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Biomoléculas, Instituto de Śıntesis Qúım
Universidad de Zaragoza, CSIC, Campus Sa

Spain. E-mail: pmerino@unizar.es

† Electronic supplementary information
corresponding to oxime–nitrone tautom
shi direct and promoted by neighbor
promoted by EtOH and via oxime dime
and reactivity indices of 1,2-diaza-1,
corresponding to Michael addition of
calculations corresponding to ene-like pr
oxime 1b and methyl 2-methylfumara
optimized structures. See DOI: 10.1039/c6

Cite this: RSC Adv., 2016, 6, 22161

Received 28th January 2016
Accepted 18th February 2016

DOI: 10.1039/c6ra02638a

www.rsc.org/advances

This journal is © The Royal Society of C
nitrone tautomerism. Evidence of
nitrone tautomer participation in oxime
nucleophilic addition reactions†

David Roca-López, Andrea Darù, Tomás Tejero and Pedro Merino*

The oxime–nitrone tautomerism has been revisited using high-level DFT calculations. The isomerization

has been found to be more favorable through a bimolecular process involving two molecules of oxime,

a finding that argues against the commonly accepted thermal 1,2-H-shift mechanism. The reaction of

arylamidoximes with 1,2-diaza-1,3-dienes to yield the corresponding O-substituted oximes (stable

intermediates for the synthesis of 1,2,4-oxadiazine derivatives) was also investigated as a rare case in

which O-alkylation is observed in the reaction between oximes and electron-poor alkenes in the

absence of a base. Under such conditions the reaction usually proceeds through the nucleophilic attack

of the oxime nitrogen to yield the corresponding nitrone. The computational investigation revealed that

in the case of arylamidoximes, the pathway involving the less stable but more reactive nitrone tautomer

is the predominant mechanism, evidencing for the first time the involvement of a nitrone tautomer in

nucleophilic additions of oximes. Validation of the model has been carried out by studying alternative

ene-like processes; the dramatically different reactivity predicted for arylamidoximes and unsubstituted

oxime are rationalized in terms of steric hindrance.
Introduction

About 40 years ago, Vijuizen and Terlouw reported the rst
evidence, observed by mass spectrometry, of the oxime–nitrone
isomerization (Scheme 1).1 Two years later, Dignam andHegarty
studied isomerization of oximes in aqueous solution as a func-
tion of the pH and concluded that at high pH values the reactive
species is the neutral oxime rather than the nitrone tautomer.2

In 1984, Grigg and co-workers proposed that isomerization of
oxime to nitrone consisted of a thermal 1,2-hydrogen shi.3

Since these early reports, cycloaddition reactions of oximes
towards isoxazolidines have been extensively studied.4 In
particular, the intramolecular version of the reaction (the so-
called “intramolecular oxime olen cycloaddition”, IOOC) has
received considerable attention5 in contrast to intermolecular
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reactions which have been less studied.6 In this context, Tamura
and co-workers developed intra-7 and intermolecular8 cycload-
ditions of O-silylated oximes that required milder conditions by
using boron triuoride etherate as a promoter of the reaction,
leading to N-boranonitrones. Frank and co-workers reported
a combined experimental and computational study demon-
strating that even though the nitrone tautomer is less stable
than the oxime one, the former is more reactive, leading tomore
stable transition structures.9 All these studies concern cycload-
dition reactions of the nitrone tautomer. However, there are no
reports illustrating the participation of such a tautomer in
nucleophilic additions in spite of the fact that nitrones can act
as excellent electrophiles.10

The mechanism of the isomerization has been discussed in
various studies,11 all of them claiming for the previously
proposed 1,2-hydrogen shi. Noguchi and co-workers12 found
a dependence on the type of solvent but no evidences on the
effect of alcoholic solvents. The authors suggested a solvation
effect favoring the isomerization towards nitrone. The inuence
of substituents in the tautomerism has also been considered13
Scheme 1 Oxime–nitrone tautomerism.
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and in some particular case, a facile isomerization has been
attributed to the presence of functional groups facilitating
hydrogen shi.14 For instance, for 4-chlorobenzaldehyde it had
been estimated that ca. 1–2% of the NH-nitrone should be
present in equilibrium.15 Radom and co-workers studied
computationally nitrosomethane and its nitrone and oxime
isomers.16 These authors concluded that NH-nitrones should be
observable even though a barrier of 70.8 kcal mol�1 (MP3/6-
31G++) was estimated for the 1,2-H shi between formaldoxime
and formaldonitrone. A further computational study on the
oxime–nitrone tautomerism was carried out by Lammertsma
and co-workers,17 who demonstrated that the oxime–nitrone
tautomerism is thermodynamically unfavoured. More recently,
Sousa and co-workers have suggested that the population of the
nitrone tautomer should be insignicant on the basis of more
accurate calculations.18 However, these recent studies were only
concerned with the stability of the different tautomers as well as
solvent effects.

The oxime–nitrone tautomerism has important implications
in reactivity. When an oxime reacts with an alkene (that can act
as both dipolarophile and Michael acceptor if Z is an electron-
withdrawing group) three products can be obtained, even
though there are four possible reaction pathways (Scheme 2).

