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Abstract—In the 1,3-dipolar cycloaddition of glyoxylic nitrones with electron-poor and electron-rich alkenes, the configurational instability
of the nitrone leads to parallel models when regio- and stereoselectivities are rationalized. The energetics of the cycloaddition reactions have
been investigated through molecular orbital calculations at the B3LYP/6-31-G(d) theory level. By studying different reaction channels and
reagent conformations, leading to a total of sixteen transition structures for each dipolarophile, the regio- and stereochemical preferences of

the reaction are discussed. © 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The synthetic utility of 1,3-dipolar cycloadditions (1,3-DC)
between nitrones and alkenes has been thoroughly estab-
lished.! The importance of these reactions stems from the
utility of the obtained isoxazolidines as synthetic inter-
mediates.?

According to the MO perturbation treatment reported by
Huisgen,® nitrones are dipoles of type II, i.e. the energetic
splitting between HOMO and LUMO orbitals of dipole and
dipolarophile are similar. As a consequence, both electron-
donating and -attracting substituents in 1,3-dipole and
dipolarophile accelerate the reaction, and thus normal
(HOMOgjpoie-controlled) and inverse (LUMOy;p01e-cOn-
trolled) demand reactions can take place.

Several computational studies have been carried out to
understand the origins of the regio- and stereoselectivities of
the reaction,* and from these studies density functional
theory (DFT) has emerged as a very convenient approach
for obtaining reliable results at a low computational cost. In
this context, a rationale to account for the reactivity and
selectivity of electron-rich dipolarophiles, including Lewis
acid and solvent effects, has been reported by Domingo.>
The reaction of heterocyclic nitrones with electron-deficient
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dipolarophiles has been previously studied by one of us,’
and Tanaka and Kanemasa have evaluated the effect of
Lewis acids with the same type of dipolarophiles.” DFT
calculations have also been used for evaluating the influence
of inherent electronic effects and solvent polarity in the
regioselectivity of 1,3-dipolar cycloadditions.®

The synthetic utility of glyoxylic acid derived nitrones 1 has
been widely demonstrated in one of our laboratories® and by
other groups.!® Despite this synthetic activity no theoretical
studies with nitrones 1 have been reported. It is known that
nitrones having an electron-withdrawing group at the o
position, like 1, are configurationally unstable and they can
be found as a mixture of E/Z isomers'! (Scheme 1). The
equilibrium between these isomers has been studied in
solution and a dependence on the polarity of the solvent has
been found.'? The E/Z isomerization of nitrones has invoked
to occur via ring opening of oxaziridines.!3 The presence of
Lewis acids can also induce such an isomerization.!#

As a consequence of the interconversion between E/Z
isomers, parallel models are always proposed for cyclo-
addition reactions of 1. In all cases it is possible to explain
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the obtention of the trans isomer by invoking either an endo
approach to the Z-isomer or an exo approach to the
E-isomer. Similarly, the obtention of cis isomers can be
explained through an exo approach to the Z-isomer or an
endo approach to the E-isomer (Scheme 2). Moreover, in
addition to the 3,5-regiosiomers, illustrated in Scheme 2,
3,4-regioisomers might also be obtained. So, a total of eight
different approaches should be considered.
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Scheme 2.

The reaction of nitrones 1 with electron-deficient alkenes
usually give trans adducts preferentially.!> It has been
invoked that these reactions take place through an E-exo
approach due to the higher stability of the E-isomer.!®
However, it is also possible to propose that the reaction
undergoes through an endo approach (preferred in all
cycloaddition reactions with electron-deficient alkenes) to
the more reactive Z-isomer.!” The corresponding parallel
can be done with electron-rich alkenes, too. Despite this
controversy there is no theoretical studies concerning
cycloadditions of nitrones bearing electron-withdrawing
groups that clearly discriminate between the possible
approaches.

With the aim of defining the preferred approaches for
cycloaddition reactions of nitrones 1 and to introduce
additional details in the commonly accepted general model
of 1,3-DC of nitrones, we report herein a systematic
theoretical investigation of 1,3-dipolar cycloadditions of 1
(Ry=R,=Me) using DFT calculations on all possible [3+2]
cycloaddition pathways. Electron tuning of the reactivity
was studied for methyl acrylate and vinyl acetate.

2. Computational methods

DFT calculations were carried out with the G98 system of
programs.!® Critical points (reactants, transition structures
and products) were fully characterized as minima or first-
order saddle points by diagonalizing the Hessian matrices of
the optimized structures at the B3LYP/6-31G* level.! All

the critical points were further characterized by analytic
computation of harmonic frequencies at the B3LYP/6-31G*
level. Transition structures were found to have only one
negative eigenvalue with the corresponding eigenvector
involving the formation of the newly created C—C and C-O
bonds. Vibrational frequencies were calculated (1 atm,
298.15 K) for all B3LYP/6-31G™ optimized structures and
used, unscaled, to compute both ZPVE and activation
energies. The electronic structures of critical points were
studied by the natural bond orbital (NBO) method.?° The
enthalpy and entropy changes were calculated from
standard statistical thermodynamic formulas.?! The intrinsic
reaction coordinates?? (IRC analysis) were also calculated
to analyze the mechanism in detail for all the transition
structures obtained.

