toluene ¢ = 2.379) path B: ketenet vinylimine
S oo e . 1 —25.57 —26.62 -—27.14 —27.40 —27.43
Tl 2541 3580 5390 »(C2C3) TSs1(l)s 3656  35.80  35.39 35.01 34.92
Tssz(lls) c c INT 15 a a a 25.49
7. —2028 -881 TSe2(1)s b b 24.40 2416
TSe1(7)s 12.11 2247  357i »(C2C3) 7s —-871 -88l -844  -824 = —8.22
INT7e 1051 20.97 TSe1(7)s 30.82 2247  19.48 18.35 18.22
TS:2(7)s 10.80 2157 269 »(0O1C4) INT7s 2097  11.66 7.46 6.54
4 —28.03 —17.12 TS:2(7)s 21.57 14.76 11.92 9.03
TSs2 Y(4)s 18.39 29.64 1281 v(C1C4) 4 —-16.54 —-17.12 —-17.39 —17.55 —17.58
TSe27(4)s 17.71 28.72  463i ¥(C2C3) TS:712(4)s 3354 2964  27.88 26.96 26.68
path A: allenet isocyanic acid in THF{ = 7.58) TSs"2(4)s 28.72 24.65 22.69 22.34
L —22.36 —11.03 . aINT stands for an intermediate state between TS1 and TS2 (see
Tsfé(l)s _‘11(7)%)8 _56%918 600 »(N1C4)+ »(C2C3) Figure 4).P Converged to the3-lactam productl. ¢ Converged to
S . . —
TSA(2)s 45.95 56.57  777i  v(N1C4)+ 1(C2C3) TSs12(4).
1 path_lgé 'é%te”etgyﬂmi“e in THF (€ = 7.58) TSs2(1)s, connecting intermediate and product, a problem
TSBf(l)s 24.94 3539 564 1(C2C3) appears. The IRC calculations fail at a point of energy much
1s b b below the intermediate INZ detected by another IRC scan
TSe2(1)s ¢ © started from T81(1)s. This may be interpreted in the following
TSB7f(7) _13 'fg _1%44% 304i  1(C2C3) way: in water and in acetonitrile, between INEnd T$2(1)s,
755 131 11.66 there is a third TS and a second intermediate, however, they
TS:2(7)s 4.05 14.76 345i v(01C4) remain undetected. The IRC routine failed at a bifurcation on
4 —-28.36 —17.39 ath B towardl. We suppose that the bifurcation is just a critical
TSs24(4), 1666  27.88  234i 1(C1CA) pa: ¢ o the path _thpp oward reactants or t J | that
TSs2(4). 1359 2465 551i  »(C2C3) point on the path either toward reactants or toward that new
path A: allenet isocyanic acid in acetonitriles (= 36.64) mtermedlate. (Figure 4)I . . . .
1 —2254 —-11.18 The reaction toward is an interesting case. It is a stepwise
TSa(1)s 39.94 50.87 567i v(N1C4)+ v(C2C3) process, however, there are two ways to redctone way
2 —17.38 —6.27 ) proceeds from INT;, whereas the second proceeds from {NT
TSa(2)s 46.41 57.03 778  v(N1C4)+ »(C2C3)

path B: ketenet vinylimine in acetonitrile § = 36.64)

1 —38.96 —27.40

TSs1(1)s 2ﬁ.55 3bS.01 577i v(C2C3)
INT s

TSs2(1)s 13.40 24.40 225i  v(N1C4)
7s —19.77 —8.24

TS:1(7)s 8.12 18.35 413i  v(C2C3)
INT 75 —2.93 7.46

TSs2(7)s 1.18 11.92 383i »(0O1C4)
4 —28.53 —17.55

TS:2 Y(4)s 15.75 26.96 302i v(ClC4)

TS:277(4)s 11.60 22.69 584i v(C2C3)

path A: allenet isocyanic acid in watere(= 78.39)

1 —22.55 —10.78

TSa(1)s 39.86 51.22 561i v(N1C4)+ »(C2C3)
2s —17.44 —5.91

TSa(2)s 46.47 57.52 7781 »(N1C4)+ v(C2C3)

path B: ketenet vinylimine in water € = 78.39)