When oximes react with electron-poor alkenes (Z ¼ EWG), in
the absence of any base, the usually preferred pathway is an ene-
like reaction (formal Michael addition) via the nitrogen lone
pair to yield N-alkylnitrones (Scheme 2, path A).6a The mecha-
nism is expected to be concerted (through TSA) with concomi-
tant nucleophilic attack of the nitrogen atom and H-transfer. In
fact, the concertedness of the reaction has already been theo-
retically demonstrated for related additions of hydroxylamines
to electron-poor alkenes.19 Usually, the in situ formed nitrones 3
react with a second molecule of alkene to give the
Scheme 2 Possible reaction pathways between oximes and electron-po

22162 | RSC Adv., 2016, 6, 22161–22173
corresponding dipolar cycloaddition (not shown in Scheme 2).
On the contrary, when the alkene is unactivated, path D is
preferred. As mentioned above, the cycloaddition reaction of
the nitrone tautomer to give isoxazolidines 5 (Scheme 2, path
D), through a typical concerted transition state TSD, has also
been reported in several instances.4 In the case of intra-
molecular reactions a high dependence of the stereochemistry
of the oxime has been observed; whereas E-isomers of oximes
react through path A, Z-isomers prefer path D via tautomeric
nitrone.13c

Under basic conditions it is also possible to carry out the
O-alkylation of the oxime through a typical oxa-Michael reac-
tion.20 However, in the absence of a base the mechanism should
take place through a disfavored (due to ring strain) transition
state (TSB) leading to O-alkylated derivatives 4 (Scheme 2, path
B). To date no evidences have been found of a fourth pathway C
consisting of the formation of oxime ethers by nucleophilic
attack of the nitrone oxygen, aer isomerization of oxime into
nitrone. Only two reports described the obtention of O-alkylated
oximes by reaction with electron-poor alkenes in the absence of
a base.4i,21 By analogy to path A (TSA) the mechanism could be
expected to be concerted through TSC. Although it cannot be
considered an ene-like reaction because the hydrogen is not
allylic, the process involves a 1,4-H shi as in the case of path A.

As part of our ongoing interest in mechanistic aspects of
nitrone reactivity,22 we sought to investigate the nitrone–oxime
isomerization by computational DFT methods and explore the
possibility of a participation of the nitrone tautomer in nucle-
ophilic addition reactions in the absence of a base. We chose for
the study the Michael addition of arylamidoximes to 1,2-diaza-
1,3-dienes, studied experimentally by Santeusanio and co-
workers (Scheme 3).21 This reaction, carried out in the absence
of a base, is a rare example of addition of oximes to electron-
or alkenes.

This journal is © The Royal Society of Chemistry 2016
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Scheme 3 Nucleophilic addition of oximes to 1,2-diaza-1,3-dienes.
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poor olens in which O-alkylated oximes 4 are preferentially
formed instead nitrones 3.

Under these circumstances, paths B and C could be
competitive, the tautomerism prior the addition being an
option. Therefore, aiming to obtain a more accurate description
of the oxime–nitrone tautomerism and its implication on
nucleophilic addition reactions, this paper presents proofs for
a bimolecular isomerization mechanism and, for the rst time,
an unequivocal characterization of transition state structures in
solution involving nitrone tautomers in a nucleophilic addition
reaction (Scheme 2, path C).
Fig. 1 Optimized transition structures (M06-2X/cc-pVTZ/PCM ¼
EtOH) of oximes 1a–c and nitrones 2a–c. Distances are given in
angstrom.
Computational methods

All of the calculations were performed using the Gaussian09
program.23 Molecular geometries were optimized with the
M06-2X functional24 in conjunction with cc-pVTZ basis set.25

This method has been recently used successfully in theoretical
investigations with nitrones.22a–f 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. All the located TSs were conrmed to connect to
reactants and products by intrinsic reaction coordinate (IRC)
analyses.26 The IRC paths were traced using the second order
González–Schlegel integration method.27 Calculations have
been carried out considering solvent effects (EtOH) with the
PCM.28

We have considered two models for the study of oxime–
nitrone isomerization: (i) the simplest oxime 1a and nitrone 2a,
and (ii) the real system studied experimentally,22 consisting of
oxime (Z)-1b and nitrone (Z)-2b. For the purpose of comparison,
we have also included in the study the (E)-isomers 1c and 2c
(Scheme 3).
This journal is © The Royal Society of Chemistry 2016
Results and discussion
Starting materials

We rst computed 1a and both E/Z isomers of oximes 1b, c and
nitrones 2b, c; since the reaction was carried out in EtOH, we
chose this solvent for our studies. In the case of oximes, the anti
conformer was the most stable; in fact, the corresponding syn
oximes could not be located because all calculations converged
to the most stable anti oximes. The optimized geometries of
compounds 1a–c and 2a–c are given in Fig. 1.

Calculations predict the Z-isomer to be more stable than the
E-isomer. In the case of oximes, isomer (Z)-1b is 5.8 kcal mol�1

more stable than (E)-1c; for nitrones (Z)-2b is 6.9 kcal mol�1

more stable than (E)-2c. Both (Z)-isomers present a hydrogen
bond between the amino group and the oxygen atom (d¼ 2.15 Å
and 2.21 Å for 1b and 2b, respectively). A weaker interaction (d¼
2.45 Å) is also observed for (E)-1c between the amino group and
the oxime nitrogen. All Z and E isomers 1b, c and 2b, c deviate
the phenyl ring from planarity because of the steric hindrance
of the phenyl ring. Larger torsion angles are present for
(E)-isomers than for (Z)-isomers (CAr2–CAr1–Cox–Nox: 53.8� for
(E)-1c vs. 27.5� for (Z)-1b. CAr2–CAr1–Cnit–Nnit: 35.0� for (E)-2c vs.
26.4� for (Z)-2b). When compared oxime 1b and nitrone 2b, the
former resulted to be more stable by 9.2 kcal mol�1 in agree-
ment with experimental observations. The E/Z isomerization of
oximes and nitrones has been studied in previous reports and it
is well document that it can take place through energy barriers
of ca. 10 kcal mol�1 for oximes29 and 25 kcal mol�1 for
nitrones.21b
RSC Adv., 2016, 6, 22161–22173 | 22163
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Table 1 Calculated absolute (hartrees) and relative (kcal mol�1)
energies in gas phase of the stationary points corresponding to
isomerization of 1a into 2a via 1,2-H shift

M06-2X/cc-pVTZ MP3/6-31G++a

G DGb G DGb

1a �169.787344 0.0 �169.34926 0.0
TS1a �169.700184 54.7 �169.23702 70.8
2a �169.765342 13.8 �169.31409 22.2

a Data from ref. 16. b Referred to 1a.

