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ABSTRACT: Nitro-substituted polyhalogenated butadienes are valuable
synthetic precursors for polyfunctionalized bioactive heterocyclic com-
pounds. Recently, a new reaction between 2-nitroperchloro-1,3-butadiene
and electron-deficient anilines producing the Z stereoisomers of a variety
of allylidene arylhydrazines has been reported. Although the formation of
a chlorinated nitrile oxide intermediate was proved by trapping it with
appropriate alkenes via 1,3-dipolar cycloaddition, the details of the overall
mechanism remained unclear. The elucidation of the mechanism is
important for a better understanding of polyhalogenated nitrobutadiene
chemistry. We proposed six reaction paths for the formation of allylidene
arylhydrazine, starting from 2-nitroperchloro-1,3-butadiene and para-nitro
aniline, and generated the potential energy profiles with the DFT/B3LYP/
6-31+G(d,p) method. To include the solvent effect, single-point energy
calculations were carried out at the B3LYP/6-31+G(d,p) level by the
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polarizable continuum model with tetrahydrofuran, as used in the experimental study. The Gibbs activation energies of the rate-
determining steps of each mechanism were defined. Taking into account the downhill nature of the overall potential energy
profile, Paths S and 6 which proceed via extrusion of p-nitrophenylisocyanate and the formation of chlorinated nitrile oxide were
chosen as plausible mechanisms. Results also provide insights into the chemistry of nitrile oxides, oximes, oxazete, and nitroso

compounds as well as SyVin reactions.

1. INTRODUCTION

Nitro compounds have attracted interest owing to their diverse
functionalities. Nitroalkenes are powerful electrophiles; they
react with nucleophiles to produce various Michael adducts.
They also react as dienophiles in Diels—Alder reactions." Nitro-
substituted polyhalogeno-1,3-butadienes are members of a new
class of nitroalkenes called polyhalogenated nitrobutadienes,
which became the topic of recent investigations because of their
interesting chemical and biological properties.”> Generally the
choice of building block is 2-nitroperchloro-1,3-butadiene 1a,
which is easily accessible by the introduction of an activating and
directing nitro group into 2H-pentachloro-1,3-butadiene.”**

X-ray analysis indicated that 2-nitroperchloro-1,3-butadiene
1a and (Z)-1,1,4-trichloro-2,4-dinitrobuta-1,3-diene 1b (Scheme 1)
exist in the s-frans form in the solid state owing to their bulky
substituents.®

The experimental studies showed that nitrodiene 1b acts
as a dienophile and reacts with dienes, for example, isoprene,
2,3-dimethylbuta-1,3-diene, cyclopentadiene, or cyclohexa-1,3-
diene, in Diels—Alder reactions, whereas perchlorinated nitro-
diene 1a fails regardless of the presence or absence of a Lewis
acid. This chemical behavior of 1a can be rationalized with the
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Scheme 1. Nitro-Substituted Polyhalogenobuta-1,3-dienes
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steric hindrance caused by five chloro substituents. However,
it is well-known that 1a shows reactivity in vinylic nucleophilic
substitution (SyVin) reactions.’®

Analysis of the electron density of the HOMO and LUMO of
1a by Kaberdin et al.>* provides information on the preferred
center in the nucleophilic substitution process. It was found
that the LUMO of 1la was located at the activated terminal
carbon atom, C-1, of the nitrodichlorovinyl moiety. However,
the internal carbon atom, C-3, was also preferred under harsher
conditions.***

It is well-known that the reaction of la with aromatic
amines bearing electron-rich groups leads to the formation of
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Scheme 2. General Reaction of 2-Nitroperchlorobutadiene 1a with 2 equiv of Electron-Deficient Aniline 2 Leading to 3Z
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1,1-diamino-2-nitroperchlorobutadienes through the SyVin
pathway.”>” Recently, the reaction between 2-nitroperchlor-
obutadiene la and 2 equiv of substituted anilines 2 was
reported.” Contrary to expectations, with the less basic aniline
derivatives having electron-withdrawing groups, the reaction
generates N-tetrachloro-allylidene-N"-arylhydrazines instead of
the 1,1-bisaminated substitution product (Scheme 2). Phenyl-
isocyanate is also obtained as the side product. Thus, presumably,
a different reaction route was followed after the first vinylic
substitution forming allylidene arylhydrazines 3Z. Interestingly,
in addition to IR and NMR spectroscopic investigations, X-ray
structural analysis proved that only one single stereoisomer,
the Z form, was produced. These products should exhibit
physiological activity, especially for use in crop science, since
aromatic hydrazones show extensive biological activity as
fungicidal, fungistatic, antibacterial, or anthelmintic agents.™

It is assumed that the initial step of the reaction is the
nucleophilic attack of the deactivated aniline on the positively
charged C-1 position of 1a, followed by tautomerization to imide
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chloride § (Scheme 3). The intramolecular nitronic acid oxygen
is more nucleophilic than the amino group of the second
molecule of deactivated aniline; it therefore generates cyclic
nitrone 6. Subsequent addition of HCI and cycloreversion of 6
leads to nitroso compound 7 and phenylisocyanate 8. Addition of
a second mol of deactivated aniline and H,O elimination gives azo
compound 9. Subsequent isomerization leads to the allylidene
arylhydrazine derivative 3Z.%

