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a b s t r a c t

The regio- and chemoselective polar [3þ2] cycloaddition (32CA) of the Padwa carbonyl ylide (CY) with a-
methylene ketone (aMK) to yield the oxa-bridged spirocycloadduct has been studied using the DFT
method at the B3LYP/6-31G(d) computational level. Six reactive channels associated to the stereo-, regio-,
and chemoselective approach modes of the CY to the C]C and C]O reactive sites of the aMK have been
analyzed. DFT calculations for this cycloaddition are in complete agreement with the experimental
outcome, explaining the reactivity and selectivity of the formation of the [3þ2] cycloadduct. Analysis of
the global and local electrophilicity and nucleophilicity indices allows an explanation about the regio-
and chemoselectivity of this 32CA reaction. Intrinsic reaction coordinate (IRC) calculations and the to-
pological analysis of the electron localization function (ELF) of the relevant points of the favored reactive
channel explain the one-step two-stage nature of the mechanism of this cycloaddition.

� 2009 Elsevier Ltd. All rights reserved.
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Scheme 1.
1. Introduction

Cycloaddition reactions are one of the most important processes
with both synthetic and mechanistic interest in organic chemistry.
Current understanding of the underlying principles in the [3þ2]
cycloadditions (32CA) has grown from a fruitful interplay between
theory and experiment.1 The general concept of 1,3-dipolar cyclo-
additions was introduced by Huisgen and co-workers in the early
1960s.2 Huisgen’s work stated the basis for the understanding of
the mechanism of concerted cycloaddition reactions. In the last
decades, in addition of the reaction mechanism, the understanding
of the selectivity behaviors of the 32CA reactions continues to
present a real challenge. We note that the chemo-, regio-, and
stereoselectivity of these reactions may be controlled either by
choosing the appropriate substrates or by controlling the reaction
using a Lewis acid or a metal complex acting as catalyst.

32CA reactions of carbonyl ylide (CY) 1 with p-bonds of olefins or
carbonyl groups present an attractive strategy for the construction
of tetrahydrofuran 2 or dioxolane 3 systems (see Scheme 1).3 CYs are
very reactive species that quickly react when they are formed with
unsaturated systems. As a consequence, the cycloaddition reaction
of CY systems constitutes the last step of a domino reaction, which is
go).

All rights reserved.
initialized by the formation of these reactive intermediates. There
are mainly two methods to generate CYs (see Scheme 2): (i) reaction
of a carbene generated in situ by the rhodium catalyzed de-
composition of a diazo compound with a carbonyl compound4 and
(ii) the thermal5 or photoinduced6 ring-aperture of epoxides.

The 32CA reactions of the CYs have been theoretically studied
using both semiempirical6,7 and density functional theory (DFT)8,9

methods. These studies reveal that the analysis of the different
reaction channels of these cycloadditions explains correctly the
stereo-, regio-, and chemoselectivities experimentally observed.
Recently, Molchanov et al.9 studied the 32CA reaction of a series of
3-substituted cyclopropenes 8 with the CY 9 to yield the formally
[3þ2] cycloadducts 10 (see Scheme 3). A frontier molecular orbital
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(FMO) study, based on the prediction of HOMOcyclopropene–LUMOCY

interactions, has been also performed by these authors.9 However,
it turns out that the FMO analysis fails to predict the order of re-
activity of cyclopropenes 8, which might be taken as the difference
between the corresponding dominant DE(L–H) values for different
cyclopropenes. In return, the analysis of the electrophilicity, u,10 of
CY 9 and the cyclopropenes 8 pointed out the electrophilic char-
acter of the CY 9 and the nucleophilic character of 8. The difference
in global electrophilicity, Du,11 of both reagents was in quantitative
agreement with the experimental order of reactivity of the cyclo-
propenes. B3LYP/6-311þþG(d,p) calculations performed for the
preferential exo approach of the cyclopropene 8 (R¼H) to the CY 9
showed that the cycloaddition has a very low activation barrier of
about 2 kcal mol�1.9 The distances of the two forming bonds at the
transition state structure (TS), 2.74 and 2.86 Å, indicated a slightly
asynchronous concerted mechanism of this polar cycloaddition.
The activation free energies associated to the cycloaddition in-
creased with the electron-withdrawing substitution on cyclo-
propenes in clear agreement with the experimental outcomes.9

