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Density functional (B3LYP) calculations using the 6-31++g** basis set have been employed to
study the title reaction between the cationic 1,3-dipolar 1-aza-2-azoniaallene ion (H,C=N"=NH)
and ethene. Our calculations confirmed that [3 + 2] cycloaddition reaction takes place via a three-
membered ring intermediate. In addition, solvent effects and substituent effects were also studied.
For the reactions involving tetrachloroethene, there are two attacking sites. One is on the NH
group in the 1-aza-2-azoniaallene ion, another is on its terminal CH, group, and they are competitive
for both approaching positions. Electron-releasing methyl substituents on ethene favor the reaction,
and the potential energy surface is quite different from the previous one.

Introduction

1,3-Dipolar cycloaddition reactions of neutral 1,3-
dipoles are widely used in the preparative organic
chemistry.! High stereospecificity and stereoselectivity
are the reason these reactions are synthetically so useful
in the synthetic field.? Theoretical studies have also
received extensive attention.® On the basis of a number
of reports on stereochemical, kinetic, and theoretical
studies, 1,3-dipolar cycloaddition reactions are believed
to proceed through a concerted mechanism.3a-14

Recently, the cycloadditions of cationic four-electron-
three-center components with multiple bonds aroused
chemist’s interest.®> 1-Aza-2-azoniaallene salts, one of the
novel cationic four-electron-three-center components,
were found to undergo cycloadditions with multiple bonds
via [3 + 2] cycloaddition reactions,® which open a new
and potentially useful route for the construction of five-
membered heterocycles. In many oxidative processes of
hydrazones, 1-aza-2-azoniaallene cations are generated
as reactive intermediates.” They can also be gained at
low temperature from 1-chloroalkyl-azo compounds on
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treatment with Lewis acid such as SbCls or AlICI;,%f and
the reaction of 1-aza-2-azoniaallene cations with electron-
rich olefins could produce 4,5-dihydro-3H-pyrazolium
salts under mild conditions.®2~¢ Most cycloadducts of
l-aza-2-azoniaallene salts with other multiple bonds
undergo a [1,2]-shift spontaneously,®-8 but cycloadducts
of 1-aza-2-azoniaallene salts with olefins are difficult to
rearrange to 4,5-dihydro-1H-pyrazonlium salts.6a-9 Ex-
perimentally the cycloadditions of 1-aza-2-azoniaallene
cations to olefins have been already studied; however,
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theoretical study, to our knowledge, still remains un-
touched. Therefore, we have employed a model reaction,
H,C=N*=NH + CH,=CH,, as studied object to investi-
gate the mechanism using density functional theory
(DFT). Moreover, solvent effects and substitutent effects
on the carbon in olefin are also investigated for compari-
son. The reactions considered are shown in Chart 1.

This work is one part of our research program devoted
to the study of the cycloaddition of cumulenes.®

Methods of Calculation

Density functional calculations are carried out for [3 + 2]
cycloaddition reactions between 1-aza-2-azoniaallene cations
(1) and olefins. All calculations included in this work have been
performed with the Gaussian 98w program package.'® The
geometries of reactants, products, complexes, intermediates,
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and transition states have been fully optimized. All geometric
parameters of possible stationary points have been located at
B3LYP/6-31++G** level and characterized by the number of
imaginary frequencies. For some key reaction paths, intrinsic
reaction coordinate (IRC)* has been traced to confirm the TS
connecting with the corresponding two minima. The relative
energies of all stationary points are corrected with 0.95 scaling
factor of zero-point vibrational energies. For the model reac-
tion, we employed the polarized continuum (overlapping
spheres) model (PCM)*? and solvent CH,ClI, (dielectric constant
€ = 8.93) to calculate the solvent effects at 298.15 K.

Bader's theory of AIM?*® has been used to study the bonding
character and charge distribution for some stationary points
in our studied reactions. AIM98PC package,* a PC version of
AIMPAC,® has been employed for the electron density topo-
logical analysis using the electron densities obtained by the
B3LYP/6-31++G** calculation.