Table 2 Calculated (M06-2X/cc-pVTZ/PCM ¼ EtOH) absolute (har-
trees) and relative (kcal mol�1) energies of the stationary points cor-
responding to isomerization of 1a–c into 2a–c via 1,2-H shift

DE0
a DGa
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Oxime–nitrone tautomerism

Grigg and co-workers initially suggested that 1,2-prototropy in
oximes should be a facile process.30 On the other hand, the
same authors also mentioned that it is a high energy process
when compared with other reactions such as formal Michael
additions (actually, ene-like reactions),6a thus explaining the
observed behavior in the presence of electron-poor olens
(Scheme 2, path A). With other olens the isomerization is well
demonstrated by trapping the NH-nitrone through a dipolar
cycloaddition (Scheme 2, path D).4 Since the early proposal of
the 1,2-prototropic route by Grigg and co-workers,3 all authors
have assumed this rationale11 in spite of such isomerization
mechanism had been discarded by Radom and co-workers
30 years ago.16 In fact, that study considered location of tran-
sition structure TS1a for the 1,2-H shi between 1a and 2a
(Scheme 4) and assigned a barrier to the process of 70.8 kcal
mol�1.16 We also located TS1a in gas phase (Table 1) and
considering ethanol as solvent at our standard level of theory
(M06-2X/cc-pVTZ). The results for the reaction in EtOH are
summarized in Table 2. The geometry of TS1a is given in Fig. 2.

The calculated barrier for the isomerization in gas phase was
54.7 kcal mol�1. The observed difference of ca. 20 kcal mol�1

with the value obtained by Radom and co-workers in the 80's,16

can be attributed to the use of M06-2X functional which slightly
underestimate activation parameters.31 In any case the obtained
results give a good illustration of the reaction mechanism
pointing out that the process would require a high energy to
take place.

When considering solvent effects (EtOH) the barrier for TS1a
(53.2 kcal mol�1) is similar to that found in gas phase. The
corresponding TS1b starting from 1b to form 2b was also
located and a barrier of 49.5 kcal mol�1 was found (Table 2). The
transition structure (TS1c) corresponding to the transformation
of less stable 1c to form 2c was also located and a higher barrier
(56.4 kcal mol�1) was obtained for the process. In any case, high
energies (ca. 50 kcal mol�1) are required by the process to take
place.

The geometries of the transition structures are given in
Fig. 2. Similar distances for hydrogen shi are found in all
cases. The N–H distances (1.11–1.13 Å) are shorter than the O–H
distances (1.28–1.31 Å). The 1,2-H shi takes place in the plane
of the oxime for TS1a and TS1c (H–O1–N2–C3 dihedral angle of
180.0� and 174.7� for TS1a and TS1c, respectively). On the other
hand for TS1b the 1,2-H shi takes place out of the plane of the
oxime (H–O1–N2–C3 dihedral angle of 132�). This deviation is
due to the existing H-bond interaction between an oxygen lone
Scheme 4 1,2-Shift mechanism of oxime–nitrone isomerization.

22164 | RSC Adv., 2016, 6, 22161–22173
pair and the amino group, which is not present in TS1c.
Whereas TS1a is, obviously, completely planar, in TS1b and
TS1c the phenyl ring is out the plane formed by the nitrone and
amino moieties (by 25� and 43� in TS1b and TS1c, respectively).

It has been suggested that neighboring groups at the
periphery of the oxime could promote a more favorable 1,5-H
shi in detriment of the assumed 1,2-H shi. This possibility
has been exemplied with monoximes of 1,2,3-triketones,32 alk-
2-enylamino-substituted pyrans12 and pyrido[1,2-a]pyr-
imidines.13a,14 In the case of oxime 1b we also explored a similar
option by considering the intramolecular protonation of the
amino group and further 1,3-H sigmatropic shi (Scheme 5).

According to the calculated mechanism, illustrated in
Scheme 5, the isomerization should take place starting from
oxime 1b. The initial H-transfer from oxyme to a-amino group
takes place along the reaction path in an early stage without
formation of any stationary point. The rst transition state
found in the reaction path corresponds to rotation of the C–N
bond. The IRC showed a temporary pyramidalization of C atom
with concomitant transformation of the C]N–O� system into
a �C–N]O one during the rotation (see ESI†). This rotation is
required to achieve the correct orientation of the nitrogen lone
pair to receive the proton from the amino group in the second
step. In fact, such geometry is that found in intermediate 8
whose zwitterionic nature was conrmed by its large dipole
moment (11.6 D). The formation of intermediate 8 is the rate-
limiting step. Further evolution of 8 takes place through a 1,3-H
1a 0.0 0.0
TS1a 53.1 53.2
2a 9.8 10.0
1b 0.0 0.0
TS1b 49.6 49.5
2b 9.1 9.2
1c 6.2 5.8
TS1c 56.8 56.4
2c 15.9 16.1

a Referred to 1a or 1b.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Optimized transition structures (M06-2X/cc-pVTZ/PCM ¼
EtOH) corresponding to 1,2-H shift between oximes 1 and nitrones 2.
Distances are given in angstrom.