It was assumed that chlorinated nitrile oxide 11 was the
precursor of 7 (Scheme 4). To prove the formation of chlorinated
nitrile oxide 11, it was trapped with an alkene via 1,3-dipolar
cycloaddition. 1.5 equiv of norbornene 10 was added to the
reaction mixture consisting of la and aniline derivative (1.8
equiv) in dry THF to test this hypothesis. Isoxazole 12 was
formed in low yield (6%) as proof for the formation of the
nitrile oxide intermediate.® The other option for the reaction of
the chlorinated nitrile oxide is addition of hydrochloric acid
to form hydroximoyl 13 that can easily tautomerize to nitroso
compound 7.°
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Although the formation of the nitrile oxide intermediate is
proved by trapping it with an alkene via 1,3-dipolar cycloaddition,
the overall mechanism of the reaction between pentachloro-2-
nitro-1,3-butadiene 1a and p-nitro aniline 2 remains unclear. The
main aim of this study is to employ quantum chemical calculations
to clarify the mechanism of the reaction and to present deeper
insight into the chemistry of polyhalogenated nitrobutadiene
systems. Through this work, additional insights into the chemistry
of nitrile oxides, oximes, oxazete, and nitroso compounds as well
as SyVin reactions will also be gained from a broader organic
chemistry perspective.

Recently, the annulation reaction of trichloronitroethylene
14 with aniline (Scheme S) was theoretically modeled by

Scheme S. Annulation Reaction of Trichloronitroethylene

with Aniline
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our group.” Continuing our computational studies, we hope
to present more detailed information about the chemistry of
halonitroalkenes and their reactions with aniline derivatives.

In this paper, we initially proposed six different paths by using
density functional theory calculations. All six paths proceed via
chlorinated nitroso compound 7, except Path 3. Path 1 proceeds
through N-chloronitrone intermediate 18, whereas Paths 2 and
4—6 include chlorinated nitrile oxide intermediate 11 as the
precursor of chlorinated nitroso compound 7. These six paths
have been investigated on the basis of the overall potential energy
profiles and the Gibbs free energy barriers of activation of their
rate-determining steps.

2. METHODOLOGY

Geometrical parameters of reactants, products, transition states
(TSs), and intermediates of all reaction steps were fully
optimized with the hybrid density functional B3LYP'”'" method
by using the 6-31+G(d,p) basis set unless otherwise stated, which
is known to be reliable for estimating transition-state geometries
of a variety of reactions. The B3LYP/6-31+G(d,p) method was
chosen as a compromise between accuracy and computational
cost based on our previous computational modeling study
on the reaction between trichloronitroethylene with aniline.’
The Gaussian 09'* program package was used for all calculations.

Transition states having an energy maximum in one direction
and minima in all others were confirmed by vibrational analysis
and characterized by only one imaginary frequency. The intrinsic
reaction coordinate'® (IRC) path was followed to confirm that
each transition state connects the corresponding reactant and the
product. Thermodynamic calculations were performed at 25 °C
and 1 atm. To take into account the solvent effect, single- pomt
energy calculations with the polarizable continuum model"*
(PCM) were carried out at the B3LYP/6-31+G(d,p) level with
tetrahydrofuran (THF) as solvent, since this solvent was used in
the experimental study. Gibbs free energy corrections calculated
for the gas phase stationary points were added to solvation
energies to determine free energies of solvation. Thus, the same
standard states were taken 1nto account in gas phase and in
solvent. Natural bond orbital> (NBO) analysis was performed to
obtain the charge distribution of some selected stationary points.

3. RESULTS AND DISCUSSION

We formulated six different reaction paths for the formation of
allylidene arylhydrazine 3Z starting from 2-nitroperchloro-1,3-
butadiene 1a and p-nitro aniline 2 (Scheme 2). The first five steps
leading to the formation of 6 (Scheme 6) are common for all
six paths, whereas the last two steps after the formation of 7
(Scheme 7) are common for all paths except Path 3. All the paths
investigated are shown in Scheme 7.

3.1. Initial Steps. Potential energy profiles of the initial steps
are shown in Figure 1, and each step is discussed below in detail.

3.1.1. Vinylic Nucleophilic Substitution (SyVin) Reaction
[(1a+2)— 16—4]. The S\Vin reaction consists of two steps: The
first step is the addition of p-nitroaniline, and the second step is
the elimination of HCL

In the experimental study, Nutz et al.® proposed that the
first step of the reaction starts with an SyVin reaction of la
with an aniline bearing an electron-withdrawing group, such as
p-nitroaniline 2, to give 16. During this process, HCl is eliminated
from the system. Whether this reaction takes place in a concerted
or stepwise manner is an important question. Our attempts to
optimize the transition state of the concerted SyVin reaction
failed. Therefore, we propose that this vinylic nucleophilic
substitution takes place in two steps. The initial step includes
Michael addition, and in the second step, HCl is eliminated from
structure 16, giving SVin product 4. During the Michael addition
process, polyhalogenated nitrobutadiene 1a acts as an electrophile
and reacts with p-nitroaniline. As we pointed out before, the
SyVin reaction takes place at terminal carbon CI of 1a.®
The activation energy barrier of the initial step through TSI,

Scheme 6. Initial Common Steps of the Reaction of 2-Nitroperchloro-1,3-butadiene with p-Nitroaniline
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Scheme 7. Paths 1—6 Modeled for the Reaction of 2-Nitroperchloro-1,3-butadiene with p-Nitroaniline
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Figure 1. Reaction profile and relative Gibbs free energies (kcal/mol) for the optimized structures in the gas phase related to Path 1.

having only one imaginary frequency of 289.8i, is found to be
31.65 keal/mol in the gas phase (30.59 keal/mol in THF), and the
reaction is endergonic. Reactant complex RC(1a+2) is stabilized
by intermolecular hydrogen bonding between H14 and O6 with
a distance of 2.184 A, whereas product 16 is stabilized with an
intramolecular hydrogen bond between N13 and H14 with a
distance of 1.716 A. While the C1—N13 bond is starting to form,
the C1=C2 double bond is converted to a single bond through
TS1 (Figure 2).

