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ABSTRACT: A full theoretical study of the reaction between a
novel type of ylide, i.e. nitrone ylides, and alkenes has been carried
out. Both concerted and polar stepwise mechanisms have been
considered. Only the zwitterionic mechanism predicts correctly the
experimentally observed adducts. Depending on the level of theory,
the mechanism moves from concerted to polar stepwise, as
demonstrated by the corresponding IRC analyses. The regio- and
stereoselectivity of the reaction is well explained for both mono-
and disubstituted alkenes. In the case of methyl acrylate a pathway
leading to the two diastereoisomers obtained experimentally is
predicted. For methyl fumarate a stereospecific mechanism is
predicted as a consequence of a C−H···OC interaction present
in a Li-tricoordinated transition structure. The stereospecificity in
the reaction with methyl maleate comes from a less hindered
coordination around the lithium atom. Calculations with B3LYP and M06-2X functionals indicate that only the latter provides
energy values in good agreement with experimental findings.

■ INTRODUCTION

Cycloaddition reactions are not necessarily pericyclic.1 Some
discussion has occurred in the past concerning classical
cycloadditions such as Diels−Alder reactions, dipolar cyclo-
additions, and related processes directed at considering the
possibility of stepwise biradical mechanisms.2 In several cases,
the biradical process has shown to be favored with respect to the
corresponding concerted mechanism; this is the case, for
instance, of some Diels−Alder reactions3 and the dimerization
of nitrile oxides.4 Alternatively, pseudopericyclic reactions have
been defined by Birney and co-workers as a novel approach to
explain apparently disallowed pericyclic reactions.5 Intermediate
situations have been reported by Houk and co-workers,6 and
recently, we have reported a variation that could be considered as
a bipseudopericyclic process.7 Cycloadditions can also take place
through a polar stepwise mechanism.8 Indeed, typical concerted
reactions can move to a polar mechanism on catalysis with Lewis
acids.9 Accordingly, there have been reported a variety of relevant
studies considering concerted vs stepwise mechanisms (both
biradical and polar) for a series of cycloaddition reactions.10

Experimental proofs have been found in several cases by
isolating and trapping intermediates,9d,11 and in many other
situations theoretical calculations fully supported the stepwise vs
the concerted process.3,8b−g Dipolar cycloadditions of azome-
thine ylides are representative of a dual situation. Depending on
the substrates and/or the catalysts a concerted mechanism
(Scheme 1, path a) or a stepwise mechanism (Scheme 1, path b)
operates. Domingo et al. reported a concerted mechanism for

trifluoromethyl thiomethyl azomethine ylides supported by DFT
calculations12 although ELF analysis showed that the reaction
was not pericyclic.13 A concerted mechanism has also been
invoked for the reaction between azomethine ylides and simple
substituted alkenes14 as well as for organocatalyzed reactions.15

On the other hand, Cossio and co-workers demonstrated a
stepwise mechanism for the reaction of azomethine ylides with
nitroalkenes by detecting an intermediate by NMR spectrosco-
py.16 The stepwise process was also supported by DFT
calculations, as in the case of a cycloaddition catalyzed by silver
and copper complexes reported by Najera and co-workers.17

Moreover, Carretero and co-workers demonstrated the capa-
bility of azomethine ylides of behaving as nucleophiles (the first
step of a stepwise cycloaddition) in the addition of such
compounds to imines through a Mannich-type reaction.18

Isolation of intermediate Michael-type addition compounds at
lower temperatures and further DFT calculations supported the
stepwise mechanism.19

In this context, we have recently reported a full experimental
study on a new and different sort of ylide: i.e., nitrone ylides
(Scheme 2).20 Although they could be considered close to
azomethine ylides because the only difference resides in the
oxygen atom replacing the carbon/metal atom attached to the
nitrogen, their electronic structure is completely different.
Nitrones are well-known dipoles in 1,3-dipolar cycloadditions21
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toward the synthesis of nitrogenated heterocycles including
pyrrolidines.22 Nitrones can also behave as electrophiles in
organometallic additions23 and stepwise cycloadditions with
electron-rich alkenes, as we have recently demonstrated for
Mannich-type reactions with silyl ketene acetals.8e,g,9e

In the case of nitrone ylides the oxygen atom does not
participate in the reaction and a different approach should be
considered. In our previous experimental paper we isolated an
open-chain intermediate for the reaction with methyl acrylate,
demonstrating that the reaction followed a stepwise mechanism.
On the other hand, we were not able to isolate the corresponding
intermediate in the case of disubstituted alkenes (dimethyl
maleate and fumarate). Since the stereochemistry of the alkene
was conserved and the reaction was shown to be stereospecific,
this might indicate that a concerted mechanism could operate in

the case of disubstituted alkenes. To shed some light on the
mechanism of this reaction, the cycloaddition of nitrone ylides
with electron-poor alkenes, we have carried out a full theoretical
study of the reaction considering both mono- and disubstituted
alkenes. In this paper we report our results on that study.

