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ABSTRACT: The mechanism of cycloaddition reactions of
nitrones with isocyanates has been studied using density
functional theory (DFT) methods at the M06-2X/cc-pVTZ
level of theory. The exploration of the potential energy
surfaces associated with two reactive channels leading to 1,2,4-
oxadiazolidin-5-ones and 1,4,2-dioxazolidines revealed that the
cycloaddition reaction takes place through a concerted
mechanism in gas phase and in apolar solvents but a stepwise
mechanism in polar solvents. In stepwise mechanisms, the first
step of the reaction is a rare case in which the nitrone oxygen
acts as a nucleophile by attacking the central carbon atom of
the isocyanate (interacting with the π-system of the CO bond) to give an intermediate. The corresponding transition structure
is stabilized by an attractive electrostatic interaction favored in a polar medium. The second step of the reaction is the rate-
limiting one in which the formation of 1,2,4-oxadiazolidin-5-ones or 1,4,2-dioxazolidines is decided. Calculations indicate that
formation of 1,2,4-oxadiazolidin-5-ones is favored both kinetically and thermodynamically independently of the solvent, in
agreement with experimental observations. Noncovalent interactions (NCI) and topological analysis of the gradient field of
electron localization function (ELF) bonding confirmed the observed interactions.

■ INTRODUCTION

1,3-Dipolar cycloadditions between nitrones and alkenes are
well-known reactions1 of considerable interest since the
resulting isoxazolidines2 are versatile synthetic intermediates
in the preparation of a variety of natural and related
compounds.3 In addition to alkenes, nitrones also react with
allenes4 and heteroallenes such as ketenes,5,6 isothiocyanates,7

and isocyanates.8 Depending on the type of compound one or
both double bonds of the allene can participate in the
cycloaddition reaction. In the reaction of nitrones with
isocyanates, both the CN and CO bonds of the isocyanate
can act as dipolarophiles9 to give 1,2,4-oxadiazolidin-5-ones10 3
and 1,4,2-dioxazolidines11 4, respectively (Scheme 1).
In the past decade, the origin of regio- and stereoselectivity

of 1,3-dipolar cycloadditions of nitrones has been extensively
studied through computational methods. There is a huge

number of computational studies regarding typical 1,3-dipolar
cycloaddition reactions between nitrones and alkenes.12 In
some cases, these studies have demonstrated that the reactions
are not concerted but stepwise.13 Other situations include
pseudopericyclic reactions,14 and one-step two-stage pro-
cesses15 as in the case of the reaction with lithium ynolates.12c

Despite all these studies, computational approaches to the
reaction of nitrones with allenes and heteroallenes are scarce. In
2002, Kavitha and Venuvanalingam reported a DFT study of
1,3-dipolar cycloadditions involving allenes.16 Houk and Smith
studied computationally the reaction pathway of a pericyclic
cascade initiated by the cycloaddition between nitrones and
ketenes.17 However, to the best of our knowledge, there are no
computational studies concerning the cycloaddition reaction
between nitrones and isocyanates. Following our interest in
applying DFT methods to study nitrone reactivity,12c,18 we
performed a full computational study of the reaction between
nitrones 1 and isocyanates 2. Nitrone 1a and isocyanate 2a
have been chosen as initial models for the study (Figure 1). In
addition, introduction of a phenyl ring in the isocyanate (2b)
and the nitrone at the C- (1b) and N- (1c) positions has been
considered to study possible effects of the aromatic residue.
Thus, a total of six reactions have been studied. The full study
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Scheme 1. Cycloaddition Reaction between Nitrones and
Isocyanates
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has been carried out in dichloromethane, a solvent commonly
used for carrying out the reaction, but for the purpose of
comparison, additional studies in hexane, toluene, chloroform,
and acetonitrile have also been performed.

■ COMPUTATIONAL METHODS
All of the calculations were performed using the Gaussian09
program.19 Molecular geometries were optimized with the M06-2X
functional20 in conjunction with cc-pVTZ basis set.21Truhlar and co-
workers reported that, for examining barrier heights, a minimally
augmented basis set such as the Dunning cc-pVTZ is appropriate.22 It
was not necessary to augment the pVTZ basis with extra diffuse
functions, as tests carried out by using the aug-cc-pVTZ basis resulted
in changes in the relative energies of less than 1 kcal/mol while making
calculations considerably more time-consuming. Moreover, the use of
M06-2X in conjunction with the cc-pVTZ basis has provided excellent
results in related calculations with nitrones.12c,18b,c We can therefore
expect that the computed values should be sufficiently reliable in
enabling us to draw meaningful conclusions. Analytical second
derivatives of the energy were calculated to classify the nature of
every stationary point, to determine the harmonic vibrational
frequencies, and to provide zero-point vibrational energy corrections.
The thermal and entropic contributions to the free energies were also
obtained from the vibrational frequency calculations, using the
unscaled frequencies. All transition structures were characterized by
one imaginary frequency and were confirmed to connect to reactants
and products by intrinsic reaction coordinate (IRC) calculations.23