We studied regio- and diastereoselectivity for the reaction
of (E)- and (Z)-1 with methyl acrylate 2 and vinyl acetate 3.
For each transition state the most stable conformations of
methyl acrylate®® and vinyl acetate®* have been chosen. On
the other hand, both s-cis and s-frans conformations of (E)-
and (Z2)-1 have been evaluated. Figure 1 displays the
conformational features of the reaction partners.
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Figure 1. Reactants.

We have considered two reaction channels, ortho and meta,
corresponding to the formation of 3,5 and 3,4-disubstituted
isoxazolidines, respectively. endo and exo approaches to E-
and Z- isomers completed the study. Consequently, 16
transition states leading to four cycloadducts have been
located for each dipolarophile. The nomenclature used for
defining stationary points is given in Scheme 3.

3. Results and discussion
3.1. Reactants

The lowest energy structure of nitrones 1 corresponds to the
s-cis E isomer. The s-trans conformation is higher in energy
by 3.00 kcal/mol in terms of free energy (Table 1). Nitrone Z
is also higher in energy than nitrone E by more than
3.70 kcal/mol. For (Z)-1, however, the s-cis and s-trans
conformations are very nearly equal in energy (within
0.07 kcal/mol at the B3LYP/6-31G(d) level).

The same order of stability emerged by the total
delocalization energies (Table 1) calculated using a
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Scheme 3.

secondary-order perturbation theory (SOPT) analysis of the
Fock matrix in NBO Basis according to the definition of
delocalization energy given by Weinhold.? In particular the
s-cis (E)-1 conformer is more stable than s-trans (E)-1
because of the two principal stabilizing delocalization
energies m C;—N,—7" Cs—04 (13.66 kcal/mol) and
nO¢—0"Cy_y,, found in the former. These values are
higher than those found for the s-frans conformer (m C,—
Nz—”ﬂ'* C5—O6 (1246 kcal/mol) and }’107—’0'* C4—H12
(4.46 kcal/mol)) by 1.20 and 1.37 kcal/mol, respectively.
The n—c¢™ interactions were also confirmed by the Mulliken
population analysis (MPA), which gives a qualitative
indicator for the amount of electron density shared by two
atoms. We have found OgH;, positive overlap density
values (0.032 and 0.022 for the s-cis and s-trans (E)-1
conformers, respectively) in agreement with the preferred
s-cis stability. On the other hand, in the two (Z)-1
conformers there no interaction between Og carboxylic
oxygen and the H, hydrogen. Moreover, the O304 and the
030, overlap densities, corresponding to the s-cis and

Table 1. B3LYP/6-31G(d) free energies (G) (hartrees) relative free energies (AG) (
(AE) (kcal/mol) together with the delocalization energies (kcal/mol) for reactants

s-trans conformers, respectively, have a negative value of
—0.001 thus indicating a lone-pair/lone-pair repulsion.
These two factors destabilize the (Z)-isomer over the (E)
one.

All conformers studied are planar (Fig. 2). The lower energy
conformer for each isomer corresponds to that having the
larger ZN—-C-C angle. Thus, these angles in s-cis (E)-1 and
s-trans (Z)-1 (131.8° and 127.5°) are larger than in s-trans
(E)-1 and s-cis (Z)-1 (126.6° and 123.3°), respectively. For
(E)-1 the lower energy s-cis conformer corresponds to that
having the smaller dipole moment (2.21 D). The largest
dipole moment corresponds to s-cis (Z)-1 (4.53 D) in which
the carbonyl group and the nitrone oxygen are oriented in a
parallel way.

3.2. Prediction of regiochemistry

A simple way to foresee the regiochemistry of the 1,3-DC
reactions consists of using the charges obtained from

kcal/mol), electronic energies (E) (hartrees) and relative electronic energies

E AE G AG Delocalization energy® Dipole moment
s-cis (E)-1 —436.867216 0.00 —436.909646 0.00 524.43 2.21
s-trans (E)-1 —436.861322 4.06 —436.904864 3.00 509.11 4.14
s-cis (Z2)-1 —436.860751 3.97 —436.903599 3.79 507.58 4.53
s-trans (Z)-1 —436.860888 3.70 —436.903.709 3.73 513.13 2.36
2 —306.365295 - —306.402235 - 332.90 1.50
3 —306.369179 - —306.407043 - 295.55 1.73

# Calculated according to the definition of delocalization energy given in Ref. 25.
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Figure 2. B3LYP/6-31G(d) optimized structures of the reactants.