■ COMPUTATIONAL METHODOLOGY
Computations with density functional theory (DFT) were carried out
using the exchange-correlation functional B3LYP24 and Truhlar’s
functional M06-2X.25 The standard basis sets 6-31G(d) and 6-
311G(d,p) were employed, and diffuse functions were added in both
cases.26 The nature of stationary points was defined on the basis of
calculations of normal vibrational frequencies (force constant Hessian
matrix). The optimizations were carried out using the Berny analytical
gradient optimization method.27 Minimum energy pathways for the
reactions studied were found by gradient descent of transition states in

Scheme 1. Concerted (a) and Stepwise Polar (b) Mechanisms for Cycloadditions of Azomethine Ylides (X =MLn, R
3) and Nitrone

Ylides (X = O−)

Scheme 2. Diastereoselective Cycloaddition between Nitrone Ylides and Electron-Deficient Alkenes
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the forward and backward direction of the transition vector (IRC
analysis),28 using the second-order Gonzaĺez−Schlegel integration
method.29 The solvent effects modeled as a continuum model were
considered for single points and fully optimized highest level of theory
employed using a relatively simple self-consistent reaction field
(SCRF30) based on the polarizable continuum model (PCM) of
Tomasi’s group.31 The electronic energies in solution were obtained by
adding the total electrostatic energies obtained from the PCM
calculations to the electronic energies in vacuo. The PCM and solvent
= THF options were employed in the SCRF calculations, in which
solvent effects have been considered. In addition, microsolvation of the
lithium atom was considered by adding discrete molecules of dimethyl
ether surrounding the lithium atom.32 Single-point calculations were
also carried out using B3LYP/6-31+G(d) geometries. Thus, for the
purpose of comparison the following levels of theory were calculated: (i)
B3LYP/6-31+G(d); (ii) M06-2X/6-31+G(d); (iii) PCM=THF/
B3LYP/6-311+G(d)//B3LYP/6-31+G(d); (iv) PCM=THF/M06-
2X/6-311+G(d)//B3LYP/6-31+G(d); (v) PCM=THF/M06-2X/6-
311+G(d). Open-shell calculations (UM06-2X/6-31+G(d)) were also
carried out, and results identical with those obtained with closed-shell
calculations were found, thus confirming that no biradical mechanism is
competing with the proposed zwitterionic mechanism. All calculations
were carried out with the Gaussian 09 suite of programs.33 Structural
representations were generated using CYLview.34

All of the discussions will be based on the highest level used
(PCM=THF/M06-2X/6-311+G(d)). References to the other levels,
whose values are provided in the Supporting Information, will be made
when notable differences have been observed. Consistent with our
previous experimental report, we have studied the reaction between
nitrone 6 and methyl acrylate 2 to give N-hydroxypyrrolidines 7 and 8
with 2R*,4R*,5R* and 2R*,4S*,5S* relative configurations,35 respec-
tively, in the presence of butyllithium in THF as a solvent (Scheme 3).

■ RESULTS AND DISCUSSION
The first irreversible step of the reaction illustrated in Scheme 3 is
the proton abstraction in nitrone 6 by butyllithium to form the
corresponding nitrone ylide 9 (Scheme 4). Once the ylide is
formed, two different approaches can be considered: (i) a direct
approach (Scheme 4, path a) through the concerted transition
state TS-c leading to the final product PR and (ii) an initial
Michael attack (Scheme 4, path b) of the nitrone ylide to methyl
acrylate 2 through TS-s1 to form intermediate IN1, followed by
an intramolecular Mannich-type reaction through TS-s2 to yield
the product PR.

