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The effect of water on the 1,3-dipolar cycloaddition reaction of nitrilimines to alkenes has been studied by HF
and DFT ab initio calculations. As solvation models we used the polarizable continuum model and a model
comprising small clusters consisting of reactants hydrogen-bonded to water molecules. In addition, a
combination of these two models was considered. Reactivity has been qualitatively estimated by the familiar
frontier molecular orbital approach and quantitatively computed by a recent extension to the hard–soft
acid–base principle involving molecular reactivity indices. The main conclusions drawn from the extensive
computational results are that (i) the effect of water is in general rather small and (ii) therefore, water is not
directly responsible for the large acceleration of the 1,3-dipolar cycloaddition reaction of nitrilimines to alkenes.
Its role is surely minor with respect to that played by the ionic catalysts present in the reaction mixture, in
agreement with the conclusions drawn in the experimental companion paper.

1. Introduction

Nitrilimine cycloadditions to ethylenic dipolarophiles repre-
sent the choice method in the synthesis of variously 5-substi-
tuted-4,5-dihydropyrazoles (Scheme 1).1 Due to the wide
applications of the latter compounds in several fields of applied
chemistry,2 we developed an efficient nitrilimine cycloaddition
protocol in aqueous media.3 As reported in the companion
paper (preceding article in this issue1a), a large increase in reac-
tion rate has been observed for the addition of electron-rich
nitrilimines to electron-poor alkenes when the reaction is car-
ried out in a basic aqueous solution containing ionic catalysts
such as sodium dodecylsulfate (SDS) and tetrahexylammo-
nium chloride (THAC). For future reference, a selection of
these experimental results is here reported (Fig. 1 and Table
1). The increase in reaction rates was deduced from reaction
times and yields in comparison with those observed in chloro-
form.4 To gain better insight into the mechanistic aspects, we
undertook the estimation of the effect induced by water on
the kinetics of nitrilimine 1,3-dipolar cycloadditions (1,3-DC)
subjected to experimental study in the companion paper.1a

Indeed, despite the usefulness of the title cycloadducts, a reli-
able theoretical description of nitrilimine 1,3-DCs in water is
still lacking. The key concepts in this study are solvation and
reactivity. It is of utmost importance to choose appropriate
theoretical models for both concepts and to compare results
from different models in order to draw reliable conclusions.
We considered two ways of estimating the kinetics of 1,3-

DCs. The familiar frontier molecular orbital (FMO) model,5

which focuses on the energy gap between the FMOs of the
reactants, provides qualitative hints about relative reactivity.
In the past decade, another approach to reactivity has been
developed. This approach is based on the hard–soft acid–base
(HSAB) principle6 and on local reactivity indices7 from density
functional theory (DFT).8 It has been successfully applied to

the prediction of the favoured regioisomer in many 1,3-DCs.9

Such method has been recently extended10 to a quantitative
measure of reactivity by computing the stabilization of the
dipole–dipolarophile complex at the beginning of the reactive
encounter. Indeed, in 1,3-DCs the relative energy of transition
states is paralleled by the relative energy of the weakly interact-
ing complexes forming in the early stage of the reaction.11

Also for the models describing the solvent effect, we consid-
ered different approaches. Within the polarizable continuum

y Part 1, preceding paper (ref. 1a).
Fig. 1 Structure and numbering scheme of the reactants studied in
this work.

Scheme 1 General synthesis of 4,5-dihydropyrazoles.
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model (PCM),12 the solvent effect is represented by the mutual
electrostatic coupling between the molecular electron density
of the reactants and a continuous medium with the dielectric
constant of bulk liquid water. This approach has been recently
applied to the study of the solvent effect on the activation
energy of 1,3-DCs. In all cases, it turned out that the activation
energy changes by a few kcal mol�1 (often just 1–2 kcal mol�1)
for polar solvents.13 This effect seems inadequate to explain the
observed large increase in the addition rate of electron-rich
nitrilimines to electron-poor alkenes. Therefore, a second
approach was considered, where we studied solvation clusters
consisting of one reactant molecule and several hydrogen-
bonded water molecules. Of course, the clusters themselves
can be embedded in a polarizable continuum. As we will see,
the combination of these theoretical and computational tools
provides evidence supporting the interpretation of the experi-
mental results given in the companion paper.1a