Results and Discussion

Model Reaction: H,C=N*"=NH + CH, = CH.. The
reaction is investigated in the gas phase at first, and two
possible addition pathways in this reaction are discussed.
The geometries of the reactants (1 and 2a), complexes
(COM1la and COM1b), intermediates (INTla and
INT1b), transition states (TSla, TS1b, TSlc, TS1ld,
TSle, and TS1f), and products (3a, 4a, and 5a) are
optimized at B3LYP/6-31++G** level, and all stationary
points are characterized by vibrational frequencies. The
atomic numbering systems of the above stationary points
are shown in Figure S1 of Supporting Information and
Scheme 1, and the optimized parameters, frequencies,
and energies are listed in Tables S1—S3 of Supporting
Information, respectively.

From the structural parameters it can be seen that one
of the reactants, 1-aza-2-azoniaallene cation (1), is ap-
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proximately a linear molecule with the angle C—N—N
being 170.7°. The hydrogen atom connected to the
nitrogen is almost on the same plane with its skeleton
atoms (H-N—N-C = —179.9°), while the plane of me-
thylene is perpendicular to the C—N—N plane (H-C—
N—N = 90.9°).

Because the interaction between reactants yields ion—
molecule complexes first, two complexes, denoted as
COM1la and COM1b in Scheme 1, have been located.
COM1a is a typical w-type hydrogen-bonded complex, in
which the distances C5—H6 and C4—H6 are 2.091 and
2.091 A, respectively. The C5—C4—C3—N2 dihedral angle
of —76.8° in COM1a shows that the two reactants ap-
proach in gauche mode. When the two reactants further
approach, COM1b is formed, which is a typical molecular
complex (C5—N1 = 2.746 A, C4A—N1 = 3.002 A).

For the pathway to form 3a and 4a, an intermediate
INT1la is formed via TSla first, and then the five-
membered heterocycle 3a is gained via TS1b, the last
step from 3a to 4a is a hydrogen transfer process.
Although the earlier computational studies on cycload-
dition reactions involving unsubtituted 1,3-dipoles and
dipolarophiles indicated that these reactions usually
follow concerted pathways to produce five-membered
heterocycles, our computation on the reaction 1 + 2a to
produce 3a proves to be a stepwise mechanism with an
intermediate INT1a. It can be realized from the opti-
mized geometric parameters that when N1 approaches
carbon atoms of ethene, the C3 atom of 1a bends to the
side of ethene (C3—N2—N1 = 169.4°, 140.7°, and 117.4°
in COM1b, TS1a, and INT1a, respectively). Bond lengths
of N1-N2 are 1.198, 1.263, and 1.443 A for COM1b,
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TS1a, and INT1a, respectively, with a similar trend for
C5—C4 bond lengths (1.346, 1.381, and 1.478 A respec-
tively). New bonds of N1—C5 and N1—C4 are formed in
INT1a (1.506 A), which is a cationic three-membered ring
with the positive charges mainly in the ring (the charge
of CH; groups in the ethene portion is 0.26 e and that of
NH group is 0.18 e). Usually, the three-membered ring
INT1a is not so stable that could take place the ring
enlargement to the five-membered one via TS1b. This
process is characterized by the change of the dihedral
angle C5—C4—-C3—N2 from —81.6° in INT1a to —59.6°
in TS1b and then to 7.2° in 3a. It can also be seen from
the geometric parameters that the bond C3—C4 is mainly
formed after TS1b (3.021, 2.904, and 1.549 A for INT1a,
TS1b, and 3a, respectively), and the five-membered ring
product is formed with the transfer of double bond from
N2—C3 to N2—N1. The atoms in the ring of 3a are almost
at the same plane (C5—C4—C3—N2 =7.2°, C4—C3—N2—
N1 = —4.5°, H6—N1—-N2—-C3 = —179.1°), and the N1—
N2 bond in 3a is of double bond character with positive
charge mainly settled on N1.