1 —38.99 —27.43

TSs1(1)s 24.45 34.92 580i »(C2C3)
INT 15 14.76 25.49

TSs2(1)s 13.15 24.16 203i  v(N1C4)
7s —19.74 —8.22

TS:1(7)s 7.93 18.22 332i  »(C2C3)
INT 75 —-3.77 6.54

TSs2(7)s —2.16 9.03 394i y(0O1C4)
4 —28.61 —17.58

TSe2 (4)s 15.46 26.68 316i v(ClC4)

TSe277(4)s 11.24 22.34 589i v(C2C3)

(Figure 4). The appropriate TSs are denoted as2TH4)s and
TSs2 7(4)s, respectively. There is no separatesI&)s because
it is identical with either Tg1(1)s or TS1(7)s (Figure 4).
Moreover, the intermediates INJand INT;s are also common
to the two pathways.

As for the gas phase, the activation barriers towaremain
the lowest. The T&L(1)s and TS$1(7)s barriers are lower than
those for T$(1) and TS(7) and the larger the dielectric

constant, the lower the barrier (Table 6). In water, the barriers
are lowered by ca. 1.6 and 12.6 kcal/mol, respectively. For a

similar ketene-imine reaction towarg-lactam, water was found
to reduce the free energy of activation by 4.5 kcal/AibAlso,

one can see the great influence of the solvent on the energy of
INT7s 21.0 kcal/mol in toluene, whereas the energy is 6.5 kcal/

mol in water.
Only in water we did localize INTs In toluene, THF, and

acetonitrile, optimization of the structure, where the IRC routine

stopped, converged tb. Thus, the IRC routine suggests the

existence of either an intermediate structure or a bifurcation
point, whereas the optimization routine suggests the absence

of such points. It is interesting that the geometry of {\found
in water is very similar to that of the bifurcation point in the
gas-phase reaction towatd(Figure 1).

TS Geometries.The selected geometrical parameters of the
TS structures and intermediates which manifest themselves in

aFor abbreviations, see Table 2. INT stands for an intermediate stateth® course of the alleréisocyanic acid and the ketene

between TS1 and TS2 (see Figure %Jhe INTys structure converged

to 1. ¢ The T$2(1)s structure converged to S Y(4).

vinylimine cycloaddition reactions in different solvents are
presented in Figure 5 and Tables S3 and S4a.
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Figure 4. Schematic IRC profiles for the allerésocyanic acid and keterevinylimine [2 + 2] cycloadditions in solvents. The supposed profiles
are denoted by dashed lines.

In the case of the allergsocyanic acid reaction, minor  distances decrease from 1.868 to 1.536 A and from 2.971 to
differences are found to occur between the geometrical param-2.354 A, respectively. Similar results are obtained for
eters of TSs and the products in the gas and solvent phaseS Sg2(7)s: the larger the solvent dielectric constant, the shorter
(Table S3). The larger the dielectric constants, the longer the the C-C and C-O distances. With an increase in the dielectric
C=0 and the N-H bond distances. This is connected with the constant, the T&(7)s becomes geometrically similar to the
solute-solvent interactions. In comparison to the gas phase, in product: the four-membered ring becomes more and more
solvent, the N+C4 and C2-C3 distances in TSs are longer planar, yet still in water the G1C4 distance in TS is longer
and shorter, respectively. Moreover, thea(Bs structure is by ca. 1.2 A than in product.
more deformed: the ring deformation increases frormiBgas The T2 7(4)s is similar to the T§(4) structure found in
to 56 in water. the gas phase, yet both intersystem distances are shorter in

In the case of the keter&vinylimine reaction, the solvent  solvent than in a vacuum, and in solvents, the ring structure is
shifts TS1 significantly toward the entrance channel as the less deformed than in the gas phase. On the other hand,

reactants are more separated in bothsI($)s and TS1(7)s TSs21(4)s becomes similar to INTin less polar solvents. The
(Figure 5, Table S4a). The larger the dielectric constant, the smaller the dielectric constant, the more deformegd2r3(4),
greater the interreactant distance. In solvents,g(B4, located becomes.