The IRC paths were traced using the second-order Gonzaĺez−Schlegel
integration method.24 Solvent effects were calculated using the
continuum solvation model (PCM).25 NCI (noncovalent interactions)
were computed using the methodology previously described.26 The
NCI analysis has demonstrated their utility in the analysis of several
reactions27 including cycloadditions.28 Data were obtained with the
NCIPLOT program.29 The pictures were created with a density cutoff
of ρ = 0.06 au, an isosurface value of s = 0.6, and colored in the

[−0.02,0.02] au range of “ρ·λ2/|λ2|” using VMD software.30 The
electronic structures of stationary points were analyzed by the
topological analysis of the gradient field of electron localization
function (ELF)31 developed by Silvi and Savin.32 The ELF study was
performed with the TopMod09 suite of programs33 using the
corresponding monodeterminantal wave functions of the structure of
every point of the IRC. The topological analysis of the gradient field of
ELF has been shown to be a powerful tool for the study of bonding
changes along an organic reaction.34 Structural representations were
generated using CYLView.35 Animation given in the Supporting
Information was created by extracting and processing all points of the
IRC with an in-house program and saving the corresponding images to
create an animated GIF.

■ RESULTS AND DISCUSSION

Mechanistic Study. In principle, both concerted and
stepwise mechanisms should be possible in a similar way to
that reported for the reaction between nitrones and allenes.16

We considered two channels corresponding to the participation
of CN (channel 1) and CO (channel 2) double bonds of
the isocyanate in the cycloaddition reaction. Since nitrones 1a−
c are aldonitrones only Z-isomer was considered.36 Two
different orientations of the substituent of the isocyanate (endo/
exo) for each channel was also taken into account, thus having a
total of eight initial approaches leading to adducts 3 and 4
(Scheme 2). The different approaches for each regioisomer
actually led to different isomers connected by a pyramidal
inversion at the isocyanate nitrogen. Even though such a
difference should be taken into consideration when considering
the different transition structures, they lead to the same final
product.
A preliminary analysis of the potential energy surface (PES)

revealed the impossibility of approaching the reagents through
the channel 1/endo path. The required approach to form the
C−C bond implies a direct collision between R1 and R3 thus
preventing the formation of such a bond. Consequently, no
transition structures TS2 could be located neither in the gas
phase nor in the presence of dichloromethane as a solvent. The
same was observed for all the reactions studied between
nitrones 1a−c and isocyanates 2a,b. In consequence, we

Figure 1. Nitrones and isocyanates.

Scheme 2. Plausible Mechanisms for the Reaction between Nitrones 1 and Isocyanates 2 (S and C series refers to stepwise and
concerted pathways, respectively)
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studied the three other paths corresponding to channel 1/exo
and channel 2, both exo and endo approaches.
Analysis of the various modes of reaction between 1a and 2a

in the gas phase revealed highly asynchronous concerted
transition structures for the three paths. The preferred one,
TS1a-C, was that corresponding to channel 1/exo (energy
barrier of 28.2 kcal/mol), with differences of 2.5 and 3.3 kcal/
mol with respect to channel 2/exo (TS3a-C) and channel 2/
endo (TS4a-C), respectively. The obtention of compound 3a
was shown to be exergonic by 15.4 kcal/mol but that of
compound 4a was endergonic by 5.0 kcal/mol. For the purpose
of comparison we also carried out the study of the reaction
between 1b and 2b in the gas phase, and identical results were
obtained. Other approaches considering the possibility of a
stepwise mechanism were not productive, and the correspond-
ing transition structures could not be located. In all cases,
calculations converged to one of the above-mentioned three
concerted transition structures.
On the other hand, when solvent effects (CH2Cl2) were

considered, different results were obtained. An exploration of
the PES for channel 1 revealed that the reaction takes place
through a stepwise mechanism. No concerted transition
structures could be located, and TS1a-S was located and
characterized as the only possible transition structure.37 A
similar situation was found for the channel 2/exo approach, and
only TS3a-S could be located.
In contrast, in the case of the channel 2/endo approach the

reaction was shown to be concerted and TS4a-C was located.
Scheme 3 illustrates the preferred mechanisms for the reaction
in dichloromethane.
The complete energy profiles corresponding to the processes