2. Computational details

All systems (reactant molecules and solvation clusters) were
computed within the Hartree–Fock (HF) scheme; DFT calcu-
lations, which employed the hybrid functional B3LYP,14 were
carried out for the reactant molecules only. All calculations
were performed using the standard 6-311+G(d,p) basis set.
In order to save computational effort, calculations were per-
formed for methyl acrylate 2a instead of ethyl acrylate studied
in the companion paper.1a The geometries of the neutral reac-
tants 1 and 2 in vacuo were fully optimised both at the HF and
at the DFT-B3LYP level. PCM calculations of neutral systems
were performed using the dielectric constant e ¼ 78.39 of bulk
water and a solute cavity bounded by the electron isodensity
surface12 at 0.001 atomic units. PCM calculations were carried
out at the in vacuo geometry both at the HF and at the DFT-
B3LYP level. The mono-anions and -cations of the reactants in
vacuo were computed at the unrestricted DFT-B3LYP level at
the geometry of the neutrals; unrestricted HF calculations were
discarded because of heavy spin contamination. PCM calcula-
tions of the ionic systems were performed at the unrestricted
DFT-B3LYP level only.
The in vacuo geometries of the clusters consisting of water

molecules hydrogen-bonded to 1a and 2a were fully optimised
at the RHF level. A word about the procedure for this struc-
tural optimisation is in order at this point. First, we assumed
that the largest solvent effect is due to water molecules forming
‘‘classical ’’ hydrogen bonds with the reactant molecule. There-
fore, in the case of 2a, hydrogen bonds were considered only
for the two proton-acceptor oxygen atoms of the ester group.

For 1a, in addition to the ester oxygen atoms, both nitrogen
atoms in the nitrilimine moiety were considered as possible
proton acceptors. Next, hydrogen bonding to each of the
above proton-acceptor sites was studied by placing one or
two water molecules in several different arrangements around
the considered atom and optimising the geometry. Thus, a
library of possible hydrogen-bonding patterns around a single
atom was obtained. Up to this point, mutual interaction of the
water molecules with each other and with the reactant has been
neglected. Therefore, the last step was to fully optimise all pos-
sible combinations of hydrogen-bonding patterns taken from
the library. Some structures turned out to be unstable, either
because of steric hindrance or because of the formation of
independent water dimers. Among the stable ones, we chose
those of lowest energy as representative structures and named
them 1aW and 2aW. As usual, PCM calculations of these clus-
ters were performed at the in vacuo geometry. All calculations
were carried out by the Gaussian98 suite.15

Reactivity indices7 were computed in the usual finite differ-
ence approximation within the framework of DFT. The global
indices are the molecular softness

S ¼ ðIP� EAÞ�1 ð1Þ

and the electron chemical potential

m ¼ ðIPþ EAÞ=2 ð2Þ

where IP and EA are the ionisation potential and electron affi-
nity, respectively. The latter are computed as vertical differ-
ences in molecular energy between the neutral system and
the mono-cation and -anion, respectively, i.e.

IP ¼ EðcationÞ � EðneutralÞ; EA ¼ EðneutralÞ � EðanionÞ
ð3Þ

As usual, local indices are computed in atomic condensed
form.16 The well-known Fukui function5,17 for electrophilic
( f�k ) and nucleophilic ( fþk ) attack can be written as

