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Abstract—The 1,3-dipolar cycloaddition of C-(hetaryl) nitrones with electron-poor and electron-rich alkenes is 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 the regio- and stereochemical preferences of the reaction are discussed.
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1. Introduction

1,3-Dipolar cycloaddition reactions (DCR) between nitrones
and alkenes provide polyfunctionalized isoxazolidines that
are widely used in the synthesis of several nitrogen-contain-
ing products.' The availability of simple and efficient nitro-
nes has been the driving force for the development of
isoxazolidines as synthetic intermediates.? Given the impor-
tance of DCR, the mechanism of the reaction has been
widely studied® and, during the last years, several computa-
tional studies have been reported to understand the origins of
its regio- and stereoselectivities.* Nitrones bearing suitable
substituents at the carbon atom are of particular interest
since they can lead to substituted 1,3-aminoalcohols’ or sat-
urated nitrogen heterocycles such as pyrrolidines, pyrroliz-
idines and indolizidines® depending on the dipolarophile
(Scheme 1). Within this context, glyoxylic acid-derived ni-
trones’ 1 and C-(hetaryl) nitrones® 2 are valuable substrates
because of the carboxylic acid unit present in the former and
the masked functionalities available in the latter,” which
allow a great number of further synthetic transformations.
Particularly, the synthetic utility of C-(hetaryl) nitrones 2
has been demonstrated in our laboratories®®8¢10 and by
other groups.'!

The case of configurationally unstable nitrones 1 has been
recently studied by us using DFT methods.!? This approach
showed to be quite convenient for obtaining reliable results
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at a low computational cost.'> We have also reported exper-
imental and semiempirical studies on the reaction between
some hetaryl nitrones and electron-deficient alkenes.'* How-
ever, the evaluation of a number of hetaryl nitrones 2, bear-
ing heterocyclic units of different electronic nature requires
the use of the more valuable DFT methods. Therefore, this
paper presents a complete DFT study of the cycloaddition
reactions between hetaryl nitrones 2a—e and both electron-
poor and electron-rich dipolarophiles. For the purpose of
comparison C-phenyl nitrone 2f is also studied (Chart 1).
The understanding of the transition structures involved will
allow the prediction of selectivities of the reaction, expand-
ing the synthetic applications of this method for preparing
synthetic intermediates.
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Chart 1.
2. Computational methods

Geometry optimizations of the critical points (reactants,
transition structures and products) were carried out using
DFT methods at the B3LYP/6-31G* level of theory.'” Fre-
quency calculation was used to confirm the nature of the
stationary points. Transition structures were found to have
only one negative eigenvalue with the corresponding eigen-
vector involving the formation of the newly created C—C and
C-0 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 ener-
gies. The electronic structures of critical points were studied
by the natural bond orbital (NBO) method.!'® The enthalpy
and entropy changes were calculated from standard statisti-
cal thermodynamic formulas.'” The intrinsic reaction coor-
dinates'® (IRC analysis) were also calculated to analyze
the mechanism in detail for all the transition structures
obtained. DFT calculations were carried out with the G03
system of programs.'”

We studied regio- and diastereoselectivities for the reaction
of 2 with methyl acrylate 3 and vinyl acetate 4. For each tran-
sition state the most stable conformations of methyl acryl-
ate®® and vinyl acetate?! have been chosen. Both E and Z
configurations of nitrones 2 have been evaluated. In addition,
for nitrones 2a—e syn and anti conformations®?> have also
been calculated (obviously this does not apply for nitrone
2f, for symmetry reasons since it has an only conformation
for E and Z isomers). Once evaluated the stability of reac-
tants the most stable conformations have been chosen for
performing the study. Figure 1 displays the conformational
features of the reaction partners. These conformations
have been further employed for locating the corresponding
transition states.

We have considered two reaction channels, ortho and meta,
corresponding to the formation of 3,5- and 3,4-disubstituted
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Figure 1. Reactants (for 2d X refers to the sulfur atom).

isoxazolidines, respectively; endo and exo approaches to the
most stable isomer of the corresponding nitrone completed
the study. Consequently, four transition states leading to
the four possible cycloadducts have been located for each
nitrone and dipolarophile (a total of 48 transition structures
have been located and fully optimized). The nomenclature
used for defining stationary points is given in Scheme 2.

3. Results and discussion
3.1. Reactants

Relative energies shown in Table 1 indicate that energy
differences among E and Z isomers of nitrones are quite sig-
nificant, namely ca. 3—12 kcal/mol. In all cases the Z-isomer
is the preferred one, consistent with previous findings
reported for aldonitrones.?® In the case of hetaryl nitrones
2a—e relative energies among syn and anti conformations
depend on the nature of the heterocyclic moiety. Thus, for
C-(2-furyl) nitrone 2a and C-(2-pyridyl) nitrone 2e the anti
conformation in which the heteroatom is orientated opposite
to nitrone oxygen (anti-Z in Fig. 1) is the most stable. Dif-
ferences of 5.0 and 7.4 kcal/mol are observed for 2a and
2e, respectively. The preference for such an anti conforma-
tion was also confirmed, in the case of nitrone 2e, in solid
state by means of an X-ray analysis.>* On the other hand,
nitrones 2b and 2d derived from 2-formylthiophene and
2-formylthiazole, respectively, showed a clear preference
for syn conformers revealing the presence of a 1,5-interac-
tion between the heterocyclic sulfur atom and the nitrone
oxygen (Fig. 2). The optimized S-O distance was found to
be 2.738 A for 2b and 2.721 A for 2d. These distances are
substantially less than the sum of van der Waals radii
(3.320 A) and indicative of the expansmn of the valence
shell of the sulfur atom. Such an expansion can be character-
ized by the covalency ratio factor x introduced by Weinhold
and co-workers.?> In the case of nitrones 2b and 2d y is
defined as follows:

_ (Rs+Ro) —dso
X= (Rs +Ro) — (rs +710) M

where Rg and R stand for van der Waals and rg and rg for
covalent radii of sulfur and oxygen atom, dso being the
optimized distance. For nitrones 2b and 2d the correspond-
ing values of x are 0.359 and 0.370, respectively, indicating
a weak interaction but enough stabilization to induce the
higher stability for syn conformation. The opposite charges
on the sulfur atom (+0.330 for 2b and +0.324 for 2d) and
on the oxygen atom (—0.489 for 2b and —0.478 for 2d)
are mainly responsible for this electrostatic interaction.
This sort of intramolecular donor—acceptor interactions are
well-documented in literature?® and are typical of 1,5-X,0
systems (X=S, Se, Te). The preferred syn conformation
for nitrone 2¢ is clearly determined by the presence of an
intramolecular hydrogen bond between the pyrrole NH
group and the nitrone oxygen (dng=1.950 A).

Also the Mulliken population analysis (MPA), which gives
a qualitative indication for the amount of electron density
shared by two atoms, confirms the above emerged picture;
so we have found an O4S¢ positive overlap density value
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of 0.037 and 0.036 for the syn-Z-2b and syn-Z-2d nitrones,
respectively, whose magnitude is in agreement with their
higher stability. The analysis of the delocalization ener-
gies obtained with a Secondary-Order Perturbation Theory
(SOPT) of the Fock matrix in NBO Basis points out that
the secondary orbital interactions (SOI) outlined by the
MPA are due to the principal stabilizing delocalization
n04— 6*C7-Sg (4.60 and 4.76 kcal/mol for syn-Z-2b and

syn-Z-2d, respectively). For the anti-Z-2b the positive SOI
interactions found for O4H;¢ and O,Co (0.021 and 0.006,
respectively) are counterpoised by the N3Coy negative one
(—0.014); the same trend is observed for the anti-Z-2d
nitrone. In compound syn-Z-2¢ the hydrogen bond is
evidenced by the O4H ¢ positive SOI (0.060) due to a stabi-
lizing nO4— o*Ng-H,4 delocalization of 11.69 kcal/mol.
On the contrary, in compound anti-Z-2¢ the two positive

Table 1. B3LYP/6-31G(d) free energies (G) (hartrees) relative free energies (AG) (kcal/mol), electronic energies (E) (hartrees) and relative electronic energies

(AE) (kcal/mol)

E AE* G AG* Dipole moment
anti (Z)-2a —437.824195 0.00 —437.864981 0.00 2.52
syn (Z)-2a —437.816165 5.04 —437.857399 4.76 3.51
anti (E)-2a —437.814080 6.35 —437.855394 6.02 4.21
syn (E)-2a —437.815563 542 —437.857441 4.73 4.04
anti (Z)-2b —760.804848 2.02 —760.847035 1.81 2.52
syn (Z)-2b —760.808070 0.00 —760.849913 0.00 3.55
anti (E)-2b —760.794507 8.51 —760.836948 8.14 4.04
syn (E)-2b —760.794872 8.28 —760.838253 7.32 3.66
anti (Z)-2¢ —417.953993 7.37 —417.995303 6.90 4.87
syn (Z)-2¢ —417.965743 0.00 —418.006306 0.00 2.29
anti (E)-2¢ —417.946464 12.10 —417.988081 11.44 3.71
syn (E)-2¢ —417.943959 13.67 —417.985552 13.02 4.35
anti (Z)-2d —776.852976 8.75 —776.895490 8.12 3.74
syn (Z)-2d —776.866923 0.00 —776.908430 0.00 2.11
anti (E)-2d —776.857703 5.79 —776.900030 5.27 3.52
syn (E)-2d —776.852288 9.18 —776.894761 8.58 4.24
anti (2)-2e —456.066205 0.00 —456.108556 0.00 1.22
syn (Z)-2e —456.054185 7.54 —456.097330 7.04 4.36
anti (E)-2e —456.060146 3.80 —456.102894 3.55 4.17
syn (E)-2e —456.052986 8.30 —456.095573 8.15 5.10
(Z2)-2f —440.014717 0.00 —440.057304 0.00 3.13
(E)-2f —440.004172 6.62 —440.046849 6.56 3.87
3 —306.365295 — -306.402235 — 1.50
4 —306.369179 — -306.407043 — 1.73

# Referred for each series.
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Figure 2. B3LYP/6-31G(d) optimized structures of the reactants.

SOI interactions found for O4H;7 and O4Co (0.018 and
0.006, respectively) are counterpoised by the N3Co and
N3H;; negative ones (—0.011 and —0.005, respectively).