Natural Population Analysis,?® that show less basis set
dependence with respect to Mulliken charges and are better
descriptors of the molecular density distribution.?’ In the
case at hand nitrones 1 have, on average, a negative charge
on both C; (—0.15) and O3 (—0.44) atoms, so as compound
2 on C; (—0.337) and C, (—0.344) atoms, whereas vinyl
acetate 3 has a negative charge on C; (—0.49) and a positive
one on C, (+0.10). In the reaction of 1 with 2 the more
nucleophilic oxygen of nitrone can equally attach the C; and
C, atom of methyl acrylate, because the very small
difference in the charges between these two atoms
(Ag=0.007), leading to an almost equimolar mixture of 4-
and 5-substituted regioisomers. On the other hand, in the
reaction of 1 with 3, the major isomer formed (the
5-substituted) is the isomer with the oxygen of nitrone
(the most negative end of dipole) attached to the positive C,
of vinyl acetate and the C; of nitrone attached to C; of 3
(that is the most negative respect to the carbon atom of
nitrone).

We have also analyzed the cycloaddition reactions using the
global and local indexes (defined in the context of the
DFT?®), which are useful tools to understand the reactivity
of molecules in their ground states. The electronic chemical
potential w is usually associated with the charge transfer
ability of the system in its ground state geometry and it can
be approximated, using Koopmans’ theorem, to the half
value of the sum of the one-electron energies of the frontier
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molecular orbitals (FMO) HOMO and LUMO.?822° The
chemical hardness 7 is considered to be a measure of the
stability of a system: the system having the maximum
hardness being the most stable.® Essentially the hardness is
approximated to be the difference of LUMO and HOMO
energy. The chemical softness parameter S is strictly related
to the chemical hardness and it is due to the inverse of 27.28

Besides these indexes it is also possible to define the global
electrophilicity power @ which measures the stabilization in
energy when the system acquires an additional electronic
charge AN from the environment. The approximate

expression for , in the ground-state parabola model, is>!
2

w
0= 3 (1)
and it may be classified within a unique relative scale in
order to evaluate the polarity of transition state structures.
Both Diels-Alder reactions3?> and 1,3-dipolar cyclo-
additions®® can be evaluated using such an absolute scale.
The values of these parameters for compounds 1, 2 and 3,
calculated with the reported formulas, are listed in Table 2.

The electronic chemical potential of methyl acrylate 2 is
similar to that of nitrone 1, thereby indicating that there is
only a slight charge transfer between the two reactants.
Instead, the chemical potential of vinyl acetate 3 is lower
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Table 2. Global properties (electronic chemical potential u, chemical hardness 1 and chemical softness S values are in a.u.; electrophilicity power w values are
in eV) and local softness (s * for nucleophilic and s ~ for electrophilic attack) of nitrone 1, methyl acrylate 2 and vinyl acetate 3

m n S ) s st s st
C, 05 C, 05 C, C, C, C,

(E)-1 s-cis —0.15785 0.16982 2.94 2.00 0.952 1.046 0.447 0.570

s-trans —0.15709 0.16848 2.97 1.99 0.941 1.078 0.448 0.579
2)-1 s-cis —0.15340 0.17707 2.82 1.81 0.403 0.998 0.471 0.510

s-trans —0.15369 0.17635 2.83 1.82 0.922 1.016 0.461 0.526
2 —0.15841 0.22875 2.18 1.49 0.129 —0.072 0.599 0.255
3 —0.12992 0.20545 2.43 1.12 0.836 0.403 0.515 0.189

than the chemical potential of nitrone 1 so indicating that a
net charge transfer will take place from 3 to 1. Indeed, the
electrophilicity differences between s-cis (E)-1 and 2
(Aw=0.51eV) indicates a lower polar character for this
cycloaddition than for the reaction between 1 and 3
(Aw=0.88 eV). Both Aw values are characteristic of non-
polar (pericyclic) reactions3233 as it is also indicated by the
low charge transfer found in all cases. Whereas the global
parameters help understanding the behavior of the system,
in a more local approach, the same parameters, also emerge
as a useful tool for rationalizing, interpreting and predicting
diverse aspects of chemical bonding and reaction mechan-
ism. Recently, local softness s has been applied successfully
for explaining the regiochemistry in more complex
pericyclic reactions.>* However, in order to explain the
regiochemistry of a multicenter reaction the HSAB
principle needs to be considered in a local sense in addition
to local softness. Chandra and Nguyen have correlated the
idea of the local HSAB concept and regioselectivity
defining a quantity that suggests a measure of predominance
of one reaction over the other.*®3> This quantity, said
‘delta’ (4Q) is so defined:

A = (5 = 50" + (5 = 5)°

2

where i and j are the atoms of a molecule A involved in the
formation of a cycloadduct with atoms k and / of a molecule
B, and s;s are the appropriate type of atomic softness (if s;
and s; are electrophilic then s, and s; are obviously
nucleophilic). According to Eq. (2) the reaction associated
with a lower A value will be the preferred one.

The local softness s was calculated as a product f£S, where fis
the condensed form of Fukui functions calculated as
reported elsewhere,?® utilizing the NBO derived charges.
The values obtained for s;s and the corresponding As values,
referred at both meta and ortho channels, for the
cycloadditions of 1 with 2 and 3 are reported in Tables 2
and 3 respectively.