f �k ¼ pkðcationÞ � pkðneutralÞ; f þk ¼ pkðanionÞ � pkðneutralÞ;
ð4Þ

where pk is the electron population of atom k. In all cases,
atomic populations were computed from the B3LYP electron
density by the Merz–Kollman molecular electrostatic potential
method.18 B3LYP atomic populations are in excellent agree-
ment with high-level correlated ab initio calculations and have
modest basis set sensitivity.19 The Merz–Kollman scheme for
atomic charges has been used in most DFT studies of the
regiochemistry of 1,3-DCs.9 It has also been recently consid-
ered as an appropriate local descriptor of charge.20 The atomic
softness is finally computed as

s�k ¼ f �k S ð5Þ

The appropriate atomic softness has to be chosen for each
atom directly participating in the reaction. The stabilization
energy for the reaction between the dipole 1 and the dipolaro-
phile 2, where the new bonds form between atom i of 1 and
atom k of 2 and between atom j of 1 and atom l of 2, and where
the dipole undergoes nucleophilic attack, can be written as10

Estab ¼ � 1

2
½mð1Þ � mð2Þ�2 s�i s

þ
k

s�i þ sþk
þ

s�j s
þ
l

s�j þ sþl

 !
ð6Þ

The superscript plus and minus signs must be exchanged
when the dipole undergoes electrophilic attack.

3. Results and discussion

Nitrilimines 1 and ethylenic dipolarophiles 2 (see Fig. 1)
were chosen as suitable reactants for our computational

Table 1 Experimental yield of the reaction between nitrilimines 1 and
dipolarophiles 2 in aqueous mediuma

Products and yields (%)b

R R1 Reaction Time/min 1 4 5

H COOEt 1a+ 2a 10 — 95 —

Me COOEt 1b+ 2a 10 — 95 —

NO2 COOEt 1c+ 2a 100 — 3 —

H n-Bu 1a+ 2b 90 5 17 42

Me n-Bu 1b+ 2b 90 9 31 25

NO2 n-Bu 1c+ 2b 360 12 — —

a Ar ¼ 4-Me-C6H4 .
b Isolation yields.
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investigation since, due to their peculiar electronic features,
they cover most of the reaction kinetics range shown by experi-
ments. Two ways of estimating the reaction rate are presently
considered: the well-known FMO approach, which provides a
simple qualitatitive estimate of the reaction rate based on
energy differences in appropriate MOs of the reactants, and
the local HSAB principle, which has been recently extended
to a quantitative tool for the prediction of 1,3-DC reaction
rates. Since these methods are presently applied to study rate
differences in very similar reactions, their reliability is
improved by cancellation of systematic errors. We consider
the following three solvation models. Model A: the simplest
model is the PCM where the molecule is embedded in a contin-
uous medium with the dielectric constant of bulk liquid water.
Model B: solvation is modelled by the interaction of the reac-
tant molecule with several real water molecules in vacuo. Such
solvation clusters were investigated for 1a and 2a only. Among
the stable clusters, we chose those of lowest energy as represen-
tative structures, as specified in the Computational details sec-
tion. These optimised structures 1aW and 2aW are shown in
Fig. 2. Model C: solvation is modelled by embedding the clus-
ters of Model B in a continuous medium by the PCM.

3.1 FMO approach

We restrict our discussion to FMO energies obtained by Har-
tree–Fock method, since HF orbital energies have a well-
defined physical meaning. The FMOs involved in the reaction
have been carefully identified from their shape since the alkene
p* MO is not always the LUMO. For the sake of conciseness,
in the following we will denote the high- and low-lying FMOs
as HOMO and LUMO, respectively, but the above caveat
should be borne in mind. The HF FMO energy levels are pic-
torially reported in Fig. 3. The changes de in HF FMO energy
of both nitrilimines 1 and ethylenic dipolarophiles 2 upon sol-
vation (Model A) are reported in Table 2 along with the solva-
tion energy dE. The HOMO and LUMO energies are affected

to a small extent. Reactants 1a,b and 2a,b show a decrease in
both FMO energies, which is larger in 1a LUMO and 2b
HOMO. At variance, electron-poor 1c show an increase of
ca. 0.1 eV in both FMO energies. The solvent effect on FMO
energy, as computed within Model A, can be safely estimated
to be less than 0.2 eV. This is in line with Model A solvation
energy which is always less than 0.5 eV. Note however that
the change in FMO energy is not simply related to the solva-
tion energy. This means that coupling to the continuum
unequally affects the MO energies.