In general, the dipole moments are lower in Z-isomers for
a given conformation. Thus, the lowest values correspond
to the most stable conformations, the only exception being
C-(2-thienyl) nitrone 2b. The dipole moment for syn-Z-2b
(3.55) is greater than that of its respective anti-Z isomer
(Table 1). Indeed, the largest dipole moment corresponds
to syn-Z-2b in which the sulfur atom and the nitrone oxygen
are orientated in a parallel way as a consequence of the
above mentioned 1,5-S,0 stabilizing interactions, and it is
in accord to the concordance vectors of the independent di-
pole moments for thiophene and nitrone moieties. In all the
other more stable nitrones the same vectors are discordant.

3.2. DFT analysis based on the reactivity indices

These 1,3-DC reactions have been analyzed using the global
indexes, as defined in the context of DFT,?’ which are useful
tools to understand the reactivity of molecules in their
ground states. The electronic chemical potential u, that is
the negative of electronegativity x, is usually associated
with the charge transfer ability of the system in its ground
state geometry and it can be approximated, using Koop-
mans’ theorem, to the half value of the sum of the one-elec-
tron energies of the FMOs HOMO and LUMO.?® The
chemical hardness 7 is considered to be a measure of the
stability of a system: the system having the maximum hard-
ness being the most stable.?® Essentially the hardness is
approximated to be the difference between LUMO and
HOMO energies. The chemical softness parameter S is
strictly related to the chemical hardness and it is due to the
inverse of 27.%8

Besides these indexes it is also possible to define the global
electrophilicity power w, which measures the stabilization in

energy when the system acquires an additional electronic
charge AN from the environment. The approximate expres-
sion for w, in the ground state parabola model, is*°

0=t 2)

and it is a useful descriptor of reactivity that allows a quanti-
tative classification of the global electrophilic character of
a molecule within a relative scale. Both Diels—Alder reac-
tions®! and DCR>? can be evaluated using such an absolute
scale. Moreover, the maximum amount of electronic charge
that the electrophile system may accept is given by:

u
A[\]max = - 3
. (3)

The values of u, , S and w for compounds anti-Z-2a.e, syn-Z-
2b-d, Z-2f, 3 and 4, calculated with the reported formulas, are
listed in Table 2. The electronic chemical potential, u, of all
nitrones 2 is less than that of the dipolarophile 3, thereby indi-
cating that a net charge transfer will take place from the dipole
to the dlpolar Ophile, ie. HOMOdipole_LUMOdipOIarophile inter-
action, in agreement with the charge transfer analysis per-
formed at the corresponding TSs (vide infra). The same
trend, but with a minor difference between the u values, is
observed for dipoles 2a, 2b, 2¢ and 2f in comparison with 4,
indicating only a slight charge transfer between the two reac-
tants. This expectation is in contrast with the charge transfer
analysis performed at the corresponding TSs respect to the
electron flow but is in agreement with respect to the magni-
tude. Vice versa, the chemical potential of 2d and 2e is higher
than that of 4, thereby indicating that a net charge transfer will
take place from dipolarophile to dipole.

Indeed, the electrophilicity differences, Aw, between 2 and
3.4 (Aw=0.10—0.79 eV) indicate a lower polar character
for these cycloadditions and their values are characteristic
of non-polar (pericyclic) reactions®'*? as is also indicated
by the low charge transfer found in all cases. Moreover,
the dipolarophile 3 presents a high electrophilicity value
and, according to the absolute scale of electrophilicity based
on the w index,?® it can be classified as strong electrophile;
on the contrary, the dipolarophile 4 has a larger electrophilic-
ity value (0.96 eV) than that expected due to the presence of
the carboxylate group (note that the electrophilicity of
methyl vinyl ether, which is classified as a good nucleophile,
is 0.42 eV). Thus, using the same consideration as for 3,
compound 4 can only be considered moderate electrophilic.
The same analysis, extended to dipoles 2 tell us that nitrones
2d and 2e are strong electrophiles whereas the remaining

Table 2. HOMO, LUMO and global properties (HOMO, LUMO, electronic chemical potential i, chemical hardness 7 and chemical softness S values are in au;

electrophilicity power w values are in eV)

HOMO LUMO n n S w AN ax
anti (Z)-2a 0.19241 0.04271 —0.11756 0.14970 3.340 1.26 0.79
syn (Z)-2b 0.19514 0.04870 —0.12192 0.14644 3414 1.38 0.83
syn (2)-2¢ 0.18345 0.03320 —0.10833 0.15025 3.328 1.06 0.72
syn (Z)-2d 0.21260 0.06397 —0.13829 0.14863 3.364 1.75 0.93
anti (Z)-2e 0.21244 0.05654 —0.13449 0.15590 3.207 1.58 0.86
(Z)-2f 0.20230 0.04650 —0.12440 0.15580 3.209 1.35 0.80
3 —0.27279 —0.04404 —0.15842 0.22875 2.186 1.49 0.69
4 0.24948 0.01036 —0.12992 0.23912 2.091 0.96 0.54
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Table 3. B3LYP/6-31G(d) relative free energies (AG) (kcal/mol) and relative electronic energies (AE) (kcal/mol) for the reaction of nitrones 2a—f with methyl