In the case of the 1,3-DC of 1 with 2, or with the nitrone as

Table 3. Reverse energy gaps (eV) between molecular orbitals for the
reaction of 1 with 2 and 3

s-cis (E)-14+2 s-cis (E)-143
HOMO, - LUMO, - HOMO, - LUMO, -
LUMO, HOMO, LUMO; HOMO;
Apera Dorno Bumeta  Borno  Bmea  Borno  Bmera Dorimo
0.75 0.68 0.51 0.46 0.92 0.86 0.18 0.07

nucleophile or as electrophile the A values for both meta and
ortho channels are similar. Although the ortho channel
predominates in both cases, it is expected the formation of
both regioisomers. For the reaction between 1 and 3, we
should consider only the A values for a LUMO,-HOMO;
approach, in accord to global parameter analysis. The ortho
regioisomer is clearly predominant and almost exclusively
formed, in contrast with the experience. So, although the
regioselectivity of a pericyclic process characterized by a
low charge transfer is mainly controlled by the FMO
interactions, in this case, surprisingly, the simplest analysis
based upon charges of the atoms directly involved in the
formation of the two new sigma bond is clever to predict the
experimental results very well.

3.3. Cycloadditions with methyl acrylate

3.3.1. Energies of the transition structures. The absolute
and relative free and electronic energies with respect to
reactants for the 16 transition structures located for the
reaction between 1 and 2 are collected in Table 4.

The predicted activation free energies for the ortho channel
are, in general terms, lower than those corresponding to the

Table 4. B3LYP/6-31G(d) relative free energies (AG) (kcal/mol) and
relative electronic energies (AE) (kcal/mol) for the reaction of nitrones 1
with methyl acrylate 2

Direct AE* Inverse AE® Direct AG* Inverse AG®
TS1la s-cis 11.94 31.93 24.75 31.51
s-trans 12.11 32.11 24.85 31.61
TS1b  s-cis 12.90 27.82 25.51 27.20
s-trans 16.01 30.93 28.35 30.04
TS2a s-cis 13.44 33.17 26.63 32.94
s-trans 12.98 32.71 26.27 32.59
TS2b  s-cis 12.88 26.43 25.57 27.17
s-trans 15.13 28.68 27.73 29.34
TS3a s-cis 11.77 31.38 24.88 31.47
s-trans 12.17 31.78 25.34 31.93
TS3b  s-cis 13.50 28.07 26.37 27.98
s-trans 18.10 32.67 29.00 30.61
TS4a s-cis 14.61 3242 28.10 31.98
s-trans 13.69 31.50 27.51 31.39
TS4b  s-cis 12.74 26.43 26.07 26.11
s-trans 15.38 29.08 28.43 28.46
P1 —20.08 —6.83
P2 —19.81 —6.39
P3 —19.70 —6.66
P4 —17.90 —-3.95

# Referred to s-cis (E)-1+2 (see Table 1 for values) for reactions with E
isomer and to s-trans(Z)-1+2 (see Table 1 for values) for reactions with Z
isomer.

b Referred to the corresponding products.
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meta channel. Accordingly, it can be predicted that the 3,5-
regioisomers will be formed preferentially, in agreement
with the experimental observations. When couples of
transition structures leading to the same compound are
compared in terms of endo/exo and Z/E preferences, it can
be seen that the activation barriers for the Z-endo approach
are lower than those for E-exo approaches, namely s-cis
TS1a<s-cis TS1b, s-trans TSla<<s-trans TS1b, s-cis
TS3a<s-cis TS3b and s-trans TS3a<s-trans TS3b. There
is, however, a very small difference of only 0.1 kcal/mol
between the three transition structures lower in energy, s-cis
TS1a, s-trans TS1a and s-cis TS3a. Although these values
indicate a predominant endo approach for the reaction, it is
not possible to elucidate which is the preferred confor-
mation of the nitrone in the transition state. Looking strictly
at the absolute energy values, only in the case of a Z-exo
approach (TS2a and TS4a) the s-trans conformation is
preferred to the s-cis conformation in the transition state. In
cases in which the preferences for a Z isomer and an endo
approach are competitive (TS2a vs TS2b and TS4a vs
TS4b) there is no marked difference in the energy barriers,
thus indicating opposite effects between the more reactive Z
isomer and the preferred endo attack.

In all transition structures in which the E isomer is implied,
those corresponding to s-cis conformations of the nitrone
are shorter in energy than those related with s-trans
conformations. On the other hand, in the case of Z isomers
nearly equal values of energy are observed for s-cis and
s-trans conformations in some cases, not being possible to
clearly define a preferred conformation. This trend is
parallel to that found for the ground states in which whereas
no energetic differences were observed between s-cis
and s-trans (Z)-1, a higher stability was observed for s-cis
(E)-1.

For the reaction with methyl acrylate, it is predicted a slight
preference for an endo approach (characteristic of electron-
poor alkenes like 2) and it can be inferred a higher reactivity
of the Z isomer.