between the intermediate INJand reactants, is much more Finally, let us state that the presence of a solvent significantly
deformed than T&7) found for the gas phase. The deformation increases the asynchronicity of the reactions. This will be also
anglew(R) is equal to—88° in water, whereas it is-46° in the observed in the analysis of the reaction mechanisms.

gas phase. The INTis similar to the Tg(7) in gas, yet the [2 + 2] Cycloaddition Mechanisms. The early reaction
ring is more deformed, by about 10 mechanism concepts were based on the Woodwidaffmann

When compared to the gas phase, the solvent significantly (W—H) orbital symmetry conservation rulé.Since even
shifts T$2(1)s, located between the intermediate INT and ethene dimerization does not proceed according to theHW
product, toward the exit channel, as theC and C-N bond rules®3 they seem to be purely conceptual. Now, the cycload-
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Path A: allene + isocyanic acid in solvent
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Figure 5. Atom numbering and selected geometrical parameters (angstroms and degrees) of the transition-state structures for Vivey ketizree

cycloaddition (path B) calculated in different solvents (values from toluene, THF, acetonitrile, and water, respectively) at the MP2/aug-cc-pVDZ
level. AC stands for acetonitrile and W for water.

dition reactions are analyzed in terms of pericyclic and pseudo- Different theoretical approaches have been used to differentiate
pericyclic types of reactions rather than the-W rules>2 The the pseudopericyclic from the pericyclic type: the natural bond
W—H rules were formulated only for pericyclic reactions. A analysis (NBO) of the TS%,%> magnetic properties and aro-
pericyclic reaction is concerted and takes place on a closedmaticity of the TS$857anisotropy of the current induced density
curve, that is, it requires an orbital overlap around the ring of (ACID) analysis3® electron localization function (ELFf, and
breaking and forming bond3. The transition structures of ellipticity of the electron densit§?

pericyclic reactions are expected to be highly nonplanar. In some  Finally, if the reaction is not concerted, that is, it is multistep,
concerted reactions taking place on a cyclic curve, the orbital it cannot be classified as pericyclic or pseudopericyclic.
overlap does not occur on the whole ritfg®® As a conse- It is known that, for nonpolar reagents, the [2 2]
guence, disconnections in orbital overlap appear in the TS andcycloaddition generally proceeds via a diradical intermediate;
the TS ring is close to planar. This type of reaction was called for polar reagents, the [2 2] cycloaddition proceeds generally
by Lemal the pseudopericyclic typ&.The pseudopericyclic  stepwise via a zwitterionic intermedidteFor cumulenes, the
reactions cannot be symmetry forbidden, they have planar[2 + 2] cycloadditions were originally thought to go by a
geometry of the TS, and often have low activation barfiérs. stepwise mechanism; however, this picture had to be revised,



[2 + 2] Cycloaddition Reaction Paths J. Phys. Chem. A, Vol. 110, No. 10, 2008733

Path A: allene +isocyanic acid
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Figure 6. AIM analysis of the transition-state structures for allerscyanic acid (path A) and ketenginylimine (path B) reactions calculated
at the MP2/aug-cc-pVDZ level for the gas phase. The bond critical pointd&re shown either as small balls (ordinary bonds) or as open circles
(newly formed bonds). The ring critical points 43l) are shown as crossed, open circles.

when the cycloadditions of ketenes to certain olefins were shown iminooxetanes?, 8, 11, and12) are pseudopericyclic, yet those
to be concerte? In this paper, we consider the cycloadditions toward 7 and 8 with substantially nonplanar TSs are NP-
of polar cumulenes such as isocyanic acid, ketene, and vi- pseudopericyclic whereas those towaddand12 are ordinary
nylimine, therefore, we do not take into account the stepwise pseudopericyclic.

mechanism via any diradical intermediate. _ The solvent effect does not change the character of the IRC
For all the TSs studied, we performed the AIM analysis of reaction profiles for path A reactions towatcand2, whereas

the electron density and found all the BCPs«(B) and the RCP  the AIM analysis shows the mechanism of the reaction toward