Fig. 3 HF/6-311+G(d,p) frontier molecular orbital energy e of the
studied reactants (see text for appropriate definition of these orbitals).
Broken lines: reactants in vacuo; full lines: reactants solvated by water
according to Model A (PCM).

Fig. 2 Structure of the solvation clusters composed of one reactant
molecule and three hydrogen-bonded water, fully optimised at the
HF/6-311+G(d,p) level. (a) N-Phenyl-C-carbomethoxynitrilimine
cluster, 1aW; (b) methyl acrylate cluster, 2aW.

Table 2 Effect of solvation according to Model A (PCM). HF solva-
tion energy dE (kcal mol�1) and variation de (eV) of the HF FMO
energy of nitrilimines 1 and alkenes 2 (1 eV ¼ 23.06 kcal mol�1)

Reactant dE/kcal mol�1 deHOMO/eV deLUMO/eV

1a �9.2 �0.03 �0.20

1b �7.9 �0.02 �0.05

1c �9.8 0.09 0.08

2a �6.7 �0.01 �0.01

2b �1.2 �0.19 �0.06
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We now define the dipole–HOMO/dipolarophile–LUMO
energy gap

DeH ¼ eð2ÞLUMO � eð1ÞHOMO ð7Þ

and the dipole–LUMO/dipolarophile–HOMO energy gap

DeL ¼ eð1ÞLUMO � eð2ÞHOMO ð8Þ

The relative values of the energy gaps DeH and DeL are the
basis of Sustmann21 classification. On the basis of the presently
computed FMO energies, it turns out that cycloadditions to
methyl acrylate 2a are of type I, i.e. reactions only sensitive
to DeH , whereas cycloadditions to 1-hexene 2b are of type II,
i.e. reactions sensitive to both energy gaps. The variations of
DeH and DeL on going from vacuum to aqueous solution, as
computed within Model A, are summarized in Table 3. In
cycloadditions involving electron-poor methyl acrylate 2a,
water accelerates cycloaddition to electron-poor 1c and leaves
almost unchanged reaction with 1a,b. Reactions of electron-
rich 1-hexene 2b with 1b,c show opposite water-induced
changes in energy gaps. The increase in dDeL seems to be dom-
inating, so that these reactions are slower in water. Reaction of
2b with 1a is almost unaffected. However, Model A predicts a
rather small energy-gap variation (less than 0.3 eV) for all the
examined cases. In the light of the above data it seems that
water feebly affects 1,3-DC reaction rates within these reactiv-
ity and solvation models.
Since the PCM takes into account only the electrostatic cou-

pling between the studied molecule and a dielectric continuum,
we also considered solvation models involving water molecules
hydrogen-bonded to the reactants. Due to the considerable
computational effort required, we investigated only nitrilimine
1a and methyl acrylate 2a by this advanced model. The HF
solvation energy dE and the change de in HF FMO energy
of 1a and 2a for all three solvation models are reported in
Table 4.
The solvation energy steadily increases (in absolute value) by

improving the solvation model. As for FMO energies, solva-
tion model B shows a decrease for both 1a and 2a. The effect
is in the same direction as that computed with model A, but
it is much larger. Clearly, the hydrogen-bonded water mole-
cules serve as electron-attracting groups which lower the
FMO energy. The effect is larger for methyl acrylate 2a. This
may appear surprising since 2a has no water molecule directly
bonded to the reacting centres (see Fig. 2) but one should take

into account the fact that in 2a the ester moiety is more strongly
conjugated to the reactive bond than in 1a. Indeed the FMOs
of 2a have similar amplitude on the reactive alkene carbon
atoms and on the carbonyl carbon and oxygen atoms, whereas
the FMOs of 1a do not extend towards the ester moiety.
Model C yields largely different results for the FMO energies