Scheme 5 1,2-H shift promoted by neighboring groups. Relative
energies (M06-2X/cc-pVTZ/PCM ¼ EtOH) are given in kcal mol�1,
between brackets.

Scheme 6 Ethanol-catalyzed bimolecular isomerization of oxime 1
into nitrone 2 (M06-2X/cc-pVTZ/PCM ¼ EtOH).

Table 3 Calculated (M06-2X/cc-pVTZ/PCM ¼ EtOH) absolute (har-
trees) and relative (kcal mol�1) energies of the stationary points cor-
responding to isomerization of 1 into 2 promoted by a discrete
molecule of EtOH

DE0
a DGa

1a 0.0 0.0
1a$EtOH �5.5 4.1
TS3a 16.1 27.1
2a$EtOH 3.0 12.5
2a 9.8 10.0
1b 0.0 0.0
1b$EtOH �6.5 3.4
TS3b 13.2 24.5
2b$EtOH �0.1 10.0
2b 9.1 9.2
1c 6.2 5.8
1c$EtOH �0.8 9.1
TS3c 19.0 30.1
2c$EtOH 6.6 16.8
2c 15.9 16.1

a Referred to 1a or 1b; a discrete molecule of EtOH (DE0 ¼ �154.950425
hartrees; DG ¼ �154.975812 hartrees) has been considered when
necessary.
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shi (TS2b), to yield nitrone 2c (for a complete analysis of the
reaction including detailed IRCs and geometries of stationary
points see ESI†). The rst barrier (79.4 kcal mol�1) corre-
sponding to TS2a is too high to consider this mechanism as
a possibility.

Next, we considered the possibility of bimolecular mecha-
nisms. In the presence of a protic solvent as ethanol, a solvent
molecule can transfer a proton to the nitrogen atom while
receiving a different one from the oxime moiety, according to
the mechanism illustrated in Scheme 6.

Similar results were obtained for the model system (series a)
and for the real ones (series b and c). Aer formation of an
initial complex between the oxime and a molecule of ethanol,
promoted by H-bonding as depicted in Scheme 6, exchange of
protons through TS3 give rise to a new complex between ethanol
and nitrone leading to isomerized nitrone 2. The corresponding
transition structures and the initial and nal complexes formed
with ethanol were calculated. The results are summarized in
Table 3.

In the bimolecular process the formation of an initial
complex should be stabilized by H-bonding. At the same time,
the loss of translational entropy is much higher than in
a unimolecular process; consequently, the value of free energy is
This journal is © The Royal Society of Chemistry 2016
markedly overestimated.33 Because of it, in order to compare the
stability of reagents and products with initial and nal
complexes, it is more advisable to consider electronic energy
(E0) rather than free energy (G) where the entropic factor is
introduced.34 According to E0 values, complexes 1$EtOH are ca.
5–7 kcal mol�1 more stable than the corresponding isolated
oximes (5.5 kcal mol�1 for 1a, 6.5 kcal mol�1 for 1b and 7.0 kcal
mol�1 for 1c). Complexes 2$EtOH are about 7–9 kcal mol�1

more stable than the parent isolated nitrones (6.8 kcal mol�1 for
2a, 9.2 kcal mol�1 for 2b and 9.3 kcal mol�1 for 2c).

Once formed the complex the isomerization takes place in
the single entity oxime–EtOH to form the nitrone–EtOH entity,
as in a unimolecular reaction, so the relative activation entropy
RSC Adv., 2016, 6, 22161–22173 | 22165
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Scheme 7 Bimolecular mechanism involving exclusively two mole-
cules of oxime/nitrone.

Table 4 Calculated (M06-2X/cc-pVTZ/PCM ¼ EtOH) absolute (har-
trees) and relative (kcal mol�1) energies of the stationary points cor-
responding to isomerization of 1 into 2 through a bimolecular
mechanism

DE0
a DGa

1a 0.0 0.0
1a$1a �8.6 1.4
TS4a 7.6 18.7
2a$2a 8.2 18.1
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should be close to zero and Gibbs energy can be adequately
considered for evaluating the barrier of the process. Once
formed the initial complex TS3 controls the rate of the reaction.
Similar energy barriers were found in all cases (27.1 kcal mol�1

for the model 1a/2a and 24.5 kcal mol�1 for the most stable
Z-isomer (1b/2b) of the real system). The obtained values were
30 kcal mol�1 lower than the unimolecular process discussed
above. The geometry of the transition structures TS3a–c showed
some differences between the model and the real system
(Fig. 3). For TS3a similar distances were found between
heteroatoms and hydrogens (1.26–1.28 Å) with the only excep-
tion of the shorter OEtOH–H distance of 1.17 Å. In the case of
TS3b and TS3c the distance O1–H (1.09 Å in both) was slightly
shorter than the N2–H distance (1.12 Å in both). However, the
distance between hydrogens and the oxygen atom of the ethanol
molecule was much longer (1.41–1.47 Å). The spatial disposi-
tion of hydrogen atoms and heteroatoms were rather similar in
all transition structures TS3. The higher stability of TS3b over
TS3c is due to the extra H-bond interaction between O1 and the
amino group.