acrylate 3
Nitrone TS Direct AE* Inverse AE" Direct AG" Inverse AG® Product Direct AE* Direct AG*
2a TS1a 1691 26.57 29.73 26.44 Pla —9.66 3.29
TS2a 19.22 30.95 31.89 30.99 P2a —11.73 0.89
TS3a 16.13 25.27 29.15 25.60 P3a —-9.14 3.55
TS4a 18.33 26.14 31.34 26.23 P4a —7.80 5.10
2b TS1b 17.90 27.24 30.89 27.23 P1b —12.50 0.00
TS2b 21.10 31.27 33.98 31.77 P2b —13.33 —1.46
TS3b 16.78 25.21 29.86 25.75 P3b —11.59 0.45
TS4b 19.30 26.87 32.43 26.48 P4b —10.72 2.28
2¢ TS1c 18.49 25.53 31.47 25.87 Plc —7.04 5.60
TS2¢ 19.29 24.42 32.45 24.58 P2c —-5.14 7.88
TS3c 17.27 23.73 30.35 24.09 P3c —6.45 6.26
TS4c 19.30 25.44 32.46 25.07 P4c —6.13 7.39
2d TS1d 17.41 29.05 30.31 28.94 P1d —11.64 1.37
TS2d 20.27 28.88 33.06 29.04 P2d —8.61 4.02
TS3d 17.29 28.39 30.39 28.78 P3d —11.10 1.61
TS4d 19.53 28.31 32.66 28.08 P4d —8.78 4.58
2e TS1e 15.31 29.25 28.21 29.23 Ple —13.94 —1.02
TS2e 17.34 31.26 30.22 31.18 P2e —13.92 —0.96
TS3e 15.39 28.78 28.38 28.90 P3e —13.39 —0.52
TS4e 17.62 29.30 30.63 29.02 Pde —11.68 1.60
2f TS1f 15.85 28.51 28.71 28.54 Pif —12.67 0.18
TS2f 18.38 32.64 31.41 32.79 P2f —14.26 —1.38
TS3f 15.00 27.27 28.03 27.50 P3f —12.27 0.52
TS4f 17.62 28.45 31.02 28.27 P4af —10.83 2.75

# Referred to nitrone 2+3 (see Table 1 for values).
b Referred to the corresponding products.

ones are moderate electrophiles. Being the w index of 4 less
than those of all nitrones, it will act as nucleophile with a net
charge transfer to compounds 2, in total accord, this time, to
the analysis performed at the corresponding TSs (see below).
This is because the electrophilicity index encompasses both
the propensity of the electrophile to acquire an additional
electronic charge driven by u?, and the resistance of the
system to exchange electronic charge with the environment
described by 7, simultaneously.

Considering the difference in electrophilicity indexes, the
more favourable interactions will take place between 2c,
the less electrophilic species, and 3, for the acrylate DCR
and between 2d and 4 for the acetate one. From the hardness
values,* reported in Table 2, it emerges that 2b is slightly
more aromatic than 2a, in agreement with experimental data.

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 reac-
tants for the 24 transition structures located for the reaction
between nitrones 2 and methyl acrylate 3 are collected in
Table 3. The energy differences between products and reac-
tants are given, too. The analysis of relative electronic (AE)
and free energies (AG) shows that, in general, endo attacks
(leading to trans adducts) are preferred to the corresponding
exo approaches (leading to cis adducts). There is not a clear
preference between ortho and meta channels, thus predicting
that mixtures of 3,5 and 3,4 adducts will be obtained. This
situation is particularly manifested for nitrones 2a, 2d, 2e
and 2f for which differences of less than 1.0 kcal/mol is
observed between endo/ortho and endo/meta pathways,

corresponding to TS1a—f and TS3a—f, respectively. Nitrones
2b and 2c¢ presented differences between those transition
structures of 2.39 and 1.22 kcal/mol, respectively. The same
conclusion can be drawn from the analysis of the relative
free energies (AG), no noticeable differences being observed
for AG values when compared with AE values. The lower
calculated activation energies for the reactions of nitrones 2
with methyl acrylate correspond to C-phenyl (2f) and C-(2-
pyridyl) (2e) nitrones. On the other hand, the highest energy
barrier was observed for C-(2-thiazolyl) nitrone 2d. Never-
theless, the observed maximum differences for the more sta-
ble transition structure corresponding to all studied nitrones
were 2.29 kcal/mol and 2.32 kcal/mol for AE and AG,
respectively. These differences are rather small considering
the different electronic nature of the nitrones 2a—f, thus indi-
cating the same general behaviour for these cycloadditions.