Ozpinar et al.” reported that Michael addition of trichloroni-
troethylene 14 to aniline exhibits a Gibbs free energy barrier of
activation of 27.6 kcal/mol in the gas phase with the same
theoretical method that we used. In the present study, the
corresponding energy barrier is predicted to be 4 kcal/mol higher,
which can be rationalized by the steric hindrance of five bulky
chlorine substituents and also the decrease in the nucleophilicity
of the aniline because of the para-nitro substituent.

The second step of the SyVin reaction involves elimination
of HCI from 16, which is triggered by the nucleophilic attack
of the aniline lone pairs on H14 and proceeds through TS2.
In TS2, while the H15—CI8 distance decreases to form HCI,
H14 migrates to N13 of aniline 2. It is interesting that N13
abstracts proton H14 and releases proton H1S at the same step.
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The elimination process is strongly exergonic; it is a facile step
with an activation energy barrier of 12.83 and 7.71 kcal/mol
in gas phase and in THF, respectively, as shown in Figure 1.
A structure similar to that of product 4 was also proposed by
Ozpiar et al” (Scheme 8) according to results obtained by
the same theoretical method used in this study. Additionally,
proto‘?rpe structures 25 and 26 were reported by Lammertsma
et al.'® as shown in Scheme 9.

3.1.2. 1, 5 Hydrogen Migration (4—5a). The conversion of 4
to Sa proceeds through the 1,5-hydrogen shift of H14 to O6
via fairly flexible six-membered transition-state structure TS3
(—993.2i) having quite a small energy barrier of 2.55 kcal/mol.
This small barrier is in agreement with the literature, since it is
known that push—pull ethylenes of the same class as nitroen-
amine derivative 4, having electron-donor and -acceptor groups
at the C=C double bond, exist in equilibrium with nitronic acid
derivative 5a.”° Nitroenamine 4 is 3.6 kcal/mol more stable
than nitronic acid Sa. Bond distance C1—N13 is predicted as
1.344, 1.304, and 1287 A in structures 4, TS3, and 3a,
respectively. Intramolecular hydrogen bonds N13—H14--O6
(1.727 A) in reactant 4 and O6—H14---N13 (1.541 A) in 5a
stabilize the systems. The C1—C2 distance is 1.389 A in 4; it is
elongated to 1.426 and 1.44S A in TS3 and Sa, respectively.

dx.doi.org/10.1021/j0402858j | J. Org. Chem. 2014, 79, 2123-2138
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Figure 2. Optimized geometries for the stationary points of the initial steps. Distances are given in angstroms, angles are in degrees.

Scheme 8
H O HO
AN \
Ph—N, N*-O" Ph—N N*-O"
= > &
Cl Cl Cl Cl
23 24
Scheme 9
H O HO,
/ N\ N +. -
HN N*=0 HN N*—O
- v~
H H H H
25 26

In accordance with our results, similar tautomeric structures
nitroenamine 27 and nitronic acid 28 have also been proposed
Rajappa et al.'” (Scheme 10).
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Scheme 10
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3.1.3. Conformational Change (5a—5b). Because of
electron delocalization, rotation around the C1—C2 bond may
be partially restricted. To test this hypothesis, a coordinate-
driving potential scan through dihedral angle N13—C1-C2—NS$§
was performed (Figure S1). Interestingly, it was observed that
two different conformational changes, the C—C and N-O
bond rotations, were coupled with very small energy barriers.

dx.doi.org/10.1021/jo402858; | J. Org. Chem. 2014, 79, 2123-2138
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H14 exhibits intramolecular hydrogen bonding with N13 and
Cl9in Sa and Sb, respectively. Hence, the conformational change
from Sa to Sb is not restricted and occurs spontaneously.

3.1.4. HCI Elimination [5b—(17+HCI)]. In this step, HCI
eliminates from Sb, passing through TS4 having only one
imaginary frequency of —168.7i. IRC calculations have
confirmed that this transition state connects reactant Sb and
product complex PC(17+HCI). This step requires a Gibbs free
activation energy of 7.30 kcal/mol, which can be easily overcome
at room temperature and is found to be exergonic. The C2—C1—
N13 bond angle increases from 120.9 to 153.7 and 173.6° for Sb,
TS4, and PC(17+HCI), respectively, as a result of the change
from the trigonal planar geometry of C1 to linear geometry.
Meanwhile, the hybridization of C1 changes from sp” to sp. Bond
distances C1—CI9 are found to be 1.843, 2.725, and 4.486 A in
5b, TS4, and PC(17+HCI), respectively. It should also be noted
that an intermolecular hydrogen bond between the HCI
hydrogen and the nitro group oxygen (1.917 A) in PC(17+HCI)
stabilizes this product complex.