The isomerization also takes place in aprotic solvents and
under a variety of conditions. Consequently, it is plausible to
consider, independently of the environment, a bimolecular
mechanism in which only two molecules of oxime/nitrone are
exclusively involved (Scheme 7). Again, formation of initial and
nal complexes should be considered. The corresponding
transition structures and the initial and nal complexes were
calculated. The results are summarized in Table 4. The geom-
etries of the transition structures are given in Fig. 4 (for geom-
etries of complexes see ESI†).

By considering E0 values as mentioned above, complexes 1$1
are more stable than the corresponding isolated oximes (8.6
kcal mol�1 for 1a, 11.1 kcal mol�1 for 1b and 5.3 kcal mol�1 for
1c). Complexes 2a$2a and 2c$2c are about 2 kcal mol�1 more
stable than the parent isolated nitrones (1.6 and 1.8 kcal mol�1

for 2a and 2c, respectively). A greater difference (6.3 kcal mol�1)
was observed between complex 2b$2b and the isolated nitrone
2b. Again, the responsible for this difference is the H-bond
interaction present in 2b.

The isomerization from 1a$1a to 2a$2a is endergonic by 16.7
kcal mol�1 with an energy barrier (TS4a) of 18.7 kcal mol�1 from
the ground state. In the case of the real system, the formation of
two (Z)-nitrones from two molecules of (Z)-oxime is endergonic
Fig. 3 Optimized transition structures (M06-2X/cc-pVTZ/PCM ¼
EtOH) corresponding to isomerization of 1 into 2 promoted by
a discrete molecule of EtOH. Distances are given in angstrom.
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by 14.5 kcal mol�1. Calculations predicted a barrier (TS4b) of
15.3 kcal mol�1 which is a lower value than those obtained for
1,2-H shi (79.4 kcal mol�1), and intramolecular- and EtOH-
assisted isomerizations (24.5 kcal mol�1).35 Similarly, if we
consider the less stable (E)-isomers the isomerization from
oximes to nitrones is endergonic by 16.8 kcal mol�1 with an
energy barrier (TS4c) of 16.4 kcal mol�1.

The transition structure for the model isomerization of 1a
into 2a is symmetrical with the hydrogen breaking and forming
2a 9.8 10.0
1b 0.0 0.0
1b$1b �11.1 0.0
TS4b 2.9 15.3
2b$2b 2.8 14.5
2b 9.1 9.2
1c 6.2 5.8
1c$1c 0.9 11.9
TS4c 20.1b 28.2
2c$2c 17.7 28.7
2c 15.9 16.1

a Referred to 1a or 1b; two molecules have been considered when
necessary. b Barrier calculated from E values, without ZPVE correction.
Aer ZPVE correction the value of the barrier is 16.7 kcal mol�1

revealing the introduction of an experimental error that situates 2c$2c
above TS4. This error only affected TS4c since the rest of energy
barrier values are similar aer ZPVE correction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Optimized transition structures (M06-2X/cc-pVTZ/PCM ¼
EtOH) corresponding to isomerization of 1 into 2 through a bimolec-
ular mechanism. Distances are given in angstrom.
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bonds at distances of 1.19 Å and 1.33 Å from nitrogen and
oxygen atoms, respectively. The transition state is completely
planar without any deviation out of plane. On the other hand,
for the real system the presence of the substituents distort the
symmetrical disposition of the transition structure and an
asynchronous H-exchange is observed. In fact, for 1b several
transition structures displaying minor conformational differ-
ences were located. The most stable TS4b and TS4c are given in
Fig. 4. The shortest distance (1.10 Å in both TS4b and TS4c)
corresponded to one forming N2–H bond, the other one having
a distance of 1.26 Å for TS4b and 1.25 Å for TS4c. The longest
distances correspond to the breaking O1–H bonds (1.49 Å and
1.50 Å in TS4b and TS4c, respectively) opposed to the above
mentioned shortest N2–H forming bonds. The remaining O1–H
breaking bonds showed distances of 1.23 Å and 1.25 Å in TS4b
and TS4c, respectively. The hydrogen atoms and the hetero-
atoms involved in the proton exchange are all in the same plane
without deviation. The only deviation out of the plane observed
corresponded to the phenyl rings, already discussed above for
both oximes and nitrones. Again, the difference in stability
between TS4b and TS4c is attributed to a cooperative effect of
the extra H-bonding interactions in TS4b. Such interactions are
stronger (indicated by a shorter distance of 2.17 Å) in the side in
which the hydrogen transfer towards the formation of the
nitrone is more advanced.

In summary, these data with the simplest oxime 1a and a real
system 1b corroborate that the oxime–nitrone isomerization is
a bimolecular process involving a hydrogen transfer from an
oxime molecule to another. The lowest barrier (15.3 kcal mol�1)
for the isomerization has been found for the interconversion of
two (Z)-oximemolecules into two (Z)-nitrone molecules; starting
from (E)-isomers the barrier was found to be 16.4 kcal mol�1.
Higher barriers were found for the other mechanisms investi-
gated including unimolecular 1,2-shi (49.5 kcal mol�1),
neighboring group-assisted (79.4 kcal mol�1) mechanisms, and
bimolecular ethanol-assisted (24.5 kcal mol�1) isomerization.
Scheme 8 Mechanisms for the reaction between 1b and 6. Only
(Z)-isomers are shown.
Michael addition of arylamidoximes to 1,2-diaza-1,3-dienes

As mentioned above, the reaction between an oxime and an
electron-poor olen, in the absence of a base, proceeds as an
This journal is © The Royal Society of Chemistry 2016
ene-like reaction to yield nitrones (Scheme 2, path A). Interest-
ingly, the reaction of oxime 1b with 1,2-diaza-1,3-dienes such as
6, in the absence of any base and in EtOH as a solvent, yields the
corresponding O-alkylated oxime 7,21 representing an exception
to the usually observed behavior. 1,2-Diaza-1,3-dienes are well-
known as Michael acceptors in b-position to the diazo func-
tionality,36 which is the directing electron-withdrawing group.
This has been corroborated by reactivity indices calculations.37

In order to investigate whether the nucleophilic addition to 6
takes place via the oxime 1b or the nitrone 2b (aer isomeri-
zation) we carried out a systematic computational study of the
process in which we also included the corresponding
(E)-isomers 1c and 2c (for a preliminary study with nitrone 1a
see ESI†).