Very recently, Mongin and Domingo have experimentally and
theoretically reported the 32CA reaction of isatin 13 with the elec-
trophilically activated CY 12 generated by the thermal ring-aperture
of the epoxide 11 (see Scheme 4).12 This reaction presented a low
stereoselectivity but a complete regio- and chemoselectivity to yield
the spirocycloadducts 14. The more favorable reactive channels
were associated to the nucleophilic attack of the carbonyl oxygen
Me
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Scheme 3.
atom of isatin 13 to the more electrophilic center of the CY 12, the
phenyl substituted carbon atom. Analysis of the electrophilicity10 of
the reagents showed that the larger electrophilic character of the CY
12, u¼4.29 eV, than the isatin 13, u¼2.71 eV, is responsible for the
nucleophilic behavior of the later.12 This behavior, which is in
complete agreement with the energy and geometry analysis of the
TSs, allows to explain the regio- and chemoselectivity experimen-
tally observed in these 32CA reactions. A further experimental and
theoretical study of the 32CA reactions of the CY 12 with aldehydes
and imines established the high electrophilic character of the CY 12
and its participation in polar 32CA reactions.13

Our aim in the present study is to perform a theoretical study
of the 32CA reaction of the Padwa CY 6, which is usually obtained
by decomposition of diazo compound 5 in presence of rhodium
acetate catalyst14 (see Scheme 2). In this context, Muthusamy
et al.15 have recently reported the stereo-, regio-, and chemo-
selective synthesis of oxa-bridged spirocycles by the 32CA re-
action of the Padwa CY 6 with the a-methylene ketone (aMK) 15
(see Scheme 5). Consequently, we have selected this reaction as
a computational model for the cycloaddition reactions of the
Padwa CYs. A comparative analysis of this 32CA reaction with
those recently reported by us12,13 will allow to give a deeper in-
sight on the mechanism of the 32CA reaction involving CYs and an
advanced understanding of the regio- and the chemoselectivity
experimentally observed.

2. Computational methods

All calculations were carried out with the Gaussian03 suite of
programs.16 DFT calculations were carried out using the B3LYP17

exchange-correlation functionals, together with the standard 6-
31G(d) basis set.18 The optimizations were carried out using the
Berny analytical gradient optimization method.19 The stationary
points were characterized by frequency calculations in order to
verify that TSs had one and only one imaginary frequency. The
intrinsic reaction coordinate (IRC)20 path was traced in order to
check the energy profiles connecting each TS to the two associated
minima of the proposed mechanism using the second order Gon-
zález–Schlegel integration method.21 The values of enthalpies, en-
tropies, and free energies were calculated with the standard
statistical thermodynamics at 298.15 K.18 The frequency data used
for thermochemical analysis were scaled by a factor of 0.96. The
electronic structures of stationary points were analyzed by the
natural bond orbital (NBO) method22 and the topological analysis of
the electron localization function (ELF), h(r).23 The ELF study was
performed with the TopMod program.24
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Table 1
Total (E, in au) and relativea (DE, in kcal mol�1) energies in gas phase and in DCM for
the 32CA reaction of the carbonyl ylide 6 and the a-methylene ketone 15

Gas phase Dichloromethane

E DE E DE

6 �575.569906 �575.584838
15 �461.093759 �461.102788
TS1 �1036.660835 1.8 �1036.679333 5.2
TS2 �1036.659218 2.8 �1036.678456 5.8
TS3 �1036.654159 6.0 �1036.672795 9.3
TS4 �1036.654961 5.5 �1036.673919 8.6
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Solvent effects have been considered at the same level of theory
by geometry optimization of the gas-phase structures using a self-
consistent reaction field (SCRF)25 based on the polarizable contin-
uum model (PCM) of the Tomasi’s group.26 Since this cycloaddition
is carried out in dichloromethane (DCM), we have selected its
dielectric constant at 298.0 K, 3¼8.93.

The global electrophilicity index,10 u, which measures the sta-
bilization energy when the system acquires an additional electronic
charge DN from the environment, has been given by the following
simple expression,10 u¼(m2/2h), in terms of the electronic chemical
potential m and the chemical hardness h. Both quantities may be
approached in terms of the one electron energies of the frontier
molecular orbital HOMO and LUMO, 3H and 3L, as mz(3Hþ3L)/2 and
hz(3L�3H), respectively.27 Recently, we have introduced an em-
pirical (relative) nucleophilicity index,28 N, based on the HOMO
energies obtained within the Kohn–Sham scheme,29 and defined as
N¼EHOMO(Nu)�EHOMO(TCE). This nucleophilicity scale is referred to
tetracyanoethylene (TCE) taken as a reference. The reactivity in-
dices were computed from the B3LYP/6-31G(d) HOMO and LUMO
energies at the ground state of the molecules. Local electrophilic-
ity30 and nucleophilicity31 indices, uk and Nk, were evaluated using
the following expressions: uk ¼ ufþk and Nk ¼ Nf�k where fþk and
f�k are the Fukui functions for a nucleophilic and electrophilic at-
tacks, respectively.32
TS5 �1036.652642 6.9 �1036.669140 11.6
TS6 �1036.641765 13.7 �1036.656763 19.3
16 �1036.742037 �49.2 �1036.757239 �43.7
17 �1036.736839 �45.9 �1036.754531 �42.0
18 �1036.742104 �49.2 �1036.758555 �44.5
19 �1036.741189 �48.6 �1036.757128 �43.6
20 �1036.711330 �29.9 �1036.724547 �23.2
21 �1036.699938 �22.8 �1036.713637 �16.3