3.1.5. Formation of Oxazete Intermediate (17—6). This
step proceeds through TSS by the nucleophilic attack of O6
on easily accessible, nearby C1, giving four-membered oxazete
ring 6. This is a facile reaction step having an energy barrier of
11.86 kcal/mol, which is even smaller than the predicted
energy barrier (17 9 keal/mol) of a similar reaction reported by
Ozpinar et al.” for the formation of oxazete derivative 32 shown
in Scheme 11 (also at the B3LYP/6-31+G(d,p) level). There

Scheme 11
PhHN PhHN%_(
& \0
&
31 32

are only a few experimental reports on these interesting ring
compounds. Berndt and Wieser'® reported the formation of
the 4H-1,2-oxazete ring, and according to their previous report,
this kind of ring seemed to be a reactive intermediate in the
thermal and photochemical reactions of a,f-unsaturated nitro
compounds. However, Corkins et al.’? synthesized a stable
4H-1,2-oxazete derivative with 90% yield, starting from (Z)-3,3-
dimethyl-1,1-di(methylthio)-2-butanone oxime and m-chloro-
perbenzoic acid in CH,Cl, at 0 °C, as shown in Scheme 12.

Scheme 12
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N Q Y= O or electron pair
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C(CH3)3

Argilagos et al.*® proposed an analogous mechanism leading to
the formation of oxazete derivative 34 (Scheme 13).

3.2. Path 1. Following the first five common steps described
above, Path 1 involves five steps starting with HCI addition
to oxazete intermediate 6 as shown in Scheme 7. The potential
energy profile is given in Figure 1, and optimized structures are
given in Figure 3.

3.2.1. HCl Addition to the Oxazete Intermediate [(6+HCI)—
18]. Addition of HCI to oxazete derivative 6 is a high-energy
process with an energy barrier of 44.05 kcal/mol via strained
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Scheme 13. Proposal of Argilagos et al.”
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bicyclic TS6, and it is endergonic (Figure 1). TS6 is quite
unstable, having 37.70 kcal/mol of energy with respect to the
initial reactants. Eventually, this step makes this path an
implausible mechanism.

Going from the reactant to the transition-state structure and
the product, we can infer that the C3—C2—N5—-07 dihedral
angle changes from 3.9° in RC(6a+HCI) to 40.3° and —5.6° in
TS6 and 18, respectively. In product 18, the N5—CI22 bond
distance is 1.957 A, which is about 0.2 A longer than an average
nitrogen—chlorine bond distance. This can be rationalized as
an ion-pair complex having a positive charge on nitrogen and
a negative charge on chlorine. This structure has also been
confirmed with NBO analysis (Figure S2). Compound 18 is an
unprecedented intermediate that can be characterized as an
HCI salt of product 6. To the best of our knowledge, such an
intermediate has not been reported before.

3.2.2. Cycloreversion [18— (8+19E)]. This process is strongly
exergonic. TS7 is an early transition state, and an extremely low
activation energy (5.45 kcal/mol) is required to reach it.

3.2.3. 1,2-Cl Migration (19E—7). This step starts with
zwitterionic structure 19E and leads to product 7. The reaction
is exergonic. It is interesting that Cl migrates from N5 to C2
through a three-membered cyclic structure in TS8 (Figure 3).
An activation energy of 27.91 kcal/mol is needed to reach this
transition state.

3.2.4. Addition of a Second Equivalent of p-Nitroaniline
[(2+7)—20]. This step includes the reaction between the second
equivalent of deactivated aniline 2 with 7, giving rise to product
20, and proceeds via transition state TS9 having a four-
membered strained structure with a high activation energy of
56.34 kcal/mol in the gas phase. However, this energy is reduced
considerably when HCI produced from an earlier step is involved
in the process. This HCl-assisted step through TS9’ has a much
lower activation barrier of 32.70 kcal/mol in the gas phase as
shown on the reaction profile in Figure 1.

3.2.5. Water Elimination [20— (3Z+H,0)]. Water elimination
from structure 20 through four-membered cyclic transition state
TS10 leads to allylidene arylhydrazine 3Z, passing through an
activation energy barrier of 28.72 kcal/mol. An intramolecular
hydrogen bond is observed between the N5 and H24 atoms in
reactant 20, and the hydrogen-bond distance is estimated to be
1.928 A. This final step of the reaction is extremely exergonic.

Figure 1 demonstrates that the highest energy barrier of Path 1
with respect to the initial reactants belongs to the HCI addition
step occurring through TS6. The high barrier (37.70 kcal/mol)
of the HCI addition step indicates that Path 1 is not a plausible
route for the reaction in consideration.

3.3. Path 2. The first five steps of this path are the same as
those discussed in Section 3.1. After the formation of 6, Path 2

dx.doi.org/10.1021/j0402858j | J. Org. Chem. 2014, 79, 2123-2138
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involves six steps leading to the product 3Z. The potential energy except Path 1. Unfortunately, we were unable to optimize the

profile is given in Figure 4, and optimized structures related to product complex for this step; however, isolated structures of

Path 2 are given in Figure S. 8 and 11 were optimized. The energy barrier is found to be
3.3.1. Extrusion of p-Nitrophenylisocyanate [6—(8+11)]. 10.23 kcal/mol, and the reaction is quite exergonic.