Direct Approach. There are three possible initial transition
states for a direct approach of methyl acrylate 2 to ylide 9,
corresponding to three alternate dispositions of the two reagents
(one antiperiplanar and two gauche). This makes a total of 12
possible approaches to be calculated, since two faces are possible
for the planar acrylate and two conformations (s-cis and s-trans)
are possible for the same compound. From these 12 orientations,
4 of them corresponding to gauche orientations could lead to
concerted transition states TS1−TS4 (Figure 1). From the other
8 approaches we discarded 4 of them because they present
significant unfavorable steric interactions. From the remaining
four transition structures TS5−TS8 only one did not present
favorable interactions between the lithium atom and the carbonyl
oxygen. Thus, we located the eight transition structures TS1−
TS8 illustrated in Figure 1.
All of the levels of theory studied showed TS1 and TS3 as the

most stable, having enough energy differences (more than 3 kcal/
mol) to exclude the rest of the TSs . The endo approach
corresponding to TS1 is the most stable for all the levels studied,
with the exception of the highest level, which showed TS3 to be
0.5 kcal/mol more stable than TS1. In this level, the calculated
energy barriers for TS1 and TS3 were 14.7 and 14.2 kcal/mol,
respectively. The geometries of TS1 and TS3 are given in Figure
2.
The forming C2−C3 bonds have lengths of 2.066 and 2.079 Ǻ

forTS1 andTS3, respectively. The distances between C4 and C5
are 2.988 and 2.902 Ǻ for TS1 and TS3, respectively. These data
point to a very asynchronous concerted reaction. However, the
frequency analysisregarding the only imaginary frequency
found for such TSswas not definitive to identify the reaction as
concerted. The corresponding IRC analysis for TS3 at the M06-
2X/6-31+G(d) level showed a concerted process starting with
the reagents (nitrone ylide 9 and methyl acrylate 2) and ending
with the corresponding coordinatedN-hydroxypyrrolidine.36 On
the other hand, an identical IRC analysis forTS1 at the same level
of theory showed 9 and 2 as the starting point but IN1 as the final
one. Moreover, although TS3 leads to the major isomer
2R*,4R*,5R* observed experimentally, TS1 predicted the
obtention of 2R*,4S*,5R* isomer 10, whereas the minor isomer
observed experimentally was compound 8, having the
2R*,4S*,5S* configuration (Scheme 5). At this point, it was
evident that the direct approach cannot be considered as the
correct one. Notably, IRC analyses of both TS1 and TS3 at the
highest PCM=THF/M06-2X/6-311+G(d,p) level showed the
reaction as a stepwise process ending in the corresponding
intermediate IN1.36 Accordingly, the interaction between C4
and C5 in the transition states leading to distances of 2.988 and
2.902 Ǻ can be considered as strictly electrostatic, and it does not
represent a forming bond, in agreement with the previously
reported anionic stepwise [3 + 2] cycloadditions.37

With this result in hand, it is possible to conclude that the
reaction is stepwise and further evolution of intermediate IN1
should involve the coordination of the formed enolate to the
lithium atom through exchange of (i) a solvent molecule to form
intermediate IN2 (Figure 3), (ii) the other ester carbonyl to form
IN3, or (iii) the nitrone oxygen to form IN4. Among these
complexes IN4 can be discarded, since for the second step,
consisting of an intramolecular Mannich-type addition,
activation of the nitrone by means of lithium coordination is
required, as we demonstrated both experimentally and
theoretically.8e,9e

At this point, it seems more plausible that coordination
between methyl acrylate and the lithium atom takes place before

Scheme 3. Cycloaddition Reaction between 6 and 2
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the initial Michael addition, thus increasing the electrophilicity of
the Michael acceptor. This approach, discussed in the next
section, will allow an explanation of not only the formation of
intermediates IN2 and IN3 but also their further cyclization as
well as the observed experimental results.
StepwiseMechanism. Previous work from this laboratory38

demonstrated that nucleophilic additions of organometallic
reagents to nitrones take place through the formation of an initial
complex between the nitrone and the organometallic reagent.39