For TS1a, TS2b, and TS3a, TS4b, which corresponds to the
transition structures for the endo approach in the meta and
ortho channels, respectively, MPA provides some evidence
for secondary orbital interaction (SOI) between the two
reactants.’’ In fact the TSla shows a positive overlap
density of 0.015, 0.005 and 0.005 for Os;H,;, C4O; and
O;3H,q respectively; similar interaction can be seen in TS2b
(C407=0.002 and O3H,,=0.010), TS3a (04,C,;=0.016 and
C;;H;7,=0.003) and TS4b (0O4H»3=0.014 and
0O5C;1=0.007). On the other hand, these interactions are
not observed for the exo approach with the exception of
TS1b, where are less intense (O3H,;=0.011, C4,0,=0.002,
0,3H,9=0.003). Moreover, if we take in account that these
1,3-DC are mainly conducted in THF or toluene at reflux
temperatures, i.e. at 70—110 °C, on the basis of the reverse
barrier energies reported in Table 4, we can assume that the
reactions at hand are reversible and then under thermo-
dynamic control, so that the P4 product, possessing a AG of
—3.95 kcal/mol, under these conditions is not obtained.
These data are in good agreement with the observed stability
and the experimental results observed in 1,3-DC for similar
compounds.3®

3.3.2. Geometries of the transition structures. The
optimized geometries of eight transition structures corre-
sponding to the reaction of E and Z isomers, and leading to
the four possible products P1,P2,P3, and P4, are illustrated
in Figure 3. Only the more stable s-cis or s-trans conformers
are shown (the rest of geometries are available from the
authors).

For the lower energy meta transition structures, the lengths
of the C-C forming bonds (2.03-2.09 A) are markedly
shorter than the lengths of the C—O ones (2.20-2.25 A). As
expected for electron-deficient dipolarophiles, the situation
is reversed for the ortho channel, the length of the C-C
forming bonds (2.27-2.36 A) being clearly larger than
those of the C—O forming bonds (1.87-1.92 A). Taking
into consideration that C—O sigma bonds are shorter than
C-C sigma bonds, the difference of the lengths of the two
forming bonds are inside of the range of a concerted process
but with a significant asynchronicity. It is well known that
when a 1,3-DC cycloaddition presents asynchronous TSs,
diradical structures could in principle be involved.3® This as
been ruled out repeating the TSs calculations using the
Keywords STABLE, present in Gaussian 98, at both
RB3LYP/6-31G™ and UB3LYP/6-31G* levels. In all the
cases the wavefunction resulted stable under the pertur-
bations considered.

A remarkable difference between transition structures
concerns the conformation of the forming isoxazolidine
ring, defined by C;—N,-03-C4—C5 and C;—-N,-03-Cs—
C, atoms for meta and ortho channels, respectively.
Transition structures of (E)-1 show positive values, in the
range of 51.6° to 59.2°, of Z0;-N,-C;-C5(C,4) dihedral
angle, the larger values corresponding to the meta channel.
These transition states (TS1b, TS2b, TS3b, TS4b) also
presented positive, but smaller, values (2.1° to 10.8°) for the
£03-C4—Cs5-C; (or £L0O3-C5—C4—C,) dihedral angle. For
transition structures corresponding to (Z)-1 negative values
are observed for both dihedral angles. The larger values
correspond to £03-N,-C;-Cs(C4) angle (—24.6° to
—58.1°) and the smaller values to Z03;—C4(Cs5)—Cs(Cy)—
C, angle (0.0° to —9.7°). Noteworthy, transition structures
corresponding to a 3,4-endo attack present four atoms in a
plane, the only out-of-plane atom being the nitrogen one.

3.3.3. Bond order and charge analysis. The concept of
bond order (BO) can be utilized to obtain a more deepen
analysis of the extent of bond formation or bond breaking
along a reaction pathway. This theoretical tool has been
used to study the molecular mechanism of chemical
reactions. To follow the nature of the formation process
for C;—-Cs (C;—-C,4) and C4—0Oj3 (C5—03) bonds, the Wiberg
bond indexes*® have been computed by using the NBO
population analysis as implemented in Gaussian 98. The
results are included in Table 5.

The general analysis of the bond order values for all the TSs
structures showed that the cycloaddition process is asyn-
chronous with an interval of 0.286—0.471 and 0.299-0.484
for the meta and ortho channels, respectively. Moreover, for
the meta channel the BOs for the forming C;—Cs bonds are
in the range of 0.431-0.471 and have greater values than
that for the forming C4—O5 bonds that are in the range of
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Table 5. Delocalization energies (AE in kcal/mol) from reactants to TSs,
bond orders (Wiberg indexes) for the two forming bonds in the TSs and
charge transfer (a.u.) in terms of the residual charge of the nitrone fragment
in the transition state

AE* C,-Cs", C4-05°, NPA gcr

C-Cy° Cs-05° (e)