This step proceeds through TS11 and generates two products, 8 Extrusion of p-nitrophenylisocyanate 8 from oxazete inter-

and 11, and it is a common initial step for all the paths studied mediate 6 to generate chlorinated nitrile oxide 11 is a crucial step,
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Figure 4. Reaction profile and relative Gibbs free energies (kcal/mol) for the optimized structures in gas phase related to Path 2. TS12 is not shown since
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because experimental evidence exists for the formation of by Argilagos et al.*® According to their proposal, oxazete derivative
both 8 and 11.**® Moreover, an analogous extrusion of 34 is generated by the nucleophilic attack of oxygen on the C atom
phenylisocyanate from an oxazete derivative was also reported of 1,2,4-oxadiazole derivative 33, a bicyclic intermediate is formed
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by 1,3-dipolar cycloaddition with the (benzylidene)(methyl)-
amine, and subsequent elimination of phenylisocyanate yields
3S and 36. They also offer a retro-cycloaddition of the oxazetine
N-oxide leading to phenylisocyanate and a nitrile oxide, which can
undergo 1,3-dipolar cycloaddition with the imine. These proposals
are consistent with our modeling study.

3.3.2. Addition of HCl to the Nitrile Oxide Intermediate
[(11+HCI)-PM6—21-PM6]. This step of the mechanism could
not be optimized with the B3LYP/6-31+G(d,p) method;
instead, it was optimized with the semiempirical PM6 method.
In order to reach the transition state, 59.98 kcal/mol of activation
energy is required. However, the energy of reactant complex
(11+HCI)-PM6 is substantially lower (—56.52 kcal/mol) than
that of initial reactants (1a+2). Therefore, one can assume that
the energy evolved in previous steps can be used to overcome the
activation energy barrier.

3.3.3. 1,3-Hydrogen Migration (21— 19Z-a). In reactant 21,
the three chlorovinyl moieties and C=N(CI)OH are coplanar
and enable conjugation. In order to reach TS13 from 21, a Gibbs
free energy of activation of 28.96 kcal/mol is required. Solvent
THE slightly increases the barrier to 30.02 kcal/mol. Addition-
ally, this step is found to be exergonic.

3.3.4. 1,2-Cl Migration (19Z-b—7a). Prior to this step, 19Z-a
obtained in previous step undergoes a conformational change to
its more stable (5.71 kcal/mol) conformer 19Z-b. Afterward,
structure 7a is formed through the migration of CI27 starting
from 19Z-b having three possible resonance forms shown in
Scheme 14. According to the NBO analysis, forms 19Z-b and

Scheme 14
cl Cl Cl Cl Cl Cl
_ cl _ cl — cl
C|>_</C=N4\ C|>_<C=NJ’§o C|>_</C'_N::
H - H H 0
19Z-b 19Z-c 19Z-d

19Z-c contribute to the actual structure more than 19Z-d
(Figure S2). This step from 19Z-b to 7a needs an activation
energy of 40.69 kcal/mol to reach the transition state, and it is
also exergonic. The C—N distance is 1.309 A in 19Z-b; it
increases to 1.341 A in TS14 and 1.551 A in 7a.

The last two steps of Path 2 are the addition of a second
p-nitroaniline and water elimination, which are the common
steps and have been discussed before for Path 1. However, a

conformational change takes place from 7a to 7 prior to these
steps. It is interesting to note that intermediate 19E formed in
Path 1 and 19Z-a are geometrical diastereomers with respect to
the C=N double bond (Scheme 7).

3.4. Path 3. Path 3 starts with the extrusion of 8 from the
oxazete intermediate to produce chlorinated nitrile oxide 11,
which has already been discussed in Section 3.3, and continues
with HCI addition to nitrile oxide, as shown in Scheme 7.
The potential energy profile is given in Figure 6, and optimized
structures related to Path 3 are given in Figure 7.

3.4.1. HCl Addition to the Nitrile Oxide Intermediate
[(11+HCl)—13Z-a]. As we pointed out before, Nutz et al.®
indicated that the reaction proceeds from the chlorinated nitrile
oxide intermediate, and to prove this hypothesis, they added HCI
to the reaction mixture to produce hydroximoyl chloride 13.
Addition of HX to nitrile oxides is well reported.21 For example,
(dimorpholinophosphoryl)nitrile oxide 37 undergoes 1,3-
nucleophilic addition reaction with HCI to form the correspond-
ing hydroximoyl chloride 38 (Scheme 15).*"

Figure 6 shows that addition of HCI to chlorinated nitrile
oxide is exergonic and occurs with an activation barrier of
23.51 kcal/mol. While the C2—CI29 and O7—H28 bonds form,
the C2—NS5—O7 angle gradually changes from 178.1° in the
reactant complex RC(11+HCI) to 137.0° and 119.7° in transi-
tion state TS1S and product 13Z-a, respectively. In transition
state TS1S, the presence of partial double bonds C2—C3 and
N5—07 and a rather long triple bond between C2 and NS is an
indication of electron delocalization that lowers the energy of
hydroximoyl chloride 13Z-a.