On the basis of the reverse barrier energies given in Table 2 it
is possible to assume the reversibility of the reaction, parti-
cularly when it is carried out in toluene or chloroform at
reflux. Under these conditions a certain thermodynamic con-
trol should be observed, the corresponding more stable prod-
uct being obtained predominantly. However, this prediction
is only slightly confirmed from the experimental results. For
nitrone 2a, compound Pla was obtained predominantly
for whatever the conditions used were. In all cases mixtures
of compounds Pla, P2a and P3a were obtained. Only when
the reaction was carried out under kinetic control (neat,
—18 °C) compound Pla was obtained as the only product
of the reaction.!* This result can be considered to be in
agreement with the calculations since the observed differ-
ences between TSla and TS3a (AAE=0.78 kcal/mol;
AAG=0.58 kcal/mol) are within the experimental error. A
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similar concordance is found in the case of C-(2-pyridyl)
nitrone 2e for which energy differences between both transi-
tion states and final products are lower than 1 kcal/mol. On
the other hand, experimental results are not so well predicted
for the case of C-(2-thienyl) nitrone 2b. Whereas the exper-
imental results are quite similar to those observed for 2a and
2e, calculations predict the preferential achievement of
adducts P3b and P2b under kinetic and thermodynamic
control, respectively.

For TS1a—f and TS3a—f, which correspond to the transition
structures for the endo approach in the ortho and meta chan-
nels, respectively, MPA provides some evidence for second-
ary orbital interaction (SOI) between the two reactants.>* In
fact the TS1a shows a positive overlap density of 0.016,
0.006 and 0.002 for OsH;7, C4O7 and H,40,g, respectively,
due to stabilizing nOz;— c*Co-H;; (1.80 kcal/mol),
TCOg—C4 g G*CQ_H]7 (060 kcaI/mol), i’lO7 - TC*Og—C4
(1.02 kcal/mol) and oCg—H;s— m*Cy—Cye (0.28 kcal/
mol) delocalization energies; while in TS3a only the
O4H,7 (0.020) positive overlap was observed. On the con-
trary, these interactions do not appear for the exo approach,
whereas for TS2b—d and TS4b-d, emerged a slightly posi-
tive overlap between the sulfur or nitrogen atom of hetaryl
moiety and the carboxylic oxygen of acrylate (0.005—
0.010). This is completely in accord to the major stability
of TSs1 and TSs3 versus TSs2 and TSs4 due to the strongest
SOI achieved in the endo approach.

Moreover, in TS2c¢ the hydrogen bond present in the nitrone
reagent is shifted to the carboxylic oxygen of acrylate as
evidenced by the high value of OzH,9 positive overlap
(0.056) due to a stabilizing nO3; — 6*N,g—H,g delocalization
energy of 10.83 kcal/mol.

3.3.2. Geometries of the transition structures. The opti-
mized geometries of 12 transition structures corresponding
to the reaction of hetaryl nitrones 2a—f, leading to the corre-
sponding adducts P1-P4 are illustrated in Figures 3 and 4.
Only the more stable and competitive 3,5-frans and 3,4-trans
(endo approaches) transition structures are shown (the rest of
geometries are available from the authors). The correspond-
ing selected geometric parameters are given in Table 4.

As expected for 1,3-dipolar cycloadditions all transition
structures are asynchronous. meta Transition structures are
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Figure 3. Optimized geometries at B3LYP/6-31G(d) level for ortho (3,5-
endo) transition structures leading to Pla—f.
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Figure 4. Optimized geometries at B3LYP/6-31G(d) level for meta (3,4-
endo) transition structures leading to P3a—f.

more asynchronous than the corresponding ortho counter-
parts for the endo approaches (Fig. 3 and Table 4), and in
spite of the significant asynchronicity the values are within
the range of a concerted process. Similar differences are
observed for all studied C-(hetaryl) nitrones 2. Forming
C,—Cs bond lengths (2.013-2.045 A) are shorter than O3;—
C, distances (2.202-2.240 A) for the ortho transition struc-
tures. On the other hand, the opposite is found for meta
transition structures, with forming Os-Cs bond lengths
(1.825-1.873 A) being shorter than C;-C, distances
(2.318-2.337 A) Such a reversed situation is in agreement
with previously studied 1,3-dipolar cycloadditions with

Table 4. Selected geometric parameters for transition structures illustrated in Figures 3 and 4

TS C;—Cs,* C—C,° 05-C,,* 05-Cs° 03-N,—C;-Cs,* 03-N»—C-C," 03-C4~Cs5—C;,* 03-Cs—C4=C;"
TSla 2.030 2212 ~59.05 —11.91
TS3a 2337 1.836 —51.06 —~1.18
TS1b 2.308 2.208 —58.39 —11.60
TS3b 2330 1.835 —51.02 0.22
TS1c 2.013 2.202 —58.87 —12.77
TS3c 2.329 1.825 —50.68 —0.27
TS1d 2.020 2.231 —58.95 ~10.62
TS3d 2.300 1.867 —50.96 0.33
TSle 2.034 2.240 —57.71 —11.12
TS3e 2318 1.873 —49.70 —0.06
TS1f 2.045 2215 —57.30 —~10.78
TS3f 2335 1.856 —48.86 —0.20

& Referred to ortho transition structures TS1a—f.
® Referred to meta transition structures TS3a—f.
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electron-deficient dipolarophiles.'? Moreover, taking into
consideration that C-O sigma bonds are shorter than C—C
sigma bonds, the meta channel can be envisioned in some
extent to be near to a Michael addition in which the nitrone
oxygen acts as a nucleophile. On the contrary, the ortho
channel, representing a typical asynchronous process can
be considered as an early transition state as indicates the
relative long distance of the forming O3;—C, bonds. This
change of synchronicity for the ortho and meta channels
is controlled by a large bond formation at the B conjugate
position of 3.%3