1,2-Diaza-1,3-dienes like 6 can adopt s-trans and s-cis
conformations involving three dihedral angles. The most stable
conformers (by ca. 4–5 kcal mol�1)38 correspond to an s-trans
conformation at the central dihedral angle.39 However, the s-cis
conformation might lead to stabilizing interactions that could
furnish more stable situations. Because of it, both conforma-
tions have been taken into consideration. A comprehensive
exploration of the PES of the reaction covering a total of 192
initial transition structures was carried out (for details see ESI†).

In principle, both the oxime 1b and nitrone 2b can react with
1,2-diaza-1,3-diene 6 through the corresponding transition
structures TS5 and TS6 to provide zwitterions P1 and P2
RSC Adv., 2016, 6, 22161–22173 | 22167
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(Scheme 8). Further migration of the proton, through enol P3,
yields the nal product 7 observed experimentally. Such
a migration might also occur during the formation of the new
C–O bond, depending on the interactions found in the corre-
sponding transition structures. Of course, it will be necessary to
consider energetics of the isomerization discussed in the
preceding section for the full analysis of the process. Also, E/Z
isomerization of oxime and/or nitrone tautomer could occur
during the reaction. Because of it we have included such vari-
ability in the analysis as discussed above (not shown in
Scheme 8).

The above-mentioned exploratory work of the PES for the
nucleophilic attack provided, aer full optimization at M06-2X/
cc-pVDZ/PCM ¼ EtOH level, 99 independent transition struc-
tures from which only 27 account for 100% of probability.
Moreover, from those 27, only 8 contribute with more than 1%,
accounting for 97.4% of probability. Notably, all TSs in the rst
54 positions correspond to a nucleophilic attack of the nitrone
tautomer, the rst 17 corresponding to (Z)-2b. The rst instance
of a transition structure corresponding to the nucleophilic
attack of the oxime tautomer appears at 55th position with
a relative free energy of 10.9 kcal mol�1 (for details see ESI†).
Next, in order to obtain more accurate energy barriers for the
reaction, we considered transition structures up to 4 kcal mol�1

of relative difference (19 TSs accounting for 99.8%) and they
were full optimized at the highest triple-z level M06-2X/cc-pVTZ/
PCM ¼ EtOH. The results are given in Table 5. As mentioned
above all transition structures correspond to the attack of
nitrone (Z)-2b (Table 5, entries 1–18) with one exception that
Table 5 Calculated (M06-2X/cc-pVTZ/PCM ¼ EtOH) absolute (hartre
structures of the reaction of oximes 1b, c and nitrones 2b, c with 1,2-dia

Entry Taut.b TS Facec Stag.d ae

1 2b TS6a Re g t
2 TS6b Re g t
3 TS6c Re g t
4 TS6d Si d t
5 TS6e Si g t
6 TS6f Si d t
7 TS6g Si g t
8 TS6h Si d t
9 TS6i Re a t
10 TS6j Re g t
11 TS6k Re g c
12 TS6l Si d t
13 TS6m Si g t
14 TS6n Re a t
15 TS6o Si d c
16 TS6p Re g c
17 TS6q Si d c
18 TS6r Si d c
19 2c TS6s Re g t
20 1b TS5a Re a t
21 1c TS5b Re a c

a Only those below 4 kcal mol�1 of relative free energy in the 2z study have
that reacts with 6. c Indicates the face of the oxime/nitrone. d Three stagge
“g” (gauche) and “a” (anti); see ESI for denition of d/g/a. e “c” and “t” co
angles of 6. f With respect to the most stable one. g According to Boltzma

22168 | RSC Adv., 2016, 6, 22161–22173
corresponds to (E)-2c (Table 5, entry 19), the most stable tran-
sition structure for the (E)-series. In order to compare the
barriers of the different reaction pathways, we also included in
triple-z optimization the most stable cases for the addition of
oximes (Z)-1b and (E)-1c (Table 5, entries 20 and 21,
respectively).40

The three most stable transition states TS6a–c (within
a range of 0.1 kcal mol�1) and TS6j accounting for 64.7%
correspond to the same approach; they only differ on variations
at b and g dihedral angles of the 1,2-diaza-1,3-diene 6. The same
situation is found for TS6d, f, h and TS6e, g, TS6i representing
a different approach. In consequence, it is possible to limit the
discussion by considering only 4 models, namely TS6a, TS6d,
TS6e and TS6i that adequately represent 10 situations in a range
of 2.0 kcal mol�1 of relative energy, accounting for 97.9% of
Bolztmann's distribution. The rest of TSs, i.e. TS6k–s, are at
least 2.0 kcal mol�1 above the most stable TS6a and account for
the remaining 2.1%. The geometries of TS6a, TS6d, TS6e and
TS6i are given in Fig. 5. Whereas in TS6a and TS6i the attack is
carried out from the Re face of the nitrone, in TS6d and TS6e,
the attack comes from the Si face of the nitrone. The forming
bond distances are similar in all cases. TS6a and TS6e corre-
spond to droite approaches with N2–O1–C10–C20 angles of 44.1�

and 13.0�, respectively. While T6d corresponds to a gauche
approach, TS6i corresponds to an anti approach.