3.4.2. cis—trans Isomerization (13Z-a—13E-a). Johnson
et al.”? have reported the hydrolysis of (Z)- and (E)-O-
methylbenzohydroximoyl chloride (39Z and 39E) to methyl-
benzohydroxamates in 1:3 dioxane/water solution. The rate of
hydrolysis was found to be quite slow, and the reaction needs
relatively high temperatures. Structure 39Z has been shown to
undergo reaction 470 times faster than structure 39E at 120 °C.
This result was rationalized with a stereoelectronic effect. The
reaction of 39Z is faster because of the nonbonding electron pair
antiperiplanar to the chloride ion (Scheme 16).>*

In general, Z/E isomerization of oximes, which are configura-
tionally stable, does not take place spontaneously, and the
rotation around the carbon—nitrogen double bond requires high
energy.”* In parallel to this, the B3LYP/6-31+G(d,p) method
predicts an activation energy of 38.75 kcal/mol for the rotation
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Figure 6. Reaction profile and relative Gibbs free energies (kcal/mol) for the optimized structures in gas phase related to Path 3.
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Scheme 15. Formation of Oxime Intermediate 38>
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around the carbon—nitrogen double bond in this step. The C2—
NS5—07-H28 dihedral angle is —0.7° in reactant 13Z-a, —154.2°
in transition state TS16, and 179.7° in product 13E-a. As it can
be observed in Figure 7, there is no conjugation, because of the
nonplanarity of the vinyl fragment and the oxime moiety, which
results in a relatively high energy barrier.

3.4.3. Nitrogen—Oxygen Bond Rotation (13E-a— 13E-b).
This step consists of the rotation of the N5—O7 single bond
in 13E-a, leading to product 13E-b through TS17. As expected,
this rotational barrier is low, with a Gibbs free energy of
8.52 kcal/mol.

3.4.4. Addition of a Second Equivalent of p-Nitroaniline to
the Oxime [(13E-b+2)—(3E-a+H,0)]. The reaction of 13E-b
and p-nitroaniline 2 leads to allylidene arylhydrazine 3E-a
without producing intermediate 7. Unfortunately, we were
unable to optimize the structures of the product and reactant
complexes for this step. Here, while the N—N single bond forms,
the N—O bond is broken to eliminate a water molecule from the
system, leading to the E isomer of the allylidene arylhydrazine,
3E-a. In order to obtain Z isomer 3Z, an additional step that
includes rotation around the C=N double bond is necessary.

As seen in Figure 7, p-nitroaniline 2 approaches oxime 13E-b
from the side of the —OH group, which can cause steric
hindrance. Unsurprisingly, this step needs an activation energy
of 65.25 kcal/mol. Solvent THF increases the barrier to
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68.03 kcal/mol, which is quite high, and the reaction is not
facile. However, TS18 lies only 12.73 kcal/mol higher than the
initial reactants (1a+2), and the highly exergonic nature of the
reaction coordinate appears to overcome this barrier.

In 3E-a, the three chlorovinyl moieties and the nitrophenyl
moiety are close to each other, which causes steric hindrance.
Presumably, 3E-a (C2—NS—N23—H25, 1.0°) undergoes a
conformational change to adopt the structure of the less stable
(10.84 kcal/mol) conformer 3E-b (C2—NS—N23—H2S,
—167.5°).

3.4.5. cis—trans Isomerization (3E-b—3Z). This step starts
with reactant 3E-b and passes through TS19 to give final product
3Z. The cis—trans isomerization step is a facile process having
a Gibbs free energy of activation of 11.50 kcal/mol, and it is
exergonic.

3.5. Path 4. The initial steps of Path 4 are common with those
of Path 3 up to the formation of 13E-b. Afterward, Path 4
proceeds with oxime—nitroso tautomerization (13E-b—7). The
final steps (addition of p-nitroaniline and water elimination) are
common with those of Paths 1 and 2 and have been discussed
before. The potential energy profile is given in Figure 8, and
optimized structures related to Path 4 are given in Figure 7.

3.5.1. Oxime—Nitroso Tautomerization (13E-b—7). Gen-
erally, in triad systems the keto tautomer is favorable, as the
heteroatom prefers 7 electrons instead of the proton; however,

dx.doi.org/10.1021/j0402858j | J. Org. Chem. 2014, 79, 2123-2138
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Figure 10. Optimized geometries for the stationary points of Paths 5 and 6. Distances are given in angstroms, angles are in degrees.

in nitroso—oxime tautomeric systems, oxygen prefers the
proton instead of 7 electrons, thus leading to the enol (oxime)
tautomer, which is favorable.”® In parallel to this, we found that
oxime tautomer 13E-b is favored over nitroso tautomer 7 by
13.97 kcal/mol. The calculated barrier for oxime—nitroso
tautomerization is 70.05 kcal/mol. The reverse reaction,
nitroso—oxime tautomerization, exhibits an activation energy
of 56.08 kcal/mol, which is a high barrier as well. Implicit
consideration of the solvent did not affect the oxime—nitroso
tautomerization barrier substantially. An increase of only
1.81 kcal/mol was observed in THF. However, because of the
downhill nature of the potential energy profile, the energy
of TS20 is only 17.54 kcal/mol higher than that of the initial
reactants (la+2). It appears that the energy evolved from the
previous exergonic steps provides most of the energy to
overcome this barrier.

3.6. Path 5. The first seven steps of path 5 [(1a+2)—13Z-a]
are the same as those discussed for Path 3. In the subsequent
reactions, the oxime hydrogen walks from O7 to NS and then to
C2 to give 7 as discussed below. The potential energy profile is
given in Figure 9, and optimized structures related to Path S are
given in Figure 10.
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3.6.1. N5—07 Bond Rotation (13Z-a— 13Z-b). The rotation
of the NS—O7 bond alters the C2—N5—07—-H28 dihedral angle
from —0.8° in 13Z-a to —82.2° in TS21 and —180.0° in 13Z-b.
To reach transition-state structure TS21, an activation barrier of
5.72 keal/mol is required. Long et al. used B3LYP/6-311+G(d,p)
calculations to study —OH group rotation in a formaldehyde oxime
structure.”® They reported that the s-trans form is 5.8 keal/mol
more favorable than the s-cis form, as a result of the repulsion
between the lone pairs of oxygen and nitrogen. They also reported
that this rotation step has an activation barrier of 9.7 kcal/mol,
which is considerably higher than the experimental barrier
(1.16 kcal/mol). The rotational energy barrier from 13Z-a to
13Z-b predicted in this work is between the previously reported
values and includes the effect of the vinyl group and the four
chloro substituents.