a Relative to reactants (6þ15).
3. Results and discussions

3.1. Mechanistic study of the 32CA reaction of the Padwa
carbonyl ylide 6 with the a-methylene ketone 15

Due to the existence of two C]C and C]O reactive sites on the
aMK 15, and the asymmetry of both reagents, this cycloaddition
reaction can yield up to eight isomeric oxa-bridged spi-
rocycloadducts. The formation of these cycloadducts can be related
to the chemo-, regio-, and stereoselectivity of this 32CA reaction.
The experimental results indicate that this cycloaddition reaction is
characterized by a complete chemoselectivity, with the unique
participation of the C]C double bond, and with a complete
regioselectivity, with the unique formation of the regioisomer as-
sociated with the formation of the C3–C6 and C1–C7 s bonds (see
Scheme 6). The experimental results also indicate that the endo
approach is remarkably more favored in comparison with the exo
approach, indicating a large stereoselectivity of this 32CA reaction.
In order to explain the chemo-, regio-, and stereoselectivity ex-
perimentally observed, six reactive channels were elaborated and
analyzed (see Scheme 6). These reactive channels are related the
endo and exo approaches associated with the two regioisomeric
attack modes, reg1 and reg2, of the CY 6 to the C]C double bond of
the aMK 15, chemo1, and the endo channels associated with the two
regioisomeric attack modes, reg3 and reg4, of the CY 6 to the C]O
double bond of the aMK 15, chemo2. The analysis of the stationary
points, involved in the potential energy surface of this 32CA, in-
dicates that this cycloaddition follows a one-step mechanism.
Hence, six TSs, TS1, TS2, TS3, TS4, TS5, and TS6, and the corre-
sponding oxa-bridged spirocycloadducts 16–21 were located and
characterized (see Scheme 6). The energy results are summarized
in Table 1.

The most favorable reactive channels correspond to the forma-
tion of the endo and exo stereoisomeric oxa-bridged spi-
rocycloadducts 16 and 17, via TS1 and TS2, respectively (reg1). The
TSs are located 1.8 (TS1) and 2.8 kcal mol�1 (TS2) above the re-
agents. These very low reaction barriers are closer to those obtained
for the 32CA reactions of the CY 9 with cyclopropene 8,
1.6 kcal mol�1,9 and of the CY 12 with benzaldehyde,
2.6 kcal mol�1.13 The low energy difference between TS1 and TS2,
DDE#¼1.0 kcal mol�1, points to a low stereoselectivity.13 Note that
in gas phase, the major stereoisomer 16 has the endo stereo-
chemistry. The endo and exo regioisomeric TS3 and TS4 are located
4.2 and 3.7 kcal mol�1 above TS1 (reg2). These large energy differ-
ences prevent the formation of the regioisomeric cycloadducts 18
and 19, a fact that is in clear agreement with experimental results.
We note the inversion of the stereoselectivity for the regioisomeric
channel reg2. Indeed, the exo TS4 is located 0.5 kcal mol�1 below
the endo TS3. Finally, the two endo regioisomeric channels associ-
ated with the attacks to the C]O double bond are 5.1 (TS5) and 11.9
(TS6) kcal mol�1 more energetic than TS1 associated with the endo
attack of the C]C double bond. These large energy differences



Table 2
Thermodynamic data, in DCM and at 25 �C, for the 32CA reaction of the carbonyl ylide 6 and the a-methylene ketone 15