(3,+1). We assumed the presence of two new BCPs, betweenj g change from pericyclic in the gas phase to NP-pseudo-

the atoms in a TS which had to be connected by a aéyend pericyclic in solvent (Figure 7). Modification of the environment

in the product, to indicate a pericyclic type of [2 2] does not affect the pericyclic mechanism of the reaction
cycloaddition, which was always additionally confirmed by the qward 2.

presence of the RCP. On the other hand, the presence of only
one new BPC (always accompanied by the absence of an RCF’)reac'[ions in the gas phase (Figure 6) shows the most probable

indicated the discontinuity of the orbital overlap in the newly two reactions toward and7(8) to be NP-pseudopericyclic. The
formed ring and suggested the reaction to be a pseudopericyclic

tvpe. Another problem appears. however. Only some of the TSs &€ holds true for the reactions tow&mhereas the reaction
ype. P PP ’ er. Dnly o toward4 is (ordinary) pseudopericyclic. On the other hand, the
are planar as needed for the reaction to be classified as

. O . . - reactions toward.3 and 5(6) are undoubtedly pericyclic. The
pseudopericycli€l® The reactions with TSs which are nonplanar reactions towar@(10) and14 need more comments. In the &S
and exhibit discontinuity can be classified as neither pericyclic (9,10), two new BCPs and one RCP appear: howéver one BCP
nor ordinary pseudopericyclic. The latter type of the reaction ar;d RlCP are on the “wrong side” of tf?gnev'vl formed—GIIB
is what we call here the nonplanar pseudopericyclic (NP- y

pseudopericyclic) reaction. Now, another (minor) problem bond. Thus, their presence indicates an intramolecutaitH

arises: which TS ring nonplanarity is sufficient for the reaction interaction rather than a new bond formation. On the "proper

to be classified as NP-pseudopericyclic. Some authors classifiedtsr'gerég;ﬁg'r?’ht;it\&egg 8:\'322}?95;;”0555 dF;angi)saéﬁé T:(;riﬁ;‘ﬁ;er,
the reaction with TS nonplanarity of ca. 38s pseudopericy- P pericyclic.

: P . ituation occurs for T§14): the additional RCP detected is
clic.22Here, we arbitrarily accept the TS nonplanarity frem5° Sl
to +45° for the reaction to be classified as pseudopericyclic, placed between H-atoms, whereas between the QA atoms

and thus, NP-pseudopericyclic is the reaction with discontinuity no c(rj|t|cal'p0||r1t is present. Analogously, the reaction is
and ring nonplanarity exceeding 4%.ast but not least, in two pseudopericyclic.

cases (namely, T%9,10 and T$(14)), the new BCP and RCP The solvent medium considered for the most important
indicate hydrogen-bond-like interact®rin the TS rather than ~ eactions toward and4 changed the mechanism of the reactions

o-bond formation. Those critical points were ignored in the from concerted to multistep. Therefore, they cannot be classified

The AIM analysis of the TSs in the keteneinylimine

classification of the reaction mechanism. in terms of (pseudo)pericyclicity. However, if the reaction
Following the above argumentation, the alleigocyanic acid ~ toward1lis a one-step process (what cannot be excluded in the
gas_phase reactions [owaﬁdaetamsl and 2 are pericyc"cl less pOlar SOlVentS), then it should be considered as the NP-

Each of the TH(1) and TS\(2) exhibits two new BCPs and  Pseudopericyclic type of reaction (Figure 7).
one RCP connected with cycle formation (Figure 6). On the Inspection into the atomic charges, calculated for the gas
other hand, the allereisocyanic acid gas-phase reactions toward phase and for water as the most polar solvent, to check whether
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Path A: allene + isocyanic acid in solvent
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Figure 7. AIM analysis of the transition-state structures for the alteisecyanic acid (path A) and ketenginylimine (path B) reactions in water
calculated at the MP2/aug-cc-pVDZ level. The bond critical points-{3,are shown either as small balls (ordinary bonds) or as open circles
(newly formed bonds). The ring critical points 43l) are shown as crossed, open circles.