3.6.2. 1,2-Hydrogen Shift from O7 to N5 (13Z-b—22). 1t is
known that the simplest nitrone prefers the formaldoxime
tautomer.”” In order to produce a nitrone tautomer by a 1,2-
hydrogen shift, a high activation energy is required. It is interesting
to note that the C—N and N—O distances are between those of
average C—N and N—O single and double bonds in product 22,
which implies the presence of electron delocalization. This is a

dx.doi.org/10.1021/j0402858j | J. Org. Chem. 2014, 79, 2123-2138
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high-energy process with an activation barrier of 52.82 kcal/mol
(52.20 kcal/mol in THF) according to B3LYP/6-31+G(d,p)
methodology.

Wu and Ho proposed a transition state for 1,2-proton
shift from 40Z to 41Z using MP2 and G2 methods, and they
reported that this process requires an energy barrier of more than
40 keal/mol (Scheme 17).*® In our case, the reverse reaction

Scheme 17
H H H H
7
>=N+ == >=N:“,H >=N\
q O o o 0 O—H
\ \ N
H H H
40Z TS Mz

(from 22 to 13Z-b) corresponds to Scheme 17, and the reverse
activation barrier is predicted to be 40.77 kcal/mol, which is in
perfect agreement with the MP2 and G2 findings. Interestingly,
this high-energy process becomes feasible with HCl-assisted
proton transfer passing through TS22’. As seen in Figure 9,
the HCl-assisted tautomerization reaction occurs with a small
activation barrier, 15.95 kcal/mol in the gas phase and 12.75
kcal/mol in THF.

3.6.3. 1,2-Hydrogen Shift from N5 to C2 (22— 7). This step
involves the transfer of a proton in 22 from NS to C2, resulting in
the formation of nitroso intermediate 7 through TS23. The
reaction involves stretching of the C2—NS5 bond and shortening
of the N5—O7 bond. Bond distances and angles are shown in
Figure 10. The energy barriers leading to 7 are found to be 47.87
and 48.73 kcal/mol in the gas phase and in THF, respectively.

1,2-Hydrogen shift is also more feasible with the assistance of
HCI. With HC], the activation energy decreased to 42.86 and
42.47 kcal/mol in the gas phase and THF, respectively. Although
these barriers are still high, the overall reaction is downhill after
TS1; TS23' is only 5.64 keal/mol lower in energy than the initial
reactants, which indicates that Path S is plausible.

3.7. Path 6. Except the channel from 11 to 7, remaining steps
of Path 6 are the same as Path 5. This channel involves the
concerted 1,2 addition of HCl to C2—NS bond of nitrile oxide 11
via TS24 and gives rise to 19E. The intrinsic free activation
energy to reach TS24 is 48.61 and 44.40 kcal/mol in gas phase
and in THF, respectively. Afterward, 19E undergoes 1,2-CI
Migration (19E—7) as discussed in Section 3.2. Although the
energy barrier for concerted HCI addition to 11 is high, as in
PathS, the overall reaction is downbhill after TS1; TS24 and TS8
are about 8 kcal/mol lower in energy than the initial reactants

(1a+2), which indicates that Path 6 is also plausible. Owing to
their similarity, energy profile of Path 6 is shown together with
Path S in Figure 9. It is noteworthy that, after the formation of
(8+11), all the remaining steps to reach the final product 3Z
exhibit activation barriers below initial reactants. Thus, it appears
that exteremly exorgenic nature of (8+11) production triggers
the reaction.

3.8. Formation of Bisaminated Product (p-Nitroaniline
vs p-Aminoaniline). In order to gain a deeper understanding of
why aniline derivatives having electron-withdrawing groups
generate N-tetrachloro allylidene-N’-arylhydrazines, instead of
1,1-bisaminated substitution products (Scheme 2), we also
modeled the second vinylic substitution on the C-1 atom of
perchlorinated nitrodiene 1a using p-nitro- and p-aminoanilines.
The potential energy profiles (including the first vinylic sub-
stitution) are shown in Figure 11, and a 3-D view of the
optimized structures is given in Figure 12. The second vinylic
substitution of p-nitroaniline requires a free energy of activation
of 29.62 kcal/mol collectively, which is 16 kcal/mol larger than
the corresponding barrier for p-aminoaniline and also extremely
larger than the energy barriers associated with the steps followed
by the formation of 4 (product of first vinylic substitution) in
Paths S and 6 (Figure 9). Thus, the reaction with p-nitroaniline
preferentially proceeds through Paths 5 or 6, instead of under-
going a second SyVin reaction on the C-1 of 1a.

It is obvious from Figure 11 that the reaction of p-aminoaniline
exhibits much smaller activation energies and more stable inter-
mediates than the reaction of p-nitroaniline. This is in agreement
with the experimental observations that electron-rich anilines
give 1,1-bisaminated substitution products, whereas electron-
poor anilines such as p-nitroaniline do not. Calculated NBO
charges reveal that the target vinyl carbon of 4-NH, (0.240) is
more electrophilic than that of 4 (0.217) (Figure S2). Moreover,
the amino group of 2-NH, (—0.881) is more nucleophilic than
that of 2 (—0.847) as a result of the electron-donating effect
of the p-NH, group. These computational results explain the
experimental findings.