TS1a s-cis 108.44 0.442 0.294 0.049
s-trans 72.73 0.441 0.291 0.047

TS1b s-cis 242.31 0.466 0.304 0.034
s-trans 121.27 0.456 0.300 0.030

TS2a s-Cis 79.88 0.431 0.286 0.041
s-trans 72.73 0.431 0.289 0.036

TS2b s-cis 224.10 0.471 0.301 0.049
s-trans 259.19 0.464 0.296 0.048

TS3a s-cis 71.94 0.299 0.484 0.034
s-trans 81.57 0.302 0.477 0.035

TS3b $-Cis 177.99 0.314 0.468 0.030
s-trans 230.32 0.315 0.456 0.024

TS4a s-cis 112.37 0.300 0.452 0.035
s-trans 116.47 0.304 0.455 0.026

TS4b s-cis 263.64 0.327 0.479 0.029
s-trans 180.86 0.319 0.479 0.037

# Calculated using a secondary-order perturbation theory (SOPT) analysis
of the Fock matrix.

b Referred to 3,5-regioisomers.

¢ Referred to 3,4-regioisomers.

0.286-0.304. Instead, for the ortho channel the BOs
corresponding to the forming C;—C,4 bonds (0.299-0.327)
have a lower values than that for the former C5—05 (0.452—
0.484). These data show a change of asynchronicity on the
bond formation process for the two regioisomeric pathways
although the extent of asynchronicity is the same for the two
channels.

The natural population analysis*! allows to evaluate the
charge transferred between the two reactants at the TSs
geometry. The charge transfer in terms of the residual
charge on the nitrone, for all the optimized TSs, is shown in
Table 5. Although the positive values are indicative of an
electron flow from the HOMO of nitrone to the LUMO of
the methyl acrylate, their magnitudes revealing an almost
neutral reaction. Indeed, since both reagents have quite
similar electronic chemical potential values, it could be
expected that no charge transfer between the reagents takes
place.

There is an important increasing of the delocalization
energy from reactants to TSs as inferred from the SOPT
analysis shown in Table 5. Even though it cannot be
assumed a complete correlation between the energies of the
TSs and the total energies of delocalization, an examination
of the contribution due to the inter-reactants delocalizations,
accounts for the SOI pointed out by the MPA. Thus, the
TS1a is particularly stabilized by a n—m" (2.40 kcal/mol)
delocalization of the oxygen long pairs of the nitrone moiety
with the antibonding orbital of the carboxylic double bond
of the olefin moiety. Moreover, there are two neat
stabilization due to a n—o™ (1.43 kcal/mol) of the long
pair on the carboxylic oxygen of 2 with the C—H single
bond of the methyl substituent present on 1, and a m—c™
(0.65 kcal/mol) of the carboxylic double bond ever with
the same C—H single bond. On the other hand, for TS1b
only a n—m" (1.16 kcal/mol) stabilization Oyjyone—
C=Odjpolarophile 1$ found. These data are in an excellent

Table 6. B3LYP/6-31G(d) relative free energies (AG) (kcal/mol) and
relative electronic energies (AE) (kcal/mol) for the reaction of nitrones 1
with vinyl acetate 3

Direct AE* Inverse AE® Direct AG* Inverse AG®

TS5a  s-cis 16.94 44.60 29.90 44.12
s-trans 16.79 44.46 29.66 43.88

TS5b  s-cis 15.31 37.54 28.07 36.96
s-trans 17.97 38.24 30.49 36.37

TS6a s-cis 14.93 41.93 28.28 42.14
s-trans 15.38 43.04 28.44 42.66

TS6b  s-cis 16.89 37.16 29.62 35.50
s-trans 19.49 42.52 32.23 42.37

TS7a  s-cis 18.14 39.62 30.93 39.07
s-trans 19.01 45.22 31.31 43.92

TS7b  s-cis 18.15 34.58 31.50 34.37
s-trans 21.11 35.22 34.35 34.92

TS8a  s-cis 19.71 40.07 33.02 38.78
s-trans 18.33 39.81 32.15 40.28

TS8b  s-cis 16.82 30.93 31.17 31.74
s-trans 21.05 37.44 34.98 37.02

P5 —217.75 —14.29

P6 —27.08 —13.93

P7 —-21.57 —8.21

P8 —20.45 —5.84

* Referred to s-cis (E)-1+3 (see Table 1 for values) for reactions with E
isomer and to s-trans (Z)-1+3 (see Table 1 for values) for reactions with Z
isomer.

b Referred to the corresponding products.

agreement with the major stability of TS1a vs TS1b due to
the strongest SOI achieved in the endo approach. The same
analysis extended to all TSs lead to parallel conclusions.

3.4. Cycloadditions with vinyl acetate

3.4.1. Energies of the transition structures. The absolute
and relative free energies for the sixteen transition structures
located for the reaction between 1 and 3 are indicated in
Table 6.