of the two reactants. The HOMO energy of 1a further
decreases with respect to Model B. In contrast, the LUMO
energy of 2a is raised by about 0.4 eV, almost up to the energy
computed within Model A. This can be traced back to a much
larger increase of the interelectronic repulsion in 2aW than in
1aW. In turn, this is due to a preponderance of positive charge
at the solute–solvent interface that makes the electron density
of 2aW shrink.
Clearly, the variation of the energy gap DeH for the type I

cycloaddition of 1a to 2a (see Table 4) reflects this behaviour.
The reaction between bare hydrogen-bonded clusters 1aW and
2aW is accelerated with respect to the reaction of the bare reac-
tants in vacuo. However, the introduction of a polarizable con-
tinuum slows down the reaction of both reactants and clusters.
The latter effect is larger when hydrogen-bonded water is expli-
citly taken into account.
We can conclude that, from the FMO standpoint, the effect

of water on the reaction rate is, in general, in the sense of
decreasing the reaction rate, although the effect is sensitive to
the nature of the reactants. It also appears that long-range
electrostatic coupling with the solvent is important. Finally,
the water-induced change in FMO energy is always well below
1 eV, so that it can be concluded that the effect of water on the
reaction rate is rather small.

3.2 HSAB approach

The local HSAB principle, which found a convenient theoreti-
cal framework in the DFT, provides a criterion to pick the
preferred reaction path out of several possible ones.22 Such a
criterion is based on the concepts of electron chemical poten-
tial m, which represents the escaping tendency of electrons,
and of local softness s, a measure of the sensitivity of the mole-
cular electron density to a change in m. The electron chemical
potential is the basis for a modified Sustmann’s criterion23

appropriate for the present DFT-based reactivity model: a
1,3-DC reaction is of type I when the electron chemical poten-
tial of nitrilimine dipole 1 is higher than the electron chemical
potential of ethylenic dipolarophile 2, that is, when charge is
transferred from 1 to 2 upon reactive encounter. The reverse
holds for a type reaction. The local HSAB principle has been
recently extended to provide a quantitative measure of the sta-
bilization in the initial critical stage of 1,3-DC reactions.10

Consider 1,3-DC between reactants 1 and 2, where new bonds
are formed between N(1) of 1 and C(1) of 2 and between C(3)
of 1 and C(2) of 2 (see Fig. 2). If charge is transferred from 1 to
2 in the initial stage of the reaction, the stabilization Estab is
computed by eqn. 6 with i ¼ N(1), j ¼ C(3), k ¼ C(1), and
l ¼ C(2). The stabilization energy has already been shown to
provide a good measure of differences in reaction kinetics of
1,3-DCs.24

The variation of electron chemical potential due to solvation
computed with Model A is shown in Fig. 4. Solvation selec-
tively affects the electron chemical potential: m is lowered in

Table 3 Effect of solvation according to Model A (PCM). Variation
dDe (eV) of the HF FMO energy gaps for 1,3-DC reaction of nitrili-
mines 1 with alkenes 2

R R1 Reaction Type dDeH dDeL
a

H COOMe 1a+ 2a I 0.02 (�0.19)

Me COOMe 1b+ 2a I 0.01 (�0.04)

NO2 COOMe 1c+ 2a I �0.10 (0.09)

H n-Bu 1a+ 2b II �0.02 �0.01

Me n-Bu 1b+ 2b II �0.03 0.14

NO2 n-Bu 1c+ 2b II �0.14 0.27

a For type I reactions, dDeL does not affect reaction rate.