the TSs studied possess a zwitterionic character or not, revealedy only syn—anti isomerism at the imine group. Therefore, only

a multicenter charge separation instead of a two-center onel2 TSs were considered. In the gas phase, the reactions toward
expected for a zwitterion (Figure S1). Moreover, the charge the S-lactam ring molecules of path A are exoergic, whereas
differences are often larger within one component than betweenthose leading to 2-iminooxetanes are endoergic. The activation
the two components (Figure S1). Thus, a description of the barriers in the alleneisocyanic acid reactions are fairly high,
reaction mechanisms in terms of zwitterionic charge separation50—70 kcal/mol, whereas those of the keteminylimine

seems to be oversimplified. cycloaddition fall into an interval of 3655 kcal/mol. One can
) connect the barrier heights with the energy gaps between the
Conclusions HOMO and LUMO orbitals of the reactants. The gap is much
The [2+ 2] cycloaddition reaction paths for allenesocyanic lower for the ketenevinylimine reaction than that for the

acid (path A) and keterevinylimine (path B) additions were  allene-isocyanic acid one. Moreover, there are also geometrical
investigated at the MP2/aug-cc-pVDZ level. There are 14 arguments for the lower activation barriers: in the two TSs of
possible four-membered products of these reactions and somehe ketene-vinylimine reaction toward either 4-methylene-2-

of them can be formed along the two paths, thus altogether 17 azetidinone, 3-imino-cyclobutanone, or 4-methylene-2-iminoox-
reactions were taken into account. Some of the products differedetane, deformation of one of the reaction partner molecules in
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the TS is quite small. Although, in reaction path B, the K. R. Weston; Zimmerman, M. Inhibition of human leukocyte elastase.
4-methylene-2-azetidinone compound is predicted to be the most'”h'b't'on by C-7 substituted cephalospotert-butyl estersJ. Med. Chem.

. . 199Q 33, 2513-2521.
stable thermodynamically, the reaction toward 4-methylene-2-

iminooxetane exhibits an activation barrier lower by ca. 6 kcal/

(11) (a) Ganez-Gallego, M.; Manchien M. J.; Sierra, M. Non-Classical
Polycyclic f-Lactams.Tetrahedron200Q 56, 5743-5774. (b) Cirilli, R.;

mol, and therefore, the latter compound seems to be obtainablePel Giudice, M. R.; Ferretti, R.; La Torre, F. Conformational and

owing to kinetic control. The TS geometries of path B indicate

temperature effects on separation of stereocisomers of C3, C4-substituted

p-lactamic cholesterol absorption inhibitor on amylose-based chiral station-

that one of the newly created bonds is almost formed. All the ary phasesl. Chromatogr., 2001, 923 27—36. (c) Burnett, D. A.; Caplen,
reactions studied for the gas phase were found to be concerted. A.; Domalski, M. S.; Browne, M. E.; Davis, H. R.; Clader, J. W.

and asynchronous.
For the allene-isocyanic acid [2+ 2] cycloaddition, the

Synthesis of lodinated Biochemical Tools Related to the 2-Azetidinone Class
of Cholesterol Absorption Inhibitor8ioorg. Med. Chem. LetR002 12,
311-314.

reaction mechanism is concerted in both the gas phase and the (12) (a) Kingston, D. I. Taxol, a molecule for all seaso@hem.

solvent. Moreover, only small differences are found to occur
in energetics and geometry between the studied structures i

Commun.2001, 867—880. (b) Hodous, B. L.; Fu, G. C. Enantioselective
Staudinger Synthesis gflactams Catalyzed by a Planar-Chiral Nucleophile.

N3, Am. Chem. So@002 124, 1578-1579. (c) Palomo, C.; Arrieta, A.;

the gas phase and in the solvent. In contrast, the solvent changegossio, F. P.; Aizpurua, J. M.; Mielgo, A.; Aurrekoetxea, N. Highly

the ketene-vinylimine reaction leading td., 7, and 4 from

concerted to multistep processes. In comparison to the gas phas%

significant lowering of activations barriers occurs when the
solvent is included.

The AIM analysis of the electron density distribution in the
TS structures allowed us to distinguish the pericyclic from
pseudopericyclic and from the NP-pseudopericyclic types of
reactions.
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