H au DHa kcal mol�1 S cal mol�1 K�1 DSa cal mol�1 K�1 G au DGa kcal mol�1

6 �575.397608 103.1 �575.446569
15 �460.949159 91.2 �460.992471
TS1 �1036.336682 6.3 149.0 �45.2 �1036.407495 19.8
TS2 �1036.336036 6.7 151.4 �42.8 �1036.407968 19.5
TS3 �1036.330140 10.4 147.8 �46.4 �1036.400362 24.3
TS4 �1036.331334 9.7 149.2 �45.1 �1036.402200 23.1
TS5 �1036.326944 12.4 147.1 �47.1 �1036.396830 26.5
TS6 �1036.315091 19.9 145.7 �48.5 �1036.384333 34.3
16 �1036.411564 �40.7 135.6 �58.6 �1036.475992 �23.2
17 �1036.408002 �38.4 142.9 �51.4 �1036.475872 �23.1
18 �1036.412058 �41.0 144.7 �49.5 �1036.480825 �26.2
19 �1036.410637 �40.1 145.7 �48.5 �1036.479878 �25.6
20 �1036.379763 �20.7 145.1 �49.1 �1036.448688 �6.1
21 �1036.368437 �13.6 141.8 �52.4 �1036.435798 2.0

a Relative to reactants (6þ15).
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prevent the formation of the chemoisomeric cycloadducts 20 and
21. Finally, all 32CA channels are strongly exothermic: between
�49.2 and �45.9 kcal mol�1 for the participation of the C]C dou-
ble bond, and between �29.9 and �22.8 kcal mol�1 for the partic-
ipation of the C]O double one.

Solvent effects on cycloaddition reactions are well known, and
they have received considerable attention. The solvent effects have
been examined by B3LYP/6-31G(d) optimizations of stationary
points using a relatively simple SCRF method, based on the PCM of
Tomasi’s group.26 The energy results are summarized in Table 1.
With the inclusion of solvent effects, the reactants are more sta-
bilized than TSs and cycloadducts. As a consequence, in DCM, the
activation barriers associated with TS1 and TS2 increase to 5.2 and
5.8 kcal mol�1, respectively. In DCM, the stereo, regio-, and che-
moselectivity of the 32CA reaction between 6 and 15 decrease
slightly, DDE# (TS1–TS2)¼0.6, DDE# (TS1–TS4)¼3.4, and DDE#

(TS1–TS5)¼6.4 kcal mol�1.
Finally, the relative free energies in DCM for the six reactive

channels were computed. The energy results are summarized in
Table 2. After the inclusion of the zero-point energy and thermal
corrections to the electronic energies and entropies, the activation
free energies of TS1 and TS2 rise to 19.8 and 19.5 kcal mol�1. These
high values are a consequence of the unfavorable activation en-
tropies associated with this bimolecular process. Note that there is
a slight change of the stereoselectivity as a consequence of the
larger activation entropy associates to the endo TS1, �45.2 cal
mol�1 K�1, than that to the exo TS2, �42.8 cal mol�1 K�1. Therefore,
the calculations carried out in gas phase and in DCM show clearly
that this 32CA reaction is characterized by a low stereoselectivity.13

The more favorable exo regioisomeric TS4, remains 3.6 kcal mol�1

above TS2, while the more favorable chemoselective channel via
TS5 remains 7.0 kcal mol�1 above TS2. The reaction channels as-
sociated with the participation of the C]C double bond of the aMK
15, chemo1, are strongly exergonic; between �23 and
�26 kcal mol�1. Consequently, this 32CA reaction can be consid-
ered irreversible.

The geometries of the TSs associated with the six reactive
channels are displayed in Figure 1. A comparative analysis of the TSs
obtained in gas phase and in DCM indicates that the inclusion of
solvent effects on the geometry optimization produces minor
changes relative to the gas-phase geometries. At the TSs associated
with the participation of the C]C double bond of the aMK 15,
chemo1, the lengths of the forming bonds are 2.353 Å (C3–C6) and
2.899 Å (C1–C7) at TS1 and 2.252 Å (C3–C6) and 3.187 Å (C1–C7) at
TS2, while at the regioisomeric TSs are 2.335 Å (C1–C6) and 2.601 Å
(C3–C7) at TS3, 2.382 Å (C1–C6) and 2.606 Å (C3–C7) at TS4. At the
TSs associated with the participation of the C]O double bond of
the aMK 15, chemo2, the lengths of the forming bonds at the two
regioisomeric TSs are 2.108 Å (C1–O9) and 2.253 Å (C3–C8) at TS5,
2.656 Å (C1–C8) and 1.872 Å (C3–O9) at TS6.