The conformation of the forming isoxazolidine rings, de-
fined by O3—N2—C1—C4—C5 and O3—N2—C1—C5—C4 atoms
for meta and ortho channels, respectively, is similar for
both channels, and no significant differences are observed
between the studied nitrones. All transition structures corre-
sponding to endo approaches (Table 4) show negative values,
in the range of —48.86° to —59.05°, of (03—N,—C;—C4(Cs)
dihedral angle, the more negative values corresponding to
the ortho channel. Smaller values (0.33° to —12.77°) were
found for the (O3—Cs(C4)—C4(Cs)-C; dihedral angle, and
in this case, clear differences are observed between the
two studied channels. Transition structures corresponding
to the meta channel (3,4-endo attack) present values near
to 0°, indicating that four atoms are in a plane, the only
out-of-plane atom being the nitrogen one. On the other
hand, transition structures corresponding to the ortho chan-
nel (3,5-endo attack) present higher absolute values, in the
range of —10.62° to —12.77°.

3.3.3. Bond order and charge analysis. The concept of
bond order (BO) can be utilized to obtain a more deeper anal-
ysis 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,) and C4,~0; (Cs—03) bonds, the Wiberg bond indexes*¢
have been computed by using the NBO 5.0 population anal-
ysis package. 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 0.285-0.484 and 0.275-0.520
for the ortho and meta channels, respectively. Moreover,
for the ortho channel the BOs for the forming C;—Cs bonds
are in the range of 0.449-0.484 and have greater values than
that for the forming C,—~O; bonds that are in the range of
0.285-0.315. Instead, for the meta channel the BOs for the
forming C,—C, bonds (0.275-0.322) have lesser values
than that for the forming Cs—O5 (0.468-0.520). These data
show a change of asynchronicity on the bond formation
process for the two regioisomeric pathways with an extent
of asynchronicity more marked for the channel.

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, in accord to the chemical potential analysis, their
magnitudes revealed an almost neutral reaction.

Table 5. Bond orders (Wiberg indexes) for the two forming bonds in the TSs
and charge transfer (au) in terms of the residual charge of the nitrone
fragment in the transition state

Nitrone TS C1-Cs,* C,-C,* C4~03, Cs—05" NPA qcr (e)
2a TSla 0.469 0.302 0.07
TS2a 0.456 0.315 0.05
TS3a 0.305 0.514 0.08
TS4a 0.292 0.500 0.08
2b TS1b 0.472 0.301 0.06
TS2b  0.458 0.314 0.05
TS3b  0.309 0.514 0.08
TS4b  0.301 0.492 0.07
2¢ TSIc 0.484 0.304 0.06
TS2c 0471 0.305 0.08
TS3¢  0.309 0.520 0.09
TS4c 0275 0.509 0.11
2d TS1d 0.473 0.295 0.05
TS2d  0.456 0.305 0.03
TS3d 0.322 0.493 0.05
TS4d 0.319 0.472 0.04
2e TSle 0.462 0.285 0.06
TS2e  0.449 0.296 0.05
TS3e 0312 0.485 0.06
TS4e 0.306 0.468 0.06
2f TSIf  0.462 0.292 0.07
TS2f  0.450 0.304 0.05
TS3f  0.304 0.496 0.08
TS4f  0.299 0.476 0.07

? Referred to 3,5-regioisomers.
® Referred to 3,4-regioisomers.

3.4. Cycloadditions with vinyl acetate

3.4.1. Energies of the transition structures. The absolute
and relative free and electronic energies with respect to reac-
tants for the 24 transition structures located for the reaction
between nitrones 2 and vinyl acetate 4 are collected in Table
6. The energy differences between products and reactants are
given, too.

The calculated activation energies for the reaction of nitro-
nes with vinyl acetate 4 favour the ortho channel (leading
to 3,5 adducts) over the meta one (leading to 3,4 adducts),
predicting the formation of mixtures due to the small differ-
ences between energy barriers (18.63-23.99 kcal/mol),
which fall within the experimental error values. Inclusion
of the activation entropy raises the activation free energies
in the range of 31.19-37.22 kcal/mol showing the same
trend, i.e. preferential formation of 3,5-regioisomers. As
expected for electron-rich dipolarophiles the exo adducts
leading to cis compounds are predicted to be formed prefer-
entially, although the small differences between endo and
exo transition structures (AAE=0.54-1.14 kcal/mol and
AAG=0.46-1.45 kcal/mol) actually predict the obtainment
of mixtures of cis and trans products. This prediction agrees
well with the experimentally observed cis/trans ratio for the
cycloaddition of vinyl acetate with C-(2-furyl) nitrones
(60:40-100:0), C-phenyl nitrones (38:62) and C-(2-pyridyl)
nitrones (40:60—30:70).38