Table 4 Effect of solvation on nitrilimine 1a and alkene 2a. Variation of the HF solvation energy dE (kcal mol�1), variation de (eV) of the HOMO
energy of 1a and of the LUMO energy of 2a, along with the variation of the FMO gap for the HOMO-dipole controlled 1,3-DC of 1a to 2a

Solvation model dE (1a) dE(2a) deHOMO(1a) deLUMO(2a) dDeH(1a+ 2a)

A �9.2 �6.7 �0.03 �0.01 0.02

B �11.6 �12.2 �0.22 �0.41 �0.19

C �29.3 �34.2 �0.42 �0.02 0.39

New J. Chem., 2002, 26, 1346–1351 1349



1a, 1b, 2a and raised in 1c and 2b. In Table 5 the effect of
Model A solvation on the stabilization energy is shown. It is
immediately apparent that the presence of water enhances
the stabilization energy, and that the largest effect is predicted
when the reactants have opposite electron demands (1b+ 2a
and 1c+ 2b). However, the stabilization energy is determined
not only by the difference in electron chemical potential but
also by the sensitivity of the electron density at the reacting
atoms, as shown by eqn. 6. Hence, the reactivity response to
solvation can be discussed as follows. The electron chemical
potentials of 1a, 1b, 2a undergo similar shifts so that the
cycloadditions of 1a and 1b to methyl acrylate 2a are acceler-
ated because of a favourable change in atomic softness, which
is particularly efficient for methyl-substituted nitrilimine 1b.
This selective behaviour can be traced back to a large increase
of softness at the C(3) atom of 1b due to solvation. Conversely
the cycloaddition of 1c to methyl acrylate 2a is accelerated
mainly because of the increase in the [m(1)� m(2)]2 term (i.e.,
the charge transfer between the reactants is larger). The same
mechanism is responsible for the small change in Estab for
the cycloaddition of 1a and 1b to 1-hexene 2b. Finally, the lar-
gest solvation effect is shown by the reaction between 1c and 2b
where Estab is 0.58 eV more negative because of a favourable
change in both terms contributing to the stabilization energy.

In general, all considered reactions are favoured when carried
out in water but the effect on Estab is rather small, being
comparable to the thermal energy at room temperature (ca.
0.6 kcal mol�1).
In order to get a quantitative measure of the solvation effect

on the reaction rate, we assume that the latter can be described
by the Arrhenius equation

k ¼ A expð�DEz=kBTÞ ð9Þ

where the symbols have their usual meanings. One can then
compute the solvent-induced change as

kW=kV ¼ expð�dEstab=kBTÞ ð10Þ

where kW/kV is the ratio of the reaction rate constant in water
to that in vacuo at 298 K and variation of the prefactor A is
neglected. The kW/kV ratio (see Table 5) shows that all reac-
tions are faster in water but also that the acceleration is modest
in all considered cases. We can conclude that the combined
application of DFT-based reactivity indices and PCM of sol-
vation shows that water always accelerates the reaction rate
of the title reactions and that this effect is rather small for all
considered cases.

4. Conclusions

In this paper we present for the first time high-level computa-
tional results on the 1,3-DCs between several ethylenic dipolar-
ophiles and large nitrilimines of real interest to the organic
chemist. Stimulated by the experimental findings detailed in
the companion paper,1a we focused our attention on the reac-
tivity change observed when the reaction is carried out in aqu-
eous media. Particular attention has been devoted to the
description of the changes in electronic structure induced by
water. Three solvation models have been employed, namely,
the PCM, clusters involving hydrogen-bonded water mole-
cules, and a combination of these models. As for reactivity,
we used two approaches: the familiar qualitative FMO theory
and a more advanced quantitative model based on molecular
reactivity indices and on the HSAB principle.
The two reactivity models differ in the details of the descrip-

tion of the effect induced by water on the reaction rates. FMO
theory predicts a small decrease in reaction rate except for the
cycloaddition of the electron-poor reactants 1c and 2a. On the
other hand, DFT-based reactivity indices show that all consid-
ered reactions are accelerated, especially when the reactants
have opposite electron demands (recall, however, that both
the global chemical potential m and the local, atomic softness
sk are important in determining this behaviour). This difference
can be ascribed to the consideration of the local properties of
the atoms participating in the formation of new chemical
bonds featured by the HSAB approach; the (approximate)
description of electron correlation typical of DFT calculations
might also be of importance.