illustrated in Scheme 3 are given in Figure 2. The stepwise
processes are preferred, the concerted one being the less stable
with a barrier of 31.2 kcal/mol. From the two stepwise
processes, that leading to compound 3a is the lowest in energy
in good agreement with experimental observations. The rate-
limiting step in the stepwise reactions corresponds to the
second transition structure related to the formation of C3−N4
and C3−O6 bonds in 3a and 4a, respectively. Thus, a relative
difference of 4.3 kcal/mol was found in favor of TS5a with
respect to TS6a. Again, the obtention of compound 4a is
endergonic by 8.8 kcal/mol whereas the obtention of
compound 3a is exergonic by 13 kcal/mol.
Compounds 3 are favored both kinetically and thermody-

namically. The reversibility of the formation of compounds 4
justifies the experimental observation that only isomers 3 are
obtained in the cycloaddition between nitrones and isocya-
nates.10 The formation of compounds 4 has only been
reported11 as intermediates, not being isolated in any case.
For the stepwise mechanisms (channels 1 and 2/exo), TS1a-

S and TS3a-S were located as the only transition structures
(Figure 3). The IRCs corroborated that TS1a-S and TS3a-S
connect the reagents with open intermediates IN1a and IN2a,
respectively. Due to the sp-character of the central carbon atom
of the isocyanate, there are two possible side-orientations
(leading to TS1a-S and TS3a-S) for the initial allylic
nucleophilic attack of the nitrone oxygen, which takes place
perpendicularly to the heteroallenic π-system (see below). The
initial attack of the nitrone oxygen O1 to the isocyanate carbon
C5 takes place in a completely eclipsed orientation between
nitrone and isocyanate. Actually, only two possible orientations
could be located, corresponding to TS1a-S (forming a bond
distance of 1.88 Å) and TS3a-S (forming a bond distance of

1.91 Å). The dihedral angles illustrated in Figure 3 are 2.4° and
−0.6° for TS1a-S and TS3a-S, respectively.

Scheme 3. Reaction Mechanisms in Dichloromethane As a
Solvent

Figure 2. Energy profile (M06-2X/cc-pVTZ/PCMCH2Cl2) for the
reaction between 1a and 2a. Relative free energies are given in kcal/
mol.
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Electron-deficient N2 and the electron-rich N4 (in TS1a-S)
or O6 (in TS3a-S) are alligned in the transition structures,
enabling a stabilizing electrostatic interaction between electron-
deficient N2 and either electron-rich N4 or O6 atoms (distance
N2−N4: 2.68 Å in TS1a-S; distance N2−O6: 2.66 Å in TS3a-
S). That sort of electrostatic interactions had been predicted by
von Schleyer and co-workers for anionic stepwise (3 + 2)
cycloadditions38 and observed by us in the addition of enolates
to nitrones18c and the cycloaddition of nitrone ylides with
alkenes.39

This first step of the reaction is, actually, a nucleophilic
addition to the central carbon of the isocyanate. The same
eclipsed orientation has also been found in other processes
involving nucleophilic attacks to isocyanates. Some representa-
tive examples are the dehydration of nitroalkanes by isocyanates
in which one of the oxygen atoms of the nitro group attacks the
central carbon of the isocyanate,40 the reaction between
unsaturated azabicycles and isocyanates,41 the addition of
isocyanates to fluoroalkylated α,β-unsaturated imines,42 and the
alcoholysis of isocyanates.43 By considering the orbital
arrangement in isocyanates (in which the electron delocaliza-
tion cannot be explained on the basis of electronegativity of
atoms but on the basis of orbital interactions),44 the reason for
the eclipsed orientation is that nucleophilic attack takes place
through interaction of the nucleophile (nitrone oxygen) with
the π-system of the CO bond (Figure 4).
Indeed, inspection of TS1a-S reveals a value of 102.1° for the

O1−C5−O6 angle in good agreement with a typical Bürgi−
Dunitz trajectory45 for the nucleophilic attack. Also, in the case
of TS3a-S, the attack takes place on the π-system of the CO
bond, in this case with an O1−C5−O6 angle of 104.8°. Both

attacks are plausible, since the energy difference between TS1a-
S and TS3a-S is only 0.4 kcal/mol, clearly within the error
range in DFT calculations. In any case, this only affects the
eclipsed orientation of the attack because the rate-limiting step
of the reaction is the second one.
After transition structures TS1a-S and TS3a-S, intermediates