In most cases, rearrangements of cycloadducts between
1-aza-2-azoniaallene salts and multiple bonds could take
place spontaneously via [1,2]-shift with the atom or group
connected to the methylene migrating to the adjacent
nitrogen atom;%-8 therefore, the rearrangement product
4,5-dihydro-1H-pyrazolium ion 4a was also studied. The
ring in 4a is somewhat distorted (C5—C4—C3—N2 =
12.2°, C4—C3—N2—N1 = 2.7°). As a result of the migra-
tion of H11 from C3 to N2, the positive charge is
transferred from N1 to N2; at the same time, the N2—
C3 bond (1.290 A) is of double bond character while N2—
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N1 bond (1.389 A) becomes a single bond in 4a. TS1c is
a transition state for [1,2]-shift from 3a to 4a, in which
the distances of H11-C3 and H11—N2 are 1.432 and
1.227 A, respectively, and the dihedral angle H11-C3—
N2—N1 is 112.9°.

Another possible pathway is to form a four-membered
ring product 5a. INT1b is similar to INT1a but with the
CH; group in the 1 portion bending out of the ethene
fragment (the angle C3—N2—N1 is 114.7°). It is also a
three-membered ring structure with the N1—-C5 and N1—
C4 bond lengths being 1.504 A and the dihedral angle
C5—C4—-C3—N2 being 65.0°. We failed to locate a transi-
tion state connecting with INT1b and 3a, but a transition
state TS1f was located for the transformation between
INT1b and INT1a, in which the angle C3—N2—N1 is
179.3°. Because most reactions of cumulenes with olefins
will produce four-membered ring products,® the similar
product 5a in this model reaction has been investigated
for comparison. The skeleton atoms in 5a are slightly
distorted from the plane (C5—C4—-C3—N2 = —8.3°, C4—
C3—N2—-N1 = —178.4°, H11-C3—N2—N1 = —176.9°).
Because the three-membered ring intermediate INT1b
is unstable, it can be opened with N1—-C4 bond being
broken and thus form a more stable four-membered ring
product 5a. In TS1e, the framework atoms are in gauche
mode (C5—C4—C3—N2 = 39.3°) and the distance between
N2 and C4 is still quite long (2.527 A). The possible reac-
tion path for this reaction is summarized in Scheme 1.

The schematic potential energy surface for the model
reaction (with 0.95 scaling factor of zero-point energy
correction) is given in Figure 1. Figure 1 reveals that
COM1la is more stable than reactants by 11.8 kcal/mol
as a result of the existence of the hydrogen bond and plus
charge and COML1b is less stable than COM1la by 4.7
kcal/mol. The formation of INT1a needs to overcome only
5.7 kcal/mol activation barrier from COM1b, but that of
INT1b needs to cover a higher activation barrier of 15.9
kcal/mol from COM1b. So INT1a is more easily formed.
If INT1b is produced, it is difficult for it to turn into 5a
or INT1la with the comparatively high activation barrier
being 32.3 or 41.1kcal/mol. Therefore, the favorable
pathway is 1 + 2a — COMla — COM1b — INT1la —
3a — 4a under high-pressure gas phase. INT1a must
get over the activation barrier of 38.6 kcal/mol to form a
more stable product 3a, which might take part in a [1,2]
H-shift reaction to produce 4a with an activation barrier
of 38.5 kcal/mol. Our calculations, in fact, rationalize the
experimental fact that no four-membered ring product
could be found in such reactions.®3¢ IRC calculations
starting from TSla, TS1b, and TS1d have been per-
formed to confirm that these transition states could reach
the minima at both sides of them shown in Figure 1.

The earlier works on cycloadditions involving unsub-
stituted 1,3-dipoles and dipolarophiles indicate that these
reactions follow concerted pathways to produce five-
memebered heterocycles, but the mechanism for the
present reaction is quite different. Such difference can
be explained with the frontier orbital interaction. Because
the energy between the LUMO of 1 and HOMO of 2a is
much smaller than that between the LUMO of 2a and
HOMO of 1, the former interaction is in the highest flight
(shown in Figure 2a), which first results in three-
membered ring intermediate INT21a. This can also be
seen from the Laplacian distributions of electron density
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FIGURE 1. The schematic potential energy surface for the
mechanism of the reaction 1 + 2a (data in parentheses are
for solution phase).
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FIGURE 2. (a) The interaction between the LUMO of 1 and
the HOMO of 2a. (b) The interaction between the NLUMO of
1 and the HOMO of 2b.