Fig. 4 B3LYP/6-311+G(d,p) electron chemical potential m of the
studied reactants. Broken lines: reactants in vacuo; full lines: reactants
solvated by water according to Model A (PCM).

Table 5 Effect of solvation according to Model A (PCM). Variation dEstab (kcal mol�1) of the DFT-B3LYP stabilization energy and ratio kW/kV
of the reaction rate constant in water to that in vacuo at 298 K for the 1,3-DC of nitrilimines 1 to alkenes 2

R R1 Reaction Type dEstab
a kW/kV

H COOMe 1a+ 2a I �0.07 1.12

Me COOMe 1b+ 2a I �0.33 1.75

NO2 COOMe 1c+ 2a I �0.07 1.08

H n-Bu 1a+ 2b III �0.18 1.35

Me n-Bu 1b+ 2b I/IIIb �0.13 1.24

NO2 n-Bu 1c+ 2b III �0.58 2.67

a For type I reactions, dEstab is computed for dipole-to-dipolarophile charge transfer. For type III reactions, dEstab is computed for dipolaro-

phile-to-dipole charge transfer. b This reaction is type I in vacuo, but type III in water.
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Conversely, both approaches clearly show that the effect
induced by water on the reaction rate of the title reactions is
rather small, since the perturbation induced by water on the
electronic structure of the reactants is minor. This conclusion
is supported by the agreement between very different theoreti-
cal (FMO vs. HSAB) and computational (HF vs. DFT) strate-
gies. Comparison between the computational results and the
experimental findings reported in the companion paper1a

enables one to deduce that water is not directly responsible
for the observed speed-up. Rather, the role played by the ionic
catalysts SDS and THAC is crucial, in agreement with the
explanation of the experimental findings proposed in the com-
panion paper.1a
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1998, 63, 7425; (b) F. P. Cossı́o, I. Morao, H. Jiao and P. v. R.
Schleyer, J. Am. Chem. Soc., 1999, 121, 6737; (c) L. Domingo,
Eur. J. Org. Chem., 2000, 2265; (d ) Y. Hu and K. N. Houk, Tetra-
hedron, 2000, 56, 8239; (e) L. T. Nguyen, F. De Proft, A. K. Chan-
dra, T. Uchimaru, M. T. Nguyen and P. Geerlings, J. Org. Chem.,
2001, 66, 6096.

14 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
15 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala,
Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Ragha-
vachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle
and J. A. Pople, Gaussian 98, Revision A.7, Gaussian, Inc., Pitts-
burgh PA, USA, 1998.

16 W. Yang and W. J. Mortier, J. Am. Chem. Soc., 1986, 108, 5708.
17 R. G. Parr and W. Yang, J. Am. Chem. Soc., 1984, 106, 4049.
18 (a) U. C. Singh and P. A. Kollman, J. Comput. Chem., 1984, 5,

129; (b) B. H. Besler, K. M. Merz, Jr. and P. A. Kollman, J. Com-
put. Chem., 1990, 11, 431.

19 F. De Proft, J. M. L. Martin and P. Geerlings, Chem. Phys. Lett.,
1996, 250, 393.

20 P. K. Chattaraj, J. Phys. Chem., 2001, 105, 511.
21 (a) R. Sustmann, Tetrahedron Lett., 1971, 2717; (b) R. Sustmann

and H. Trill, Angew. Chem., Int. Ed. Engl., 1972, 11, 838.
22 J. L. Gázquez and F. Méndez, J. Phys. Chem., 1994, 98, 4591.
23 S. Damoun, G. van de Woude, F. Méndez and P. Geerlings,

J. Phys. Chem. A, 1997, 101, 886.
24 A. Ponti and G. Molteni, J. Org. Chem., 2001, 66, 5252.

New J. Chem., 2002, 26, 1346–1351 1351