IN1a and IN2a (Figure 5) are formed. The eclipsed
conformation is maintained in intermediates IN1a and IN2a
with dihedral angle values of 0.7° and 0.1°, respectively. In fact,
as illustrated in Figure 2, those intermediates are quite close in
energy to the corresponding previous transition structures
(energy differences of 0.7 and 0.2 kcal/mol between TS1a-S
and IN1a, and TS3a-S and IN2a, respectively).
The developing stabilizing electrostatic interactions men-

tioned above are also present in intermediates IN1a (distance
N2−N4: 2.56 Å) and IN2a (distance N2−O6: 2.55 Å) and
arise from the delocalized negative charge on the N4−C5−O6
system. In fact, electron-deficient N2 and electron-rich N4 (in
IN1a) or O6 (in IN2a) remain alligned. These interactions
stabilize both the transition structures and the intermediates.
The natural NBO charges of the atoms, given in Table 1, are
also in agreement with a partial positive charge at N2 and a
delocalized negative charge between N4 and O6.
The intermediates IN1a and IN2a can interconvert by

rotation around the O1−C5 bond, but such interconversion is
negligible since barriers of ca. 25 kcal/mol above the
intermediates (44 kcal/mol above ground state) were found
for the two possible rotational transition structures (see
Supporting Information). The high barriers found for the
rotational interconversion of IN1a and IN2a can be justified by
the presence of the stabilizing electrostatic interaction. So, it is
expected that both intermediates are formed from the
corresponding transition structures through different channels.

Figure 3. Optimized structures (M06-2X/cc-pVTZ/PCMCH2Cl2)
and relevant geometric parameters for TS1a-S and TS3a-S (distances
are given in angströms).

Figure 4. Orbital disposition in the first step of the reaction.
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After formation of intermediates IN1a and IN2a, products 3a
and 4a are formed through TS5a and TS6a, respectively. The
second transition structures TS5a and TS6a (Figure 6) look
qualitatively similar to forming bond distances of 2.27 Å (C3−
N4) and 2.08 Å (C3−O6), respectively.
The observed difference in the forming bonds is in

agreement with different C−N and C−O bond formation. A
close inspection of TS5a revealed the transient situation
between the favorable electrostatic interaction present in IN1a
and the new forming C3−N4 bond. In fact, in TS5a N4 is
placed at interacting distances of both C3 (2.27 Å) and N2
(2.44 Å) indicating the displacement of the charge from an
electrostatic interaction to the formation of a new bond. The
same situation is observed for TS6a in which O6 is placed at
interacting distances of both C3 (2.08 Å) and N2 (2.40 Å). A
noncovalent analysis (NCI) confirmed the electrostatic

interactions in transition structures (TS1a-S and TS3a-S) and
intermediates (IN1a and IN2a) and showed the formation of
new bonds (through TS5a and TS6a) at the expense of
breaking such interactions (see Supporting Information).
In the case of channel 2/endo TS4a-C was located as the only

transition structure (Figure 7). The IRC for TS4a-C

demonstrated the connection between the reagents and
product 4a. This transition structure is similar to that found
in the gas phase showing high asynchronicity although IRC
confirmed the concertedness of the process. The asynchronicity
of the ransition structure reveals a very early formation of the
O1−C5 bond (forming bond distance: 1.51 Å) with respect to
the C3−O6 bond (forming bond distance: 2.07 Å). For a
detailed discussion on the evolution of population density
(through an ELF analysis) along the reaction path, see
Supporting Information.
Very similar results were obtained when aromatic rings were

introduced in the models (reaction of 1a with 2b and reactions
of 1b,c with 2a,b). In all cases, the formation of 1,2,4-
oxadiazolidin-5-ones 3 takes place through a stepwise exo
mechanism, the corresponding concerted process not being
found. Also, for the formation of 1,4,2-dioxazolidines 4
competitive stepwise and concerted mechanisms are found
for exo and endo channels, the latter always being the less stable.
In all studied reactions (see Supporting Information) the

Figure 5. Optimized structures (M06-2X/cc-pVTZ/PCMCH2Cl2)
and relevant geometric parameters for IN1a and IN2a (distances are
given in angströms).

Table 1. Natural NBO Charges of TS1a-S, TS3a-S, IN1a, and
IN2aa

TS1a-S TS3a-S IN1a IN2a

O1 −0.451 −0.577 −0.451 −0.448
N2 0.063 0.084 0.062 0.060
C3 0.270 0.177 0.270 0.265
N4 −0.742 −0.642 −0.742 −0.685
C5 0.850 0.891 0.850 0.832
O6 −0.741 −0.658 −0.741 −0.769

aCharges of interacting atoms are given in italic.