Moreover, it has also been demonstrated that coordination of the
metal atom to the nitrone oxygen is required in order to increase
the electrophilic character of the nitrone carbon.9e In a similar
way, and advancing a second step consisting of a Mannich-type
addition to nitrones8g (see below), it is possible to consider the
initial formation of complex 11 between ylide 9 and methyl
acrylate 2 (Scheme 6, R =H). The formation of complex 11 takes
place without an energy barrier and activates the double bond
toward the initial Michael attack. This complex leads to
intermediate IN2 through TS9, in which the lithium atom is
kept coordinated to both ester moieties as well as the nitrone
oxygen. Further evolution of IN2 toward the product is rather
limited because of the rigidity of the model. Thus, transformation
of IN2 into PR1, a precursor of the major product observed
experimentally, is only possible throughTS10. We located all the
stationary points illustrated in Scheme 6. A full energy diagram is
given in Figure 4. Notably, TS9 is 5.5 kcal/mol lower in energy
than TS3, thus demonstrating that the pathway illustrated in

Scheme 6, involving previous coordination of methyl acrylate, is
preferred.
The activation free energy associated with the conversion of

the reagents into IN2 is 8.7 kcal/mol. The intermediate IN2 is
located 0.3 kcal/mol below the reagents, and the energy barrier
for the second step of the reaction is 13.3 kcal/mol to form the
adduct PR1, which is located 15.7 kcal/mol below the reagents.
Consequently, the rate-limiting step for this process is the
intramolecular Mannich-type reaction.
The geometries of TS9 and TS10 are given in Figure 5. The

length of the forming C2−C3 bond inTS9 is 2.151 Å. Also in this
case an interaction between C4 and C5 is observed, with a
distance of 2.889 Å. Again the IRC analysis for TS9 confirmed
that the final forward point of this step was IN2 (see the
Supporting Information) with a C2−C3 bond length of 1.585 Å
and a distance between C4 and C5 of 3.320 Å. The length of the
forming C4−C5 bond in TS10 is 2.330 Å, in good agreement
with those previously observed for intermolecular Mannich-type
additions of lithium ester enolates to nitrones.8e The
coordination of the lithium atom to the three oxygen atoms
during the rate-limiting step is responsible for the all-cis relative
configuration observed experimentally for the major adduct 7.
However, such coordination does not allow any other approach
of the ylide to the nitrone moiety because of the rigidity of the
system. Consequently, the path involvingTS10 cannot justify the
obtention of the minor adduct 8, predicting a completely
stereoselective reaction (Figure 4, blue path). On the other hand,

Scheme 4. Concerted and Stepwise Mechanisms for the Cycloaddition of Nitrone Ylide 9 with Methyl Acrylate 2 (s = Solvent)
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intermediate IN3 has enough flexibility for considering two
competitive approaches of the enolate by the two faces of the
nitrone. Both IN2 and IN3 are connected by a solvent molecule
exchange, the formation of IN3 from IN2 being exothermic by
6.0 kcal/mol. This difference in energy is justified by the
incorporation of an additional solvent molecule (in agreement
with previous studies),40 liberating strain in the lithium
coordination.
The intermediate IN3 evolves through diastereomeric Si and

Re channels to give adducts PR2 and PR3, respectively. This
pathway is in full agreement with the observed experimental
results, since it predicts the two observed adducts having

2R*,4R*,5R* and 2R*,4S*,5S* configurations. The geometries
of the corresponding TS11 and TS12 are given in Figure 5. The
lengths of the forming C4−C5 bond atTS11 andTS12 are 2.299
and 2.329 Å, respectively. The analysis of the free activation
energies revealed that TS11 is favored by 0.5 kcal/mol. The
energy barriers are 10.1 and 10.6 kcal/mol lower in energy than
that associated with the direct conversion of IN2 into PR1 via
TS10. The formation of IN3 leads to a competitive obtention of
7 and 8, predicting diastereomeric mixtures as occurs
experimentally. By consideration of this path, i.e. interconversion
of IN2 into IN3, the rate-determining step corresponds to that in
which the first C2−C3 bond is formed (TS9).
From the several levels of theory studied, only those using

Truhlar’s functional M06-2X provided energy values in agree-
ment with the experimental findings for an exergonic reaction.
Energy calculations with the B3LYP functional (B3LYP/6-
31+G(d)) predict an endergonic reaction. On the other hand,
both calculations in the absence of solvent (M06-2X/6-
31+G(d)) and fully optimized triple-ζ calculations
(PCM=THF/M06-2X/6-311+G(d,p)) using Truhlar’s func-
tional afforded results coherent with the experimental observa-
tions. The differences between functionals are also evidenced in
single-point calculations using B3LYP geometries. Whereas the
B3LYP functional (PCM=THF/B3LYP/6-311+G(d,p)//
B3LYP/6-31+G(d)) predicts again an endergonic reaction, the
M06-2X functional (PCM=THF/M06-2X/6-311+G(d,p)//
B3LYP/6-31+G(d) provides results quite similar to those
obtained with the highest level of theory employed (see the
Supporting Information).