As in the case of methyl acrylate the lower calculated acti-
vation energies correspond to C-phenyl and C-(2-pyridyl)
nitrones 2f and 2e, respectively. The higher calculated values
correspond to the C-(2-thienyl) and C-(2-pyrrolyl) nitrones
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Table 6. B3LYP/6-31G(d) relative free energies (AG) (kcal/mol) and relative electronic energies (AE) (kcal/mol) for the reaction of nitrones 2a—f with vinyl

acetate 4
Nitrone TS Direct AE* Inverse AE" Direct AG* Inverse AG® Product Direct AE* Direct AG*
2a TS5a 21.33 40.71 34.30 40.90 P5a —19.39 —6.60
TS6a 20.32 39.45 33.14 39.35 P6a —19.14 —6.21
TS7a 22.74 36.36 35.56 36.20 P7a —13.62 —0.64
TS8a 23.60 3691 36.83 36.46 P8a —13.31 0.37
2b TS5b 22.03 40.99 35.05 40.97 P5b —20.98 —7.72
TS6b 21.49 40.78 34.59 40.82 P6b —-21.32 —8.03
TS7b 22.77 35.25 36.07 35.18 P7b —14.51 —0.92
TS8b 23.46 36.11 37.33 36.30 P8b —14.67 —-0.77
2¢ TS5¢ 22.13 37.43 35.17 37.74 P5c —15.31 —2.56
TSéc 21.48 37.49 33.89 37.04 Pé6c —16.01 —3.15
TS7¢ 23.78 33.39 36.99 33.58 P7c —-9.61 3.41
TS8c¢ 23.87 31.76 37.58 31.40 P8c —7.89 6.18
2d TS5d 21.56 40.56 34.50 40.52 P5d —19.00 —6.02
TS6d 20.73 39.23 33.80 39.50 Pod —18.50 —5.70
TS7d 23.79 36.67 36.71 36.55 P7d —12.88 0.16
TS8d 23.99 36.15 37.22 35.98 P8d —12.16 1.25
2e TS5e 19.77 41.37 32.64 41.37 PSe —21.60 —8.73
TS6e 18.63 39.77 31.19 39.34 Poe —21.13 —8.16
TS7e 22.24 37.47 34.83 36.97 P7e —15.22 —2.14
TS8e 23.13 37.83 36.20 37.83 P8e —14.70 —1.63
2f TS5f 20.32 41.97 33.32 42.01 P5f —21.65 —8.68
TSe6f 19.32 41.02 31.91 40.42 Pof —21.70 —8.52
TS7t 20.67 36.82 33.95 36.78 P7f —16.15 —2.83
TS8f 22.40 38.22 36.12 38.00 P8f —15.82 —1.88

& Referred to nitrone 2+4 (see Table 1 for values).
b Referred to the corresponding products.

2b and 2c, respectively, with a minimum difference of
0.01 kcal/mol in the activation energy. When considering
the free activation energies, the highest value corresponds
to nitrone 2b. It is possible to assume some reversibility of
the process by considering the reverse free energy barriers.
However, since the higher stability of the final products
corresponds to 3,5-regioisomers both kinetic and thermo-
dynamic pathways lead to the same adducts. Indeed, as
mentioned above, no 3,4-regiosiomers are experimentally
observed for this reaction.

Also in this case, MPA provides some evidence for the major
stability of TS6a—f, corresponding to the transition struc-
tures for the exo approach in the ortho channel, over the
corresponding TSSa—f, due to SOI effect. In fact, the TS6a
shows a positive overlap density of 0.004 for O,C,6 and
0,5C6, which implies an interaction with the aromatic
ring, another positive interaction for O4Cg and a negative
ones, of —0.017, for O4Ho; on the contrary, TS5a shows
a positive overlap density of 0.004 for O4C¢ and a negative
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Figure 5. Optimized geometries at B3LYP/6-31G(d) level for ortho (3,5-
endo) transition structures leading to P5a—f.

ones of —0.020 for O4Hy therefore accounting for its minor
stability. Similar interactions are involved in TSé6a
(04C6=0.005 and 0409=-0.017), and TS6b (04Ce=
0.004 and 04,09=—0.021). These interactions are reversed
for TS7a,b and TS8a,b justifying their preference for the
endo approach.

3.4.2. Geometries of the transition structures. The opti-
mized geometries of 12 transition structures correspond-
ing to the reaction of hetaryl nitrones 2a—f, leading to the
corresponding adducts P5-P8 are illustrated in Figures 5
and 6. Only the more stable and competitive 3,5-trans
(endo approaches) and 3,5-cis (exo approaches) transition
structures are shown (the rest of geometries are available
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Figure 6. Optimized geometries at B3LYP/6-31G(d) level for ortho (3,5-
exo) transition structures leading to Péa—f.



1456 P. Merino et al. / Tetrahedron 63 (2007) 1448-1458

Table 7. Selected geometric parameters for transition structures illustrated
in Figures 5 and 6

TS C,-Cs* 0;-C,° 03-N,—C,—-Cs 0;-C4—Cs—C,
TS5a 2.168 2.096 55.26 2.60
TS6a 2.153 2.131 55.90 10.07
TS5b 2.159 2.100 55.35 1.83
TSé6b 2.159 2.127 55.26 0.50
TS5¢ 2.182 2.075 54.92 2.70
TS6c 2.164 2.111 55.73 10.25
TS5d 2.143 2.127 55.38 1.24
TS6d 2.132 2.165 56.21 7.51
TSSe 2.165 2.125 53.52 0.77
TS6e 2.149 2.161 54.59 10.83
TS5f 2.178 2.102 53.33 0.72
TSef 2.164 2.134 54.46 10.30

? Referred to 3,5-regioisomers.
® Referred to 3,4-regioisomers.

from the authors). The corresponding selected geometric
parameters are given in Table 7.