As in the case of methyl acrylate the activation free energies
for the ortho channel (3,5-regioisomers) are lower in energy
than those corresponding to the meta channel (3,4-
regiosiomers). Also in this case it is possible to predict the
predominant formation of 3,5-regioisomers in good agree-
ment with experimental observations.’®"3842 The two
transition structures lower in energy are s-cis TS-5b and
s-cis TS6a corresponding to exo approaches of the
dipolarophile to E and Z isomers, respectively. These data
agree with an expected exo preference for a relatively
electron-rich alkene like 3. The difference of only 0.2 kcal/
mol between s-cis TS-5b and s-cis TS6a indicates that a
mixture of products PS5 and P6 will be obtained, although
such a small difference does not allow to evaluate the results
quantitatively. A preference for s-cis conformations is
observed in the transition structures, particularly for (E)-1.
For TS5a and TS8a, corresponding to 3,5-endo and 3,4-exo
approaches, the s-frans conformation is preferred although
small differences in energy are obtained.

For the cycloaddition with vinyl acetate it can be predicted
an exo approach of the dipolarophile. Even preferred s-cis
conformation of nitrone can be inferred. However, it is
difficult to predict what isomer (E or Z) is the most
reactive.
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Even in this case, for TSSb and TS6a, which corresponds to
the transition structures for the exo approach in the meta
channel, MPA provides some evidence for their major
stability with respect to the corresponding TS5a and TS6b
due to SOI effect. In fact, the TS5b shows a positive overlap
density of 0.005 for O4C¢ and a negative ones of —0.017 for
O4Hy; on the contrary, TS5a shows a positive overlap
density of 0.004 for O4Cg¢ and a negative ones of —0.020 for
O4Hy so accounting for its minor stability. Similar
interaction are involved in TS6a (04C¢=0.005 and
0409=-0.017), and TS6b (04,Cc=0.004 and
0409=-0.021). These interactions are reversed for
TS7a,b and TS8a,b justifying their preference for the
endo approach.

Moreover, this reaction, with the exception of TS8b, shows

g-cis TS1a

2,093
s =

’x B 2
5 ’

g-frans TS2a

o3

”\JZG

g-¢ls TS3a
Nz
03 - e
1.91% :2.36
s i e}
s-frans TS4a

higher values for the inverse energy barrier (Table 6) than
those corresponding to the reaction between 1 and 2, and
then it should be irreversible at the experimental conditions
employed. Nevertheless, in this case the kinetic and
thermodynamic products are coincident and then the only
formation of PS5 and P6 is noticeable, in agreement with
experimental results reported in literature for analogue
reactions.>

3.4.2. Geometries of the transition structures. The
optimized geometries of eight transition structures corre-
sponding to the reaction of E and Z isomers, and leading to
the four possible products P5, P6, P7, and P8, are illustrated
in Figure 4. Only the more stable s-cis or s-trans conformers
are shown (the rest of geometries are available from the
authors).

N2

b P 2
CI% .

2.03% i2.22

e

s-cis TS1b

s-¢1s TS3b

5-cis TS4b

Figure 3. Optimized geometries at B3LYP/6-31G(d) level for transition structures leading to P1, P2, P3, and P4. Some hydrogen atoms have been omitted for

clarity. Distances of forming bonds are given in angstroms.
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For cycloaddition of vinyl acetate with (E)- and (Z)-1,
the lengths of the forming bonds are closer than for the
reaction with methyl acrylate. The lengths of the C-C
forming bonds (2.14-2.25 A) are slightly longer than the
C-0O forming bonds (2.00-2.13 A). This rule remains
valid for meta and ortho channels, although in the former,
the lengths of both forming bonds are closer than in the latter.
Indeed, rather similar forming bonds lengths are found for
TS6a and TS5b. Since C—O bonds are shorter than C—C
bonds these data clearly show a concerted process.

The geometrical disposition of the five atoms implied in
forming new bonds (C;, N,, O3, C4 and Cs) follow a similar
trend to that of transition structures corresponding to methyl
acrylate. However, some deviation of the general trend is
found. Thus, transition structures related to E-isomer show
positive values of 2 03—N,—C;—Cs(C,) (51.0°-56.6°) and
Z.03-C4(Cs5)—C5(C4)-C; (11.0°-13.5°) dihedral angles,
with the exception of TS6b and TS7b which present values
of the latter dihedral angle near to zero whatever the
conformation (s-trans or s-cis) is.

In the case of transition structures related with (Z)-1,
negative values (—49.0° to —52.8°) of £0;-N,-C;—
Cs5(C4) are found. Smaller but still negative values are
observed for £Z03—C5(C4)—C4(Cs5)—C; (—11.2°to —13.2°).
Now the exception comes from TS5a, which shows small
positive values for Z03—C5(C4)—Cy4(Cs5)—C; (3.0° and 3.3°
for s-trans and s-cis, respectively), and TS8a, which shows
almost zero values for the same dihedral angle.