The extent of the asynchronicity of the bond formation in a cy-
cloaddition reaction can be measured through the difference be-
tween the lengths of the two s bonds that are being formed in the
reaction, i.e., Dr¼dist1–dist2. For the four reactive channels asso-
ciated with the participation of the C]C double bond of the aMK
15, chemo1, the asynchronicity at the TSs is 0.55 at TS1, 0.94 at TS2,
0.27 at TS3, and 0.22 at TS4. Two conclusions can be redraw from
these values: (i) the TSs associated to the more favorable regioi-
someric paths reg1 are more asynchronous than those associated
with the regioisomeric path reg2; and (ii) at these asynchronous
TSs, the shorter distance corresponds to the C–C bond formation at
the b-conjugated position of the aMK 15.

The extent of bond formation along a reaction pathway is pro-
vided by the concept of bond order (BO).33 At the TSs associated
with the participation of the C]C double bond of the aMK 15, the
BO values of the two forming bonds are: 0.22 (C3–C6) and 0.08 (C1–
C7) at TS1, 0.31 (C3–C6) and 0.09 (C1–C7) at TS2, 0.29 (C1–C6) and
0.19 (C3–C7) at TS3, 0.27 (C1–C6) and 0.16 (C3–C7) at TS4, while at
the TSs associated with the participation of the C]O double bond
the BO values of the two forming bonds are: 0.27 (C1–O9) and 0.33
(C3–C8) at TS5, 0.20 (C1–C8) and 0.42 (C3–O9) at TS6. The less
energetic endo TS1 is earlier that the exo TS2. At these stereoiso-
meric TSs, the low BO values associated to the C1–C7 forming bond
indicate that this bond is not being formed at the TS. The BO values
at the regioisomeric TS3 and TS4 point out asynchronous concerted
bond formation processes. The BO values at the four TSs associated
with the attacks to the C]C double bond of aMK 15 point out that
this species controls the asynchronicity on the bond formation.
Note that the formation of the C3–C6 bond, which involves the b-
conjugated position of aMK 15, is more advanced that the
formation of the C1–C7 one. This behavior allows to assert the
observation that in an asynchronous bond formation associated with
a polar cycloaddition process the s bond formation at the more elec-
trophilic center of the electrophile is formed in a larger extension.34

Finally, the BO values of the two forming bonds at the two un-
favorable chemoselective channels point to also to asynchronous
concerted bond formation processes.

The IRC from TS1 to the cycloadduct 16 indicates that this cy-
cloaddition has a two-stage mechanism;35 that is, while at the first
stage of the reaction only the C3–C6 bond is being formed, the
second stage is associated to the C1–C7 bond formation. We would
like to point out that at the HP structure, located at the half of the
IRC curve, the C3–C6 bond formation is very advanced, 1.610 Å,
whereas the C1–C7 bond is very delayed, 2.499 Å (see Fig. 2).36 At
HP, the BO values of the C3–C6 and C1–C7 forming bonds are 0.91
and 0.40, respectively.



Figure 2. HP structure located at the half of IRC from TS1 to 16 for the 32CA reaction of
the carbonyl ylide 6 and the a-methylene ketone 15; the values of the bond lengths
directly involved in the processes are given in Å.

Figure 1. Transition structures for the 32CA reaction of the carbonyl ylide 6 and the a-methylene ketone 15; the values of the bond lengths directly involved in the processes are
given in Å; the values in parentheses correspond to the reaction in DCM.
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The natural population analysis (NPA) allows us to evaluate the
charge transfer (CT) at the TSs. The natural charges at the TSs were
shared between the CY 6 and the aMK 15 fragments. The CT from 6
to 15 at the TSs are: 0.15e at TS1, 0.17e at TS2, 0.09e at TS3, 0.09e at
TS4, 0.24e at TS5, and 0.25e at TS6. At the TSs associated with the
attack of the C]C double bond, chemo1, the CT at the more favor-
able regioisomeric TS1 and TS2 is larger than that at TS3 and TS4.
The more unfavorable TS6 presents the larger CT of this series of
TSs. This behavior is a consequence of the more advance character
of the TS. At the HP structure, the CT from CY 6 to aMK 15 is 0.26e.
Along the nucleophilic attack of the CY 6 to the aMK 15, there is an
increase of the CT to reach the point HP. Along the second stage of
the reaction, there is a decrease of the CT as a consequence of
a back-donation until the formation of the electronically balances
[3þ2] cycloadduct 16.13 For instance, the CT for the structure lo-
cated at the halfway between HP and cycloadduct 16 is decreased
to 0.16e.