Figure 6. Optimized structures (M06-2X/cc-pVTZ/PCMCH2Cl2)
and relevant geometric parameters for TS5a and TS6a (distances are
given in angströms).

Figure 7. Optimized structures (M06-2X/cc-pVTZ/PCMCH2Cl2)
and relevant geometric parameters for TS4a-C (distances are given in
angströms).
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formation of isomers 3 was found to be favored both kinetically
and thermodynamically.
Experimentally, the reaction is usually carried out in less

polar solvents such as toluene,8a,10 dichloromethane,8c,9,11and
chloroform;10c,d there only is one report in which the reaction
is reported to be performed in acetonitrile.8d In order to better
appreciate the solvent effect we also evaluate the reaction
between 1a and 2a in additional solvents, i.e., hexane, toluene,
chloroform, and acetonitrile. These solvents are a good
representation of different dielectric constants and polarity
(Table 2).

In apolar solvents such as hexane and toluene, all pathways
occur through concerted mechanisms, the transition structures
being almost identical to those obtained in the gas phase. On
the other hand, calculations in chloroform and acetonitrile
provided identical results to those obtained with dichloro-
methane. In all cases the obtention of 1,2,4-oxadiazolidin-5-
ones 3a are preferred, independently of the solvent (in hexane
and toluene through a concerted mechanism and in dicholoro-
methane, chloroform, and acetonitrile through a stepwise
mechanism). Also, competitive concerted and stepwise
mechanisms were found for the formation of 1,4,2-dioxazoli-
dines 4a, and as in dichloromethane, the stepwise pathway was
lower in energy than the concerted one. These results
demonstrate that a moderate polarity like that of chloroform
is sufficient in stabilizing polar TSs and intermediates, revealing
their existence and leading to stepwise mechanisms. These
results could be of utility in those cases in which a switch of
mechanism involves the formation of different products. In the
case of the reaction between nitrones and isocyanates both
kinetics and thermodynamics point toward the formation of
1,2,4-oxadiazolidin-5-ones 3a.

■ CONCLUSIONS
In summary, in the reaction of nitrones with isocyanates
concerted and stepwise mechanisms can be considered
depending on the reaction media. The study of the reaction
in the gas phase or in apolar solvents (hexane and toluene)
exclusively led to concerted mechanisms irrelative of the
pathway of the reaction considered. With moderately polar
(dichloromethane and chloroform) and polar (acetonitirle)
solvents, stepwise mechanisms for both channels involving C
N and CO bonds of the isocyanate were realized.
Calculations predict that formation of 1,2,4-oxadiazolidin-5-
ones 3 is favored over 1,4,2-dioxazolidines 4, independently of
the media, both kineticallly and thermodynamically, in
agreement with experimental observations. For reactions in
polar solvents, the formation of 1,2,4-oxadiazolidin-5-ones 3

only takes place through a stepwise mechanism (other
approaches being sterically hindered). On the other hand,
formation of 1,4,2-dioxazolidines 4 can take place through
stepwise and concerted mechanisms, the former being
energetically preferred.
The concerted mechanisms (those in gas phase, in hexane,

toluene, and the less favored pathway in polar solvents) are very
similar and rather asynchronous. In all cases the formation of
the Cisocyanate−Onitrone bond takes place at a very early stage of
the reaction (as confirmed by topological ELF analysis). In the
stepwise mechanisms the first step of the reaction consists of
the nucleophilic attack of the nitrone oxygen to the central sp
carbon of the isocyanate. It takes place through a totally
eclipsed approach of the nitrone and the isocyanate as a
consequence of an attractive electrostatic interaction between
the nitrone nitrogen and either the nitrogen atom or the
oxygen atom of the isocyanate. Admittedly, such an attractive
electrostatic interaction is favored in polar media and,
consequently, it is only evidenced with polar solvents. Apolar
solvents such as hexane and toluene do not provide sufficient
stabilization, and the concerted mechanism is preferred.
Contrary to typical stepwise cycloadddition reactions in

which the rate-limiting step is the first one,46 in the reaction of
nitrones with isocyanates in polar solvents, the rate-limiting
step is the second one. This is a consequence of the enhanced
stabilization of the first transition state due to the attractive
electrostatic interaction. Indeed, the formation of the second
bond takes place at the expense of breaking the attractive
electrostatic interaction present in the intermediates of the
reaction. The presence of stabilizing electrostatic interactions
(favored by polar solvents) between the nitrone nitrogen and
the isocyanate (nitrogen atom in the preferred path) are crucial
for determining the stability of the intermediate, thus defining
the mechanism in two steps.
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