The corresponding lengths of the forming bonds are closer
for the reactions with vinyl acetate than for the reactions
with methyl acrylate thus indicating a lower asynchronicity
of the cycloaddition process. The length of the C,—Cs and
03-C, forming bonds are in the range of 2.132 to 2.164 A
and 2.111 to 2.165 A, respectively for the favoured exo
approach. These values, when compared with those corre-
sponding to the endo approach (Table 7) indicate a minor
extent of the asynchronicity for the exo approach. By consid-
ering that C-O sigma bonds are shorter than C-C sigma
bonds, the close values found for the forming bond lengths
clearly show a concerted process.

A similar trend to that found for methyl acrylate is observed
for the geometrical disposition of the forming isoxazol-
idines. Quite similar values are observed for (Os—N,—C;—
C5(53.33°-56.21°) dihedral angle although with an opposite
sign. Close values to 0°, indicating coplanarity of O3, Cy, C4
and Cs atoms, are found for (03-C,—Cs—C; dihedral angle in
the case of 3,5-endo transition structures. Small positive
values (7.51°-10.83°) are observed for the same dihedral
angle in the case of 3,5-exo transition structures.

3.4.3. Bond order and charge analysis. The general analy-
sis of the bond order values for all the TSs structures corre-
sponding to the cycloaddition reactions with vinyl acetate
showed that the cycloaddition process is slightly asynchro-
nous with an interval, in the Wiberg bond indexes, of
0.310-0.410 and 0.373-0.417 for the ortho and meta chan-
nels, respectively (Table 8). Moreover, for the ortho channel
the BOs for the forming C;—Cs bonds are in the range of
0.393-0.410 and have greater values than that for the form-
ing C4—03 bonds that are in the range of 0.310-0.349.
Instead, for the meta channel the BOs for the forming C,—
C,4 bonds (0.373-0.405) have lesser values than that for the
former Cs—03 (0.384-0.417). These data show a change of
asynchronicity on the bond formation process for the two
regioisomeric pathways with the ortho channel slightly
more asynchronous of the meta one.

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 8. The negative

Table 8. Bond orders (Wiberg indexes) for the two forming bonds in the TSs
and charge transfer (au) in terms of the residual charge of the nitrone
fragment in the transition state

Nitrone TS C1-Cs,* C,-C,* C4~03, Cs—05" NPA qcr (e)
2a TS5a  0.398 0.349 —0.03
TS6a 0.396 0.328 —0.04
TS7a 0.392 0.397 -0.01
TS8a 0.379 0.415 —0.02
2b TS5b 0.404 0.345 —0.03
TS6b  0.403 0.324 —0.04
TS7b  0.395 0.396 —0.01
TS8h  0.378 0.417 —0.02
2¢ TS5¢  0.410 0.345 —0.03
TS6c  0.408 0.327 —0.03
TS7c¢  0.405 0.395 —0.01
TS8c  0.385 0.414 —0.01
2d TS5d  0.408 0.336 —0.05
TS6d  0.405 0.315 ~0.06
TS7d  0.399 0.391 —0.04
TS8d 0.386 0.409 —0.05
2e TS5e  0.395 0.331 —0.04
TS6e  0.394 0.310 —0.05
TS7e 0.391 0.384 —0.03
TS8e 0.375 0.402 —0.03
2f TS5f  0.394 0.340 -0.03
TS6f  0.393 0.320 ~0.04
TS7f 0387 0.388 —0.01
TS8f 0373 0.410 —0.02

? Referred to 3,5-regioisomers.
® Referred to 3,4-regioisomers.

values are indicative of an electron flow from the HOMO
of the vinyl acetate to the LUMO of the nitrone. These values
are in agreement with the lower absolute value of the elec-
tronic chemical potential of vinyl acetate (u=-—0.12992)
with respect to nitrones 2d,e (u=—0.13829 and —0.13449,
respectively), with the exception of nitrones 2a—c,f, whose
u values are lower. In these latter cases the difference
between the electronic chemical potential of 2a—c,f and 4
is too small to permit any deduction; conversely, the NPA
charge transfer at TSs level is more reliable.

4. Conclusion

This study demonstrates that DFT calculations at the
B3LYP/6-31G* level of theory can be used effectively and
without a high computational cost for describing the cyclo-
addition reaction between C-hetaryl nitrones and both elec-
tron-poor and electron-rich dipolarophiles represented by
methyl acrylate and vinyl acetate, respectively. As expected
from the theory and previous studies, the performed calcula-
tions predict a greater asynchronicity of the cycloaddition
with methyl acrylate with respect to the reaction with vinyl
acetate. DFT calculations successfully reproduced experi-
mental regio- and stereoselectivities although only from a
qualitative point of view. The observed small differences
are not enough to quantitatively predict the course of the
reaction. Forthcoming studies with other relevant dipolar
cycloaddition reaction models are currently under way.
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