Cycloaddition with Disubstituted Alkenes. The reaction
of nitrone ylides with methyl fumarate 3 only afforded one
isomer in all cases studied.20 The obtained isomers have a
2R*,3R*,4R*,5R* configuration (Scheme 6, compound 13). In
order to evaluate if the same mechanism operating for methyl
acrylate 2 could be valid for disubstituted alkenes, we studied the
reaction following the same methodology described in the
preceding section. Calculations at the PCM=THF/M06-2X/6-
311+G(d,p) level of all the stationary points illustrated in
Scheme 6 (R = CO2Me) were carried out. In addition, the
corresponding transition structures equivalent to TS1 and TS3
were also located, showing in both cases values higher in energy
than for TS13, the corresponding transition structure for the
initial Michael addition (for details see the Supporting
Information). A full energy diagram is given in Figure 6. The
geometry of TS13 is given in Figure 7. The length of the forming
C2−C3 bond is 2.085 Ǻ, and an interaction between C4 and C5
is observed with a distance of 2.749 Ǻ. The IRC analysis of TS13
led to the same conclusion as that in the case of TS9 for methyl
acrylate, the final forward point being IN5. Thus, also in the case
of methyl fumarate the reaction follows a stepwise mechanism.
However, some important differences are appreciated in the
energy diagram illustrated in Figure 6. The formation of the first
intermediate IN5 through the initial Michael addition is the rate-
limiting step of the reaction, as in the case of methyl acrylate. The
energy barrier is 5.3 kcal/mol. The corresponding intermediate
IN5 is 3.3 kcal/mol below the reagents. Also, the intermediate
IN6 is thermodynamically favored by 4.8 kcal/mol. However, in
contrast to what is observed for methyl acrylate, the transition
structure TS14 coming from the monosolvated intermediate
IN5 is lower in energy than the transition structures TS15 and
TS16 coming from the disolvated IN6. A close look at TS14
reveals that an additional hydrogen bond between the C−H in
the α position of the nitrone nitrogen and the carbonyl group at

Figure 1. Transition structures corresponding to the direct approach
between nitrone ylide 9 and methyl acrylate 2 (relative free energies
calculated at the PCM=THF/M06-2X/6-311+G(d,p) level of theory
are indicated in kcal/mol).
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the noncoordinated ester group exists in comparison with TS10.
That C−H····OC interaction (2.441 Ǻ) justifies the
stabilization of TS14 with respect to TS10, since it contributes
to increasing the electrophilicity of the nitrone carbon. Since
both TSs (TS10 and TS14) have very similar geometries, it is
possible to conclude that the nature of the stabilization of TS14
with respect to TS10 is electronic and not steric. Further support
for this hypothesis has been obtained from additional
calculations. Upon replacement of the ester group by a nitro
group, the same interaction is observed and a similar stabilization
is predicted. On the other hand, upon replacement of the ester
group by a methyl group no stabilization is observedas in the
case of methyl acrylate (TS10)since no interaction is possible
(for details see the Supporting Information).
Consequently, for the reaction of nitrone ylide 9 with methyl

fumarate 3, the preferred pathway is that in which the lithium
atom is tricoordinated, only being possible for the formation of
adduct 13 (Figure 6, black path). These results fully explain the
complete stereoselectivity observed experimentally. The geo-
metries of TS14−TS16 are given in Figure 7, which are very
similar to those found for methyl acrylate (TS10−TS12). The

Figure 2.Transition structures corresponding to the direct approach between nitrone ylide 9 and methyl acrylate 2 optimized at the PCM=THF/M06-
2X/6-311+G(d,p) level of theory (distances given in angstroms).