3.2. Topological analysis of the ELF

The topology of the ELF of the Padwa CY 6, the aMK 15, the TS1,
the HP structure, and the oxa-bridged spirocycloadduct 16 was
analyzed in order to obtain additional information about the elec-
tron density evolution in this 32CA reaction.36,37 Our aim is to give
a deeper insight to the electronic nature and the charge rear-
rangement along this polar cycloaddition process.13



Table 3
The valence basin population N calculated for the ELF of the reagents, the TS1, HP,
and the cycloadduct 16 involved in the more favorable endo pathway of the 32CA
reaction of the carbonyl ylide 6 and the a-methylene ketone 15

Basin Basin population N [e]

6 and 15 TS1 HP 16

6 V(C1,O2) 2.02 1.90 1.49 1.28
V(O2,C3) 1.81 1.72 1.32 1.23
V(C3,C4) 2.91 2.51 2.14 2.13
V(C4,O5) 2.17 2.28 2.38 2.39
V(O5) 2.71 2.71 2.62 2.58
V0(O5) 2.74 2.73 2.65 2.63
V(C1) d d 0.52 d

V(O2) 3.55 3.84 4.65 2.60
V0(O2) d d d 2.46
V(C3) 0.57 0.72 d d

V(C1,C7) d d d 1.94
V(C3,C6) d d 1.82 1.88

15 V(C7) d d 0.55 d

V(C6,C7) 1.82 3.35 2.11 1.88
V0(C6,C7) 1.69 d d d

V(C7,C8) 2.22 2.42 2.58 2.11
V(C8,O9) 2.34 2.24 2.31 2.31
V(O9) 2.66 2.64 2.71 2.63
V0(O9) 2.62 2.79 2.81 2.66
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Scheme 7. Schematic representation of the more relevant monosynaptic, , and di-
synaptic, , valence basins.
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The Becke and Edgecombe’s ELF38 is derived from the measure
of the Fermi hole curvature and interpreted in terms of local excess
kinetic energy due to Pauli repulsion. It is confined to the [1,0] in-
terval in order to tend to 1 where parallel spins are highly im-
probable, and where therefore there is a high probability of
opposite spin pairs, and to zero in regions where there is a high
probability of same spin pairs. The topological partition of the ELF
gradient field 39 yields basins of attractors, which can be thought as
corresponding to the bonds and lone pairs of the Lewis’s picture. In
a molecule, two types of basins are found: the core basins sur-
rounding nuclei of atomic number Z>2 and labeled C(A), where A is
the atomic symbol of the element, and on the valence basins. The
valence basins are characterized by the number of atomic valence
shells to which they belong called the synaptic order.
A monosynaptic basin V(A) corresponds to a lone pair on atom A,
a disynaptic basin V(A,B) to a two-center bond linking A and B,
a trisynaptic basin V(A,B,C) to a three center bond and so on. A
population analysis can be further carried out by integrating the
charge density over the basin volumes whereas the calculation of
the covariance matrix of the basin population enables to quantify
delocalization.40

The populations N of the more relevant valence basins of these
structures are listed in Table 3. A schematic representation of the
electron population evolution along the cycloaddition is given in
Scheme 7. Padwa CY 6 presents eight valence basins, namely
V(C1,O2), V(O2,C3), V(C3,C4), V(C4,O5), V(O2), two V(O5) and
V(C3). The more significant valence basins of the CY 6 are the V(O2)
monosynaptic basin on the O2 oxygen atom, N¼3.55e, and the
V(C3) monosynaptic basin on the C3 carbon atom, N¼0.57e. The
V(C3) basin points out some nucleophilic character of this CY.
The more relevant valence basins of the aMK 15 are the two
V(C6,C7) basins, with a total population of 3.51e, associated with
the C6]C7 double bond, the V(C7,C8) basin, N¼2.22e, and the
V(C8–O9) basin, N¼2.34e, associated with the C8]O9 double bond.

The unique relevant change found at the ELF of TS1 relative to
the reagents is the fusion of the two disynaptic basins V(C6,C7) in
15 into one disynaptic basin V(C6,C7) with a population of 3.35e. A
slight increase in the electron population of the monosynaptic
basins on the O2 oxygen atom and the C3 carbon atom is observed.
We note that TS1 has not monosynaptic basins on the C1, C6, and C7
carbon atoms, which will be created in a subsequent step, and prior
to the formation of the corresponding s bonds.37b The amount of
the CT in this polar process has been evaluated from the sum of
the core and valence basins of the Padwa CY 6 fragment in TS1. The
population analysis based on the topological region shows that the
carbonyl ylide fragment is positively charged (þ0.17e) in TS1. This
value is closer to that obtained from the NBO analysis.36,37b