shown in Figure 3, from which one can realize that
COM1a is a typical hydrogen-bonded complex and only
one loose bond (C5—N1) exists in COM1b and TSla.
The solvent effect of the model reaction has also been
investigated. It is found that the structures of all station-
ary points (see Table S1 of Supporting Information) are
in excellent agreement with those in gas phase. From
the data in parentheses of Figure 1 and Table S3, one
can see that cumulene 1 in solution phase is much more
stable than that in gas phase, which is in good accordance
with the fact that cumulene 1 is decomposed during
evaporation of the solvent as described by Wang et al.5f
COM1la-like complex in solution phase is only 0.8 kcal/
mol lower than reactants without zero-point energy
correction. If considered with 0.95 zero-point energy,
COM1a in solution phase is above the reactants by 0.5
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FIGURE 3. The molecular graphs and Laplacian distribution of some stationary points. In these figures, dashed lines denote
positive values of V?p, and full lines stand for negative values of V2p,. The bonded charge concentrations are indicated by solid
squares. In addition, bond paths (heavy solid lines), bond critical points (solid circle), and ring critical points (triangle) are shown

for p(r).

kcal/mol, which means that such hydrogen-bonded com-
plex might not exist in solution phase because of solvent
effect. The less stable complex COM1b could not been
found in solution phase. The reaction passes through
TS1a to form INT1a directly with an activation barrier
of 8.8 kcal/mol from reactants, which is 3.1 kcal/mol
higher than that from COM1b to INT1a in gas phase.
For the rate-determinating step leading to 3a, the
activation barrier is 3.0 kcal/mol lower than that in gas
phase.

Substituent Effect on Carbon in Ethene with
Electron-Withdrawing Groups. In this section, we
tried to investigate the substituent effect on the carbon
atom in ethene with electron-withdrawing Cl groups (see
Scheme 2). Since four-membered product is not prefer-
ential as discussed in the previous section and experi-
mental results, we only discuss the possible pathways
to form five-membered ring products afterward. The
numbering systems and relative energies of the station-
ary points for reaction 1 + 2b are given in Scheme 2 (also
in Figure S2) and Figure 4, and the optimized geometric
parameters, frequencies, and energies are listed in Tables
S4—S6, respectively. As shown in Scheme 2, both a
hydrogen-bonded complex COM2 and three-membered
ring intermediate INT2a could be located. COM2 has
stabilization energy of 5.6 kcal/mol. The dihedral angle
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of C5—C4—C3—N2 in COM2 is changed to be —152.4°
from —76.8° in the model reaction, so as to release steric
hindrance arising from four chlorine atoms. At the same
time, the distances of H6—C5 and H6—C4 become 2.114
and 2.322 A, respectively. The N1—C5 and N1—C4 bonds
in INT2a are longer by 0.064 A than those in INT1a in
model reaction because of four chlorine atoms, which
leads to INT2a not being as stable as INT1a in the model
reaction. The calculated activation barrier for the step
from INT2a to 3b is only 8.9 kcal/mol, which is 29.7 kcal/
mol less than the rate-controlling step from INT1 to 3a
in the model reaction. In reaction 1 + 2b, the rate-
determinating step becomes the first step with the
activation barrier being 12.6 kcal/mol (see Figure 4),
indicating that reaction 1 + 2b can take place more easily
than the model reaction as a result of the steric effect
and super-conjugation of chlorine atoms. As far as rela-
tive energies are concerned, 3b, the compound with four
substituents, is not so stable as 3a without any substitu-
ent. Despite the existence of substituent groups, it is still
difficult for 3b to rearrange to 4b via TS2c with the
activation barrier being 36.1 kcal/mol, which is only 2.4
kcal/mol lower than that in the model reaction. In fact,
no [1,2] H-transfer rearrangement could be found in
experiments.
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FIGURE 4. The schematic potential energy surface for the
mechanism of reaction 1 + 2b.