The four models illustrated in Fig. 5 are in a range of 1.8 kcal
mol�1, close to experimental error so, any of them could be
considered valid. In any case, the favored addition through the
(Z)-nitrone tautomer is fully conrmed. The addition of (E)-
es) and relative (kcal mol�1) energies for the most stable transition
za-1,3-diene 6a

be ge DE0
f DGf Rel. ab.g (%) Im. freq.

c c 0.0 0.0 23.4 �317.1
t c 0.5 0.1 20.2 �304.1
c t 0.4 0.1 20.2 �301.1
c c 1.6 0.3 15.0 �331.7
c c 1.4 0.6 8.6 �313.4
t c 2.5 0.9 4.8 �321.6
c t 2.4 1.5 1.9 �313.8
c t 2.9 1.6 1.7 �330.8
c c 3.3 1.8 1.1 �276.5
t t 1.8 1.9 0.9 �297.2
c c 4.0 2.0 0.8 �291.0
t t 3.4 2.2 0.6 �317.3
t t 3.7 2.6 0.3 �318.4
t c 4.2 2.7 0.3 �277.4
c c 4.3 3.4 0.1 �321.6
c t 5.1 3.8 0.0 �296.0
t c 4.9 4.0 0.0 �321.4
c t 5.1 4.0 0.0 �323.2
c c 5.1 5.0 0.0 �254.6
c c 14.2 13.2 0.0 �386.4
t c 19.5 19.4 0.0 �552.8

been considered for the triple-z one (see text). b Referred to the tautomer
red orientations of the oxime/nitrone attack to 6, dened as “d” (droite),
rrespond to s-cis and s-trans conformations of the considered dihedral
nn's distribution.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Selected optimized transition structures (M06-2X/cc-pVTZ/
PCM ¼ EtOH) corresponding to the nucleophilic attack of 2b to 6. The
more stable TSs for each approach are showed. Relative energies are
given in kcal mol�1. Distances are given in angstroms.

Fig. 6 Simplified free energy diagrams (M06-2X/cc-PVTZ/PCM ¼
EtOH) for the nucleophilic addition of oximes 1b, c and nitrones 2b, c
to 1,2-diaza-1,3-diene 6. TS5a and TS5b correspond to (Z)- and (E)-
oximes, respectively. TS6a and TS6b correspond to (Z)- and (E)-
nitrones, respectively.
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nitrone 2c was found to be 5.0 kcal mol�1 higher in energy. The
most stable TSs, TS5a and TS5b, corresponding to the addition
of oxime tautomers gave even higher energy values (by 13.2 and
19.4 kcal mol�1 for (Z)-oxime 1b and (E)-oxime 1c, respectively).

Fig. 6 illustrates the compared simplied energy diagrams
for the different isomers showing the energy barriers for the
reaction of each isomer. Different nal points (not shown in
Fig. 6) were obtained for each reaction path; aer tautomeric
processes those points led to either 7b or 7c, the most stable
tautomers (for complete energy diagrams, transition structures
and full reaction paths see ESI†).
This journal is © The Royal Society of Chemistry 2016
To sum up, even though isomerization of oxime 1b to
nitrone 2b has a barrier of 15.3 kcal mol�1 and requires a cost in
energy of 9.2 kcal mol�1, the most stable transition state is that
corresponding to the attack of the nitrone tautomer through
TS6a. According to the Curtin–Hammett principle41 this is the
preferred path for the reaction, revealing a rare case in which
a nitrone tautomer participates in a nucleophilic addition reaction.
Ene-like reactions and alternative processes

As we discussed in the introduction, ene-like reaction between
1b and 6 (path A, Scheme 2) and dipolar cycloaddition between
2b and 6 (path D, Scheme 2), could be competitive with the
nucleophilic Michael addition. In order to validate our model
and further conrm the preference by the nitrone-mode addi-
tion, we also calculated those alternative paths of the reaction.

The possibility of an ene-like reaction (Scheme 2, path A) was
rst explored. A typical transition structure TSA could be located
in a simple model like addition of 1b to dimethyl 2-methyl-
fumarate.42 The IRC analysis corroborated that the reaction was
concerted and transfer of hydrogen takes place giving rise to the
corresponding nitrone (see ESI†).

On the other hand, the reaction with 1,2-diaza-1,3-diene 6
led to dramatic changes on the located transition structures. A
full exploration of the PES corresponding to the nucleophilic
attack of the oxime nitrogen was carried out by considering 1b
and 1c as well as s-trans-6 and s-cis-6 (for details see ESI†).

No transition structures corresponding to an H-transfer to
the carbon atom through a concerted ene-like process could be
located; instead, in all cases the hydrogen atom was oriented to
the formation of an H-bond either with one of the nitrogen
RSC Adv., 2016, 6, 22161–22173 | 22169
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atoms of the diazo group or the carbonyl ester group directly
linked to the double bond. The most stable paths were those
showed in Scheme 9. TS7b was 0.6 kcal mol�1 lower in energy
than TS8 (energy barriers: 20.6 and 21.2 kcal mol�1 for TS7b and
TS8, respectively) so, both transition structures can be consid-
ered competitive. Transition structure TS7b does not corre-
spond to an ene-like process and the IRC analysis conrmed
a partial hydrogen transfer. The resulting zwitterion P4b is
assumed to be transformed into the neutral nitrone 9b through
a typical tautomeric process. In the case of s-cis-6, IRC of TS8
reects a complete transfer of hydrogen to the diazo group,
leading directly to the neutral nitrone. Any attempt of locating
an ene-like transition structure similar to that located for the
model methyl 2-methylfumarate, led to one of the TSs located
previously during PES exploration (see ESI†).