Scheme 5. Predicted Products for a Concerted Mechanism and Those Observed Experimentally

Figure 3. Plausible intermediates in the stepwise mechanism.
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lengths of the forming C4−C5 bond in TS14−TS16 are 2.312,
2.312, and 2.310 Ǻ, respectively.
The reaction between 9 and methyl maleate 5 also afforded a

single diastereomer having the 2R*,3S*,4R*,5R* configuration.
However, it presents notable differences with respect to the
reaction between 9 and 3 as a consequence of the Z configuration
of the double bond. The presence of a second ester unit oriented

toward the lithium atom shows that additional models of
coordination could be possible. The considered stepwise
mechanisms are illustrated in Scheme 7, and a full diagram is
given in Figure 8. We have also located TS3″, the lowest
transition structure corresponding to a direct approach between
9 and 5. The energy barrier for such an approach is 10.8 kcal/mol
(Figure 8, red pathway). The first step of the reaction is similar to

Scheme 6. Stepwise Mechanisms for the Cycloaddition of Nitrone Ylide 9 with Methyl Acrylate 2 and Methyl Furmarate 3 (s =
Me2O)

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500037h | J. Org. Chem. 2014, 79, 2189−22022195



that observed for 2 and 3, since coordination of the carbonyl
oxygen at the β position is required to promote the Michael
addition. Thus, complex 15 evolves toward intermediate IN7
through TS17. The energy barrier for this transformation is 7.8
kcal/mol, since 15 is 1.3 kcal/mol above the reagents (nitrone
ylide and alkene). The geometry of TS17 is given in Figure 9.
The forming bond C2−C3 is 2.085 Ǻ, and the interaction
between C4 and C5 afforded a distance of 2.749 Ǻ between those

atoms. The IRC analysis of TS17 clearly demonstrates that it
connects 15with IN7. This intermediate can be transformed into
PR7, the precursor of the only obtained 2R*,3S*,4R*,5R*
isomer, through TS18 with an energy barrier of 4.8 kcal/mol.
Notably, PR7 is the most stable complex, in which no solvent
molecules are coordinated to the lithium atom. Other complexes
having one solvent molecule coordinated were shown to be less
stable. The forming bond C4−C5 in TS18 is 2.304 Ǻ (Figure 9).

Figure 4. Energy diagram for the stepwise mechanisms corresponding to the cycloaddition of nitrone ylide 9 with methyl acrylate 2 (Scheme 6, R = H).
Relative energy values are given in kcal/mol and correspond to optimized points at the PCM=THF/M06-2X/6-311+G(d,p) level.

Figure 5. Geometry of transition structures TS9−TS12 at the PCM=THF/M06-2X/6-311+G(d,p) level.
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Coordination in IN7 exerts a high strain; indeed, this
intermediate is 0.5 kcal/mol above the reagents. On the other
hand, exchange of coordination with the ester at the β position of
the nitrone nitrogen afforded the considerably more stable IN8,
which is 11.8 kcal/mol below the reagents. IN8 can also be

converted into PR7 through TS19, which is 1.9 kcal/mol below
the reagents. The forming bond C4−C5 in TS19 is 2.312 Ǻ
(Figure 9). As in the case of methyl fumarate and acrylate we also
considered exchange of the ester coordination by a solvent
molecule. However, in this case the relative configuration of the

Figure 6. Energy diagram for the stepwise mechanisms corresponding to the cycloaddition of nitrone ylide 9 with methyl fumarate 3 (Scheme 6, R =
CO2Me). Relative energy values are given in kcal/mol and correspond to optimized points at the PCM=THF/M06-2X/6-311+G(d,p) level.

Figure 7. Geometry of transition structures TS13−TS16 at the PCM=THF/M06-2X/6-311+G(d,p) level.
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ester group at the β position of the nitrone nitrogen favors the
proximity to the lithium atom and pentacoordinated lithium is
obtained as the most stable complex, where two molecules of
solvent are considered. Coordination of the ester at the α
position of the nitrone nitrogen is disfavored as illustrated in IN7.
The corresponding intermediate IN9 is less stable than IN8,
being 5.3 kcal/mol below the reagents. We considered the two
possible Mannich-type attacks in IN9 leading to PR8 and PR9
through TS20 and TS21, respectively. Whereas TS21 leading to
the not experimentally observed isomer 15 is 0.1 kcal/mol below

the reagents, TS20 leading to the obtained 14 is found to be
considerably less stable, being 7.4 kcal/mol above the reagents.
The lengths of forming bonds C4−C5 in TS20 and TS21 are
2.312 and 2.310 Ǻ, respectively (Figure 9).
From these results it becomes evident that in the case of

methyl maleate the preferred route is the formation of IN8
through TS17 and IN7, followed by transformation into PR7
through TS19 (Figure 8, black path). The stabilization of TS19
with respect to TS18 is due to the different coordination around
the lithium atom. Whereas in TS18 (as in TS10 and TS14)