The most interesting changes in the electron population along
the IRC are observed for the HP structure for which the creation
of the disynaptic basin V(C3,C6), with a population of 1.82e, points
out the complete C3–C6 bond formation. It is important to note that
at the HP structure, two new monosynaptic basins are created on
the C1 and C7 atoms with an electron population of 0.52e and 0.55e,
respectively. These two monosynaptic basins will be responsible to
the C1–C7 bond formation, which takes place at the last part of the
IRC (see Scheme 7). Finally, for the cycloadduct 16, the ELF analysis
shows the presence of two disynaptic basins V(C1,C7) and V(C3,C6)
with an electron population of 1.94e and 1.88e, respectively. These
basins correspond, obviously, to the two new s bonds C1–C7 and
C3–C6. The population analysis based on the topological regions
indicates that at HP the positive charge at the carbonyl ylide frag-
ment increases to 0.38e. This result is in complete agreement with
the NBO analysis made at HP and discussed above.36 This large CT
found along the C3–C6 bond formation, indicates the polar nature
of this highly asynchronous 32CA reaction, which is anticipated by
the electrophilicity/nucleophilicity analysis of reagents (see later).
3.3. Analysis based on the global and local reactivity indexes
at the ground state of the reagents

Recent studies carried out on cycloaddition reactions have
shown that the analysis of the reactivity indices defined within the
conceptual DFT41 is a powerful tool to study the reactivity in polar
cycloadditions.11,30,34 In Table 4, the static global properties (elec-
tronic chemical potential, m, chemical hardness, h, global electro-
philicity, u, and global nucleophilicity, N) of the CYs 6 and 12 and
a-methylene ketones 15, 22, 23, and 24 are presented.

The electronic chemical potential of the Padwa CY 6,�0.1378 au,
is higher than the electronic chemical potential of aMK 15,
�0.1557 au, thereby indicating that along a polar cycloaddition, the
net CT will take place from the CY 6 to the aMK 15. Note that the
electronic chemical potential of the CY 12,�0.1693 au, is lower than
that of benzaldehyde, �0.1590 au, and N-methyl-benzylimine,
�0.1379 au, thereby indicating that in these cases the CT flux
toward the CY 12.13



Table 4
Electronic chemical potential, m, and chemical hardness, h, in au, global electro-
philicity, u, and global nucleophilicity, N, in eV, for the carbonyl ylides 6 and 12 and
the a-methylene ketones 15 and 22–24

O

CH2

CH2

O

Br

22 23 X = H
24 X = OCH3

X

m h u N

12 �0.1693 0.0908 4.29 3.28
6 �0.1378 0.0915 2.82 4.50
22 �0.1639 0.1713 2.13 2.33
15 �0.1557 0.1723 1.91 2.91
23 �0.1547 0.1762 1.85 2.51
24 �0.1423 0.1678 1.64 2.97
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The electrophilicity of the Padwa CY 6, u¼2.82 eV, allows to
classify this species as a strong electrophile within the electrophi-
licity scale.11 This value is lower than that found at the CY 12,
u¼4.29 eV.13 On the other hand, the CY 6 presents a large nucleo-
philicity value, N¼4.50 eV, a value that is higher than that found at
the CY 12, N¼3.28 eV. Therefore, an opposite behavior is found
between the Padwa CY 6 and the Mongin CY 12. That is, while the
CY 12 will behave as a strong electrophile, the Padwa CY 6 will
behave as a good nucleophile.

The aMK 15 has an electrophilicity value of u¼1.91 eV, being
classified also a strong electrophile.11 The inclusion of an electron-
withdrawing bromine atom on the aryl ring of 15 increases re-
markably the electrophilicity of the aMK 22, u¼2.13 eV. The aMK
15 has also a large nucleophilicity value, N¼2.91 eV, which de-
creases to 2.33 eV at the bromine derivative 22. On the other hand,
the decrease of the ring strain from a five-membered in 15 to a six-
membered one in 23 involves a slight decrease of both electro-
philicity and nucleophilicity indexes.42 Finally, the inclusion of an
electron-releasing methoxy group on the aryl ring of aMK 23 de-
creases the electrophilicity of the aMK 24, u¼1.64 eV, and increases
the nucleophilicity, N¼2.97 eV (see Table 4). The decrease of the
electrophilicity of the corresponding aMKs, 22>15>24, is in rea-
sonable agreement with the decrease of the reactivity of these
aMKs.15