4. CONCLUSION

Six different reaction paths were proposed in order to under-
stand the details of the mechanism of the reaction between
2-nitroperchloro-1,3-butadiene and para-nitro aniline. The
potential energy profile of each path was generated relative to
the energies of the initial reactants. Comparison of the calculated
Gibbs free energies of activation in the gas phase and in THF
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Figure 12. Optimized geometries for the stationary points of the second vinylic substitution. Distances are given in angstroms, angles are in degrees.

revealed that THF did not significantly alter the energetics of the
reaction. The results were analyzed in the light of experimental
findings to determine the most plausible mechanism.

There are two crucial experimental findings: (1) 1,3-bis(4-
nitrophenyl)urea is produced as byproduct (10% yield) together
with the main product, 3Z [N-(1,2,3,3,tetrachloroallylidene)-
N’-(4-nitrophenyl)hydrazine]. This is strong evidence for the
extrusion of p-nitrophenylisocyanate 8 during the reaction,
because nucleophilic addition of a second mole of p-nitroaniline
to p-nitrophenylisocyanate will produce 1,3-bis(4-nitrophenyl)-
urea as byproduct. (2) Chlorinated nitrile oxide 11 is the key
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intermediate, the existence of which in the reaction channel
was proved experimentally by a series of 1,3-dipolar cyclo-
addition reactions.® However, the yield for the intermediate
was low (6%),® which suggests that alternative routes may be
possible.

All proposed paths initially generate oxazete derivative 6. Five
of these paths (Paths 2—6) involve chlorinated nitrile oxide 11,
which is formed by extrusion of 8 from 6. Path 1 differs from the
other five paths in that it does not proceed through chlorinated
nitrile oxide 11, instead a four-membered heterocyclic structure
18 is formed from 6.
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For Path 1, HCI addition to oxazete derivative 6 to give 18 is
the rate-determining step and exhibits 44.05 and 38.26 kcal/mol
of activation energy in the gas phase and in THF, respectively.
The corresponding TS6 is extremely unstable; when the overall
reaction profile is considered (Figure 1), the energy of TS6 is
37.70 kcal/mol higher than that of the initial reactants (1a+2);
therefore, Path 1 is not a plausible mechanism.

For all the other paths studied, the first step of vinylic
nucleophilic substitution is the rate-determining step with an
activation energy of 31.65 and 30.59 kcal/mol in the gas phase
and in THF, respectively. Potential energy profiles of Paths 2—6
(Figures 4, 6, 8, and 9, respectively) are generally downhill with
respect to the reactants, 1a and 2, and thus they all appear to be
plausible. However, for Paths 2—4 there are some pitfalls, which
are discussed below.

For Path 2, the transition-state structure of the step involving
HCl addition to chlorinated nitrile oxide 11 cannot be optimized
with the hybrid density functional B3LYP method using the
6-31+G(d,p) basis set and exhibits a very high energy barrier
(59.98 kcal/mol) with the semiempirical PM6 method. Although
the previous step is extremely exergonic, the transition-state
structure of this step is assumed to be quite unstable. The next step
also involves a relatively high-energy transition-state structure,
TS13. In Path 3, TS18 is relatively unstable (12.73 kcal/mol
higher than initial reactants); therefore, addition of p-nitroaniline
to oxime derivative 13E-b to give 3E requires an activation energy
of 65.25 kcal/mol in the gas phase and 68.03 kcal/mol in THF. In
Path 4, the energy barrier of the oxime—nitroso tautomerization
step is found to be very high, 70.06 and 71.87 kcal/mol in the gas
phase and in THEF, respectively. The corresponding TS20 lies
17.54 kcal/mol higher in energy than the initial reactants.

Since the reaction profiles of Paths 5 and 6 are quite similar,
we can summarize them together. The highest activation energy
(42.47 kcal/mol in THF) in Path S belongs to the step involving
HCl-assisted 1,2-hydrogen shift from 22 to 7 via TS23'. In
Path 6, the highest energy barrier is 44.40 kcal/mol in THF
which involves concerted addition of HCl to 11 via TS24.
Although these can be considered as high barriers, they are still
much lower than the ones in Paths 2—4. Moreover, the overall
reactions are completely downhill after TS1; the least stable
transition states TS23’ (in Path 5) and TS24 (in Path 6) are even
lower in energy than the initial reactants (1a+2). Therefore, our
results reveal that Paths 5 and 6 are the two most plausible
mechanisms among the paths studied. Both paths are also in
agreement with the known experimental findings, in that they
proceed via extrusion of p-nitrophenylisocyanate 8 and the
formation of chlorinated nitrile oxide 11. After the formation of 8
and 11, the reaction can follow either alternative path to produce
final product 3Z.

These results elucidate the mechanism of the reaction between
p-NO,-aniline and 2-nitroperchloro-1,3-butadiene to give
allylidene arylhydrazines. They provide additional mechanistic
insight into why anilines with electron-releasing substituent (i..,
p-NH,-aniline) take a different route via second vinylic substitu-
tion leading to bisaminated products. In addition, electronic
structures and energetics of some nitrile oxides, oximes, oxazete,
and nitroso compounds were reported which may guide future
studies.
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