Scheme 7. Stepwise Mechanisms for the Cycloaddition between Nitrone Ylide 9 and Methyl Maleate 5 (s = Me2O)
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coordination of the ester group at the α position of the nitrone
nitrogen leads to a O−Li−O angle of 89.9°, in the case of TS19

coordination of the ester group at the β-position of the nitrone
nitrogen leads to a O−Li−O angle of 106.3°, much closer to a

Figure 8. Energy diagram for the stepwise mechanisms corresponding to the cycloaddition of nitrone ylide 9 with methyl maleate 5. Relative energy
values are given in kcal/mol at the PCM=THF/M06-2X/6-311+G(d,p) level.

Figure 9. Geometry of transition structures TS17−TS21 at the PCM=THF/M06-2X/6-311+G(d,p) level.
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tetrahedral disposition around the lithium atom. This is also the
ultimate reason for the stabilization of TS19 with respect to
TS10, since in TS19 the stabilizing C−H····OC interaction
observed in TS14 is not possible. Consequently, in this case, it is
possible to conclude that the nature of the stabilization of TS19
with respect to TS10 is steric and not electronic. The rate-
limiting step of the process is the firstMichael attack (TS17) with
an energy barrier of 8.5 kcal/mol, and further evolution through
the only possible speciesTS19 fully justifies the obtention of only
one isomer with an all-cis configuration.

■ CONCLUSIONS

Themolecular mechanisms for the reaction of nitrone ylides with
electron-deficient alkenes have been investigated by DFT
methods. Both concerted and stepwise mechanisms have been
considered. In all cases, the reactions were shown to be stepwise,
consisting of an initial Michael attack followed by an intra-
molecular Mannich-type reaction. Coordination of the lithium
atom to the nitrone oxygen and carbonyl oxygen atoms in an
early step of the reaction promotes both steps efficiently. In our
previous experimental work20 we reported that replacing the
lithium salts with magnesium or zinc salts resulted in no reaction.
Additional calculations are in agreement with this observation
and predict that the first rate-limiting step of the cycloaddition is
only favored by the lithium cation. In fact, the corresponding
zinc- and magnesium-derived transition structures analogous to
TS9 have relative free energies higher than that of TS9 and lead
to unfavorable endergonic formation of the corresponding
intermediates IN2 (see the Supporting Information). The
reaction with methyl acrylate can take place through two
intermediates associated with di- and tricoordinated lithium
models. The tricoordinated model only can lead to the all-cis
2R*,4R*,5R* isomer, whereas the dicoordinated model can lead
to isomers having 2R*,4R*,5R* and 2R*,4S*,5S* configurations.
Even though both models might be competitive, the calculations
correctly predict the experimental observations in which the
minor 2R*,4S*,5S* isomer is also obtained. On the other hand,
for the reaction of nitrone ylides with methyl fumarate and
maleate, calculations predict the tricoordinated model as the
preferred one, thus explaining that only one isomer is obtained,
in full agreement with the experimental findings.
Several levels of theory using B3LYP and M06-2X functionals

have been employed, and only those using Truhlar’s functional
gave successful results. Also, the use of triple-ζ basis sets was
crucial for the identification of the stepwise mechanism by means
of IRC analyses. Recent studies41 demonstrated that B3LYP
performed very well for geometries, but on the other hand, a very
recent report42 concludes that M06-2X calculations provide
better geometries than B3LYP. Our results indicate that only
calculations with M06-2X calculations are consistent with
experimental observations and the existing explanation of
stereochemical course of the reaction. Hence, it is reasonable
to consider that the M06-2X functional, and not B3LYP,
represents a valuable method for differentiating concerted and
stepwise cycloadditions of ylides and related derivatives. The
influence of the solvent on the geometries obtained can be
assessed by comparing gas-phase calculations (M06-2X/6-
31+G(d) and B3LYP/6-31+G(d) levels) with full optimization
considering solvent effects (PCM=THF/M06-2X/6-311+G-
(d,p) level). In general, no large differences have been observed
in the geometries. However, consideration of solvent effects even
in single-point calculations (PCM=THF/M06-2X/6-311+G-

(d,p)//B3LYP/6-31+G(d) level) is crucial for obtaining energy
values in agreement with experimental findings.
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