3.4.3. Bond order and charge analysis. The general
analysis of the bond order values for all the TSs structures
showed that the cycloaddition process is slightly asynchro-
nous with an interval, in the Wiberg bond indexes, of
0.313-0.404 and 0.357-0.414 for the meta and ortho
channels respectively. Moreover, for the meta channel the
BOs for the forming C;—Cs bonds are in the range of
0.38010.404 and have greater values than those observed
the forming C4—0O3 bonds, which are in the range of 0.313 -
0.346. Instead, for the ortho channel the BOs corresponding
to the forming C;—C,4 bonds (0.357-0.387) have lower
values than that of the former C5s—03 (0.391-0.414). These
data show a change of asynchronicity on the bond formation
process for the two regioisomeric pathways with the meta
channel scarcely more asynchronous than the ortho one.
Furthermore, in the meta channel, the more stable TS5b and
TS5a are the most asynchronous. This analysis is in
agreement with the corresponding imaginary frequency
values that are generally lower for the more asynchronous
TSs.** How said is valid as well for the comparison of the
reactions of the nitrone 1 with compounds 2 and 3: the more
asynchronous TSs correspond the lower imaginary
frequency values.

The charge transfer, evaluated by the natural population
analysis, in terms of the residual charge on the nitrone, for
all the optimized TSs, is shown in Table 7. The negative
values are indicative of an electron flow from the HOMO
of the vinyl acetate to the LUMO of the nitrone, in
agreement to the lower value of the electronic chemical
potential of 3 (u=-—0.12992) with respect to that of 1
(np=-0.15785).

Table 7. Delocalization energies (AE in kcal/mol) from reactants to TSs,
bond orders (Wiberg indexes) for the two forming bonds in the TSs and
charge transfer (a.u.) in terms of the residual charge of the nitrone fragment
in the transition state

AE* C,-Cs’ C4—03,° NPA gcr
C-Cy° Cs-05° (e)
TS5a s-cis 109.04 0.381 0.343 —0.051
s-trans 112.04 0.380 0.338 —0.051
TS5b S-Cis 318.81 0.404 0.331 —0.065
s-trans 147.54 0.399 0.326 —0.067
TS6a s-cis 379.88 0.387 0.322 —=0.071
s-trans 111.07 0.380 0.313 —0.065
TS6b S-Cis 372.50 0.401 0.346 —0.053
s-trans 249.37 0.397 0.341 —0.055
TS7a s-Cis 369.24 0.372 0.395 —0.047
s-trans 78.56 0.373 0.391 —0.047
TS7b s-cis —-12.91 0.379 0.414 —0.049
s-trans —13.82 0.382 0.405 —0.051
TS8a S-Cis 133.51 0.361 0.402 —0.045
s-trans 171.13 0.357 0.408 —0.060
TS8b S-Cis —40.18 0.387 0.408 —0.051
s-trans —20.45 0.387 0.399 —0.045

# Calculated using a secondary-order perturbation theory (SOPT) analysis
of the Fock matrix.

b Referred to 3,5-regioisomers.

¢ Referred to 3,4-regioisomers.

From the results of the SOPT analysis showed in Table 7
there is an important increment in the delocalization energy
from reactants to TSs, with the exception of TS7b and TS8b
that show negative values. Again, although there is not a
complete correlation between the energies of the TSs and
the total energies of delocalization, an examination of the
contributions due to the inter-reactants delocalizations,
accounts for the SOI pointed out by the MPA. Thus, the
TS5b is stabilized by a n—o™ (1.14 kcal/mol) delocalization
of the oxygen long pairs of the nitrone moiety with the
antibonding orbital of the oxygen single bond of the olefin
moiety; the same stabilization, in TSSa, is only 0.67 kcal/
mol. Similar results were obtained for TS6a (n—ac™;
1.11 kcal/mol) and TS6b (n—o™; 0.62 kcal/mol). These
observations are in agreement with the major stability
observed for TSSb vs TSS5a and for TS6a vs TS6b due to
the strongest SOI achieved in the exo approach. The same
analysis extended to TSs corresponding to ortho channel
lead to parallel conclusions, but with the inversion of exo/
endo stability.

4. Conclusions

In cycloadditions with methyl acrylate the predicted
preference for a Z-endo transition structure is substantial.
A theoretical preference for 3,5-regioisomers is also
observed and the predominance of trans adducts are
correctly predicted with a difference of more than
1.0 kcal/mol. The theoretical preference for s-cis confor-
mations over s-trans conformations is less pronounced and
in some cases differences of only 0.1 kcal/mol are observed.
These low energy differences in predicted barriers for s-cis
vs s-trans are in no way reliable; the differences may not
have the accuracy for quantitative predictions, and we
believe that these are qualitatively correct and account for
the selectivities calculated for the studied reactions. Indeed,
such small differences highlights the difficulty of predicting
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s-cis TS5a

s-trans TS6a

s-cis TS5b
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Figure 4. Optimized geometries at B3LYP/6-31G(d) level for transition structures leading to P5, P6, P7, and P8. Some hydrogen atoms have been omitted for

clarity. Distances for forming bonds are given in angstorms.

the transition structure which operate in the formation of
each product. In some instances calculations predict barrier
differences of <0.3 kcal/mol. Preferences based on these
energy differences are very weak by themselves since the
results could be reverted by steric reasons in similar
reactions with different groups. The results obtained agree
with the experimental findings for both methyl acrylate and
vinyl acetate. Consideration of the ground state not always
lead to successful rationalization of the selectivity.**
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