The free energy barriers found for TS7b, and TS8 were 0.8
and 1.4 kcal mol�1, respectively, higher in energy than the most
stable TS6a (Fig. 7). These values indicate that the nucleophilic
addition is preferred in agreement with experimental observa-
tions. However, it should also be considered that both processes
might be competitive since the differences observed between
barrier values are within the error limit of the calculations.
Nevertheless, it would not be surprising that a close inspection
of the reaction mixture could reveal the obtention of minor
amounts of nitrone 9b.
Scheme 9 Preferred path for the nucleophilic attack of the oxime
nitrogen.

Fig. 7 Comparative free energy diagrams (M06-2X/cc-pVTZ/PCM ¼
EtOH) for the reaction between 1b and 6 (top) and 1a and 6 (bottom).
Relative free energies are given in kcal mol�1.

22170 | RSC Adv., 2016, 6, 22161–22173
When the same study was made with the unsubstituted
oxime 1a, the nucleophilic addition of the oxime nitrogen
leading to the nitrone through TS7a, clearly resulted the most
stable situation (5.5 kcal mol�1 lower in energy than the cor-
responding transition structure TSC; see ESI†) in agreement
with previous experimental ndings with aldoximes and
revealing the particularity of oxime 1b (Fig. 7). These results
allow predicting that, in general and in the absence of a base,
the ene-like process (Scheme 2, path A) should be preferred for
the reaction of an oxime and an electron-poor alkene, but when
steric hindrance is present as in the case of ketoximes like 1b,
the O-alkylation is a competitive process taking place through
the attack of the nitrone tautomer (Scheme 2, path C).

The reason of the different results obtained with 1a and 1b
can be found in the different spatial requirements of both
oximes. The geometries of transition structures TS7b, TS8 and
TS7a are given in Fig. 8. The unsubstituted oxime 1a attacks
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Optimized transition structures (M06-2X/cc-pVTZ/PCM¼ EtOH) of TS7b and TS8 corresponding to the ene-like reaction between oxime
1b and 1,2-diaza-1,3-diene 6, and TS7a corresponding to the reaction between 1a and 6. Distances are given in angstrom.
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with a correct orientation of the nitrogen lone pair, through
a completely perpendicular eclipsed orientation (O1–N2–C3–C4
dihedral angle of �164.9�) following a typical Burgi–Dunitz
trajectory (N2–C3–C4 angle of 108.6�). The perpendicularity of
the oxime with respect to the 1,2-diaza-1,3-diene is evidenced by
the angle of 98.4� formed between the reactant planes dened
by the oxime and the diazadiene (Fig. 8).43 On the other hand,
oxime 1b is forced to modify such orientation in order to
maintain the Burgi–Dunitz trajectory (N2–C3–C4 angles of
109.0� and 109.5� for TS7b and TS8, respectively) and, at the
same time, to avoid unfavorable steric interactions. As a conse-
quence, the nitrogen lone pair is not perfectly aligned with the
carbon atom and the situation increases the energy of the cor-
responding transition structures. The distorsion during the
attack of 1b is revealed by the steeper angles formed between
the planes dened by the oxime and the diazadiene (57.8� and
62.6� for TS7b and TS8, respectively) with respect to that
observed for 1a.

Finally, no concerted transition structures corresponding to
path D (Scheme 2) could be located. Moreover, any attempt of
locating such concerted transition structures led to some of the
already characterized TSs listed in Table 5. In particular,
a systematic search and optimization for initial 3,5-endo and
3,5-exo transition structures led to TS6d and TS6a, respectively.
Conclusions

The oxime–nitrone isomerization has been studied computa-
tionally and it has been determined that it takes place through
a bimolecular mechanism involving two molecules of oxime (or
This journal is © The Royal Society of Chemistry 2016
nitrone). The commonly accepted 1,2-H shi can be completely
discarded, even if favored by neighboring groups, due to the
high energies of the corresponding transition structures.
Oximes usually react with electron decient olens to give the
corresponding nitrones through N-alkylation (formal Michael
addition) and concomitant hydrogen transfer. The mechanism
of the reaction had been proposed to be an ene-like concerted
process and it has been conrmed in the case of a simple
model.

The O-alkylation observed experimentally in the reaction of
oxime 1b to 1,2-diaza-1,3-diene 6, in the absence of a base, can
be considered an exception. The computational study carried
out on this process has demonstrated that the reaction takes
place through the nucleophilic attack of the nitrone tautomer.
The addition represents the rst example in which the nitrone
tautomer is involved into a nucleophilic addition of an oxime.
Nevertheless, the N-alkylation should be considered a competi-
tive process. Indeed, it can also be predicted that O-alkylation
(though nitrone tautomer) will take place particularly with
sterically demanding substrates such as ketoximes like the
studied 1b. In the case of substrates that allow a favorable
orthogonal approach of the oxime to the electron decient
alkene, the N-alkylation leading to the corresponding nitrone
will be preferred.
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P. Merino, J. Org. Chem., 2014, 79, 8358; (c) P. Merino,
T. Tejero and A. Diez Martinez, J. Org. Chem., 2014, 79,
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