The best descriptors for studying local reactivity and regiose-
lectivity for a polar reaction will be the local electrophilicity30 and
the local nucleophilicity.31 In a polar cycloaddition reaction be-
tween unsymmetrical reagents, the more favorable two-center
interaction will take place between the more electrophile center,
characterized by the highest value of the local electrophilicity index
uk at the electrophile, and the more nucleophile center, charac-
terized by the highest value of the local nucleophilicity index Nk at
the nucleophile.30 In Table 5 the local electrophilicity, uk, and nu-
cleophilicity, Nk, indices of the CY 6 and the aMK 15 are presented.
For the CY 6, the more electrophilic center corresponds with the
phenyl substituted C1 carbon, u1¼0.68 eV, while the more nucleo-
philic center corresponds with the C3 carbon, N3¼1.82 eV. For the
aMK 15, the more electrophilic center corresponds to the
Table 5
Local electrophilicity, uk, and local nucleophilicity, Nk, values (in eV) of the carbonyl
ylide 6, and the a-methylene ketone 15

uk Nk

6 C1 C3 C1 C3
0.68 0.37 0.80 1.82

15 C6 C7 C8 O9 C6 C7 C8 O9
0.43 0.11 0.37 0.33 0.24 0.34 0.13 1.91
methylene carbon, u6¼0.43 eV, while the more nucleophilic center
corresponds to the O9 oxygen, N9¼1.91 eV. As a consequence, the
more favorable polar interaction will take place between the more
nucleophilic center of the CY 6, the C3 carbon, and the more elec-
trophilic center of aMK 15, the C6 carbon. This analysis is in clear
agreement with the geometrical and electronic structures of TS1
and TS2, which show that the C3–C6 bond formation is more ad-
vanced than the C1–C7 bond formation. If we consider the sum of
the ukþNk values at the two feasible interactions that take place
along the 6þ15 reaction, 2.25 eV (u6þN3) along the C3/C6 two-
center interaction and 1.02 eV (N7þu1) along the C1/C7 two-center
interaction, we can see that the former is clearly favored. These
results are in total agreement with the regio- and the chemo-
selectivity experimentally observed.15

The analysis of the reactivity indices indicates that both reagents
involved in the 32CA reactions of the CY 12 with aldehydes and
imines have electrophilic and nucleophilic behaviors.13 However,
the NBO and ELF analyses, performed for the more favorable
regioisomeric TS involved in the cycloaddition reaction with im-
ines, indicate that at the highly asynchronous processes the bond
formation is more advanced at the more electrophilic carbon atom
of the CY 12 and that the CY residue is being negatively charged, in
clear agreement with the large electrophilic character of the CY
12.13 However, in the cycloaddition reaction involving the Padwa
CY 6, the bond formation is more advanced at the more nucleo-
philic carbon atom of this CY, and the CY residue is being positively
charged. Thus, our analysis points out that the CYs can participate
in polar cycloadditions as good electrophiles or as good nucleo-
philes. These behaviors, which can be anticipated by the analysis of
the static reactivity indices, allow to explain the very low activation
barriers found in these 32CA reactions.

4. Conclusions

The stereo-, regio-, and chemoselective 32CA of the Padwa CY 6
with aMK 15 to yield the oxa-bridged spirocycloadduct 16 have
been studied using DFT methods at the B3LYP/6-31G(d) computa-
tional level. This 32CA presents a one-step mechanism with a polar
character. Six reactive channels associated to the stereo-, regio-,
and chemoselective approach modes of the CY 6 to the C]C and
C]O reactive sites of the aMK 15 have been analyzed. The more
favorable endo and exo stereoisomeric reactive channels, which
have two-stage mechanisms, are associated with the nucleophilic
attack of the C3 atom of the CY 6 to the b-conjugated position of
aMK 15. DFT calculations, performed both in gas phase and in DCM,
yield energies and free energies for the transition state structures in
clear agreement with experimental regio- and chemoselectivity.

The present study allows to distinguish the unlike electrophilic/
nucleophilic behaviors of the Padwa CY 6 in comparisonwith the one
recently obtained by Mongin by thermal ring-aperture of an epox-
ide, the CY 12. While the CY 6 behaves as a good nucleophile, the CY
12 behaves as a strong electrophile. This finding allows to explain the
regioselectivity of these CYs toward C]C and C]O p systems. IRC
calculations combined to the topological ELF analysis explain suit-
ably the one-step two-stage mechanism of this cycloaddition. Finally,
the analysis of the global electrophilicity and nucleophilicity indices
allows an explanation about the participation of the CYs as either
good electrophiles or good nucleophiles in polar cycloadditions. For
this polar process, the analysis of the local electrophilicity and nu-
cleophilicity indices allows the rationalization of the regio- and the
chemoselectivity experimentally observed.
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