Interestingly, we found another reaction pathway
leading to 3b. It is also a two-step process, which contains
one intermediate (INT2b) and two transition states
(TS2d and TS2e), whose numbering systems are shown
in Scheme 2 and Figure S2. The carbon atom in ethene
attacking the terminal carbon atom C3 in 1 leads to an
intermediate INT2b, which is a typical carbonium (the
cation mainly holds on terminal C(Cl), group in ethene).
The distance of C4—C3 in INT2b is 1.601 A, slightly
longer than that of a normal C—C bond. The transition
state (TS2d) for the formation of INT2b is of a trans
structure with the distances of C4—C3 and C5—N1 being
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2.068 and 4.437 A, respectively. TS2e connects INT2b
with 3b, in which the dihedral angle C5—C4—C3—N2 is
—123.5°. As the dihedral angle C5—C4—C3—N2 de-
creases, the distance between C5 and N1 decreases and
thus 3b is produced without a gauche intermediate. The
formation of INT2b can also be rationalized by the
frontier orbital interaction in Figure 2b and Laplacian
distribution of electron density in Figure 3d. Because the
energy level of the antibonding orbital of N=N (LUMO)
in 1 is very close to that of C=N (NLUMO), the main
orbital interaction for the latter pathway is that between
HOMO of ethene and NLUMO of 1, which leads to a
stable carbonium. Figure 4 shows relative energies for
the possible stationary points along these two pathways,
which indicates that the two pathways are competitive.
Our calculations confirm that the activation barriers to
form 3b is quite low, which is in a good agreement with
experimental fact that Cl-substituted ethene could easily
react with 1-aza-2-azoniaallene cation.®?

Substituent Effect on Carbon in Ethene with
Electron-Releasing Groups. In this section, two meth-
yl groups are introduced into the same carbon atom C5
in ethene (denoted as 1 + 2c). Two possible ortho and
para products could be located, but only the preferential
ortho product is considered here for convenience. Scheme
3 shows the two possible pathways in the reaction of 1 +
2c, and the schematic potential energy surface is given
in Figure 5, which shows that all stationary points are
well below the reactant asymptote. In this reaction, the
potential energy surfaces are quite different from the
previous ones. Two stable intermediates (INT3a and
INT3b) have been located with the stabilization energy
of more than 30 kcal/mol and are similar in geometric
parameters with INT2a and INT2b. Extensive searches
for the possible transition states between 1 + 2c and
INT3a or INT3b always reach 1 + 2c, i.e., no transition
states between them could be found. The numbering
system of all stationary points are given in Scheme 3 and
Figure S3, and the optimized parameters, frequencies,
and energies for this reaction are listed in Tables S7—
S9 of Supporting Information, respectively.

In the first pathway, the carbon atoms in ethene
approach the terminal nitrogen atom in 2c to form three-
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FIGURE 5. The schematic potential energy surface for the
mechanism of 1 + 2c.

membered ring cation INT3a with N1-C4 and N1-C5
being 1.502 and 1.528 A, respectively. Since the methyl
groups are the electron-releasing ones, the CHj; groups
make the ethene richer in electrons and thus more easily
form the intermediate with electron-deficient 1. The
three-membered ring cation INT3a is more stable than
INT1la in the model reaction and the ring in INT3a
seems easier to be opened, with the activation barrier
5.0 kcal/mol lower than that in the model reaction. In
addition, [1,2] H-shift from 3c to 4c via TS3b is also with
high activation barrier of 39.5 kcal/mol.

In the second pathway, the carbon atom without CHjs
groups in ethene collides with carbon atom in 1 to form
INT3b directly without climbing up a transition state
like TS2d in reaction 1 + 2b. INT3b is a steady cation
with positive charge mainly located in C5 owing to the
two CHj; groups connected with C5. The energy of INT3b
is 32.5 kcal/mol lower than that of reactants, while
INT2b in reaction 1 + 2b is 1.2 kcal/mol higher than
that of reactants. The energy of TS3c is 30.3 kcal/mol
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lower than that of reactants, whereas the energy of TS2e
is 8.3 kcal/mol below reactants. The formation of 3c from
INT3b needs to cover only 2.2 kcal/mol activation barrier,
much lower than the process from INT3a to 3c via TS3a
(33.6 kcal/mol); therefore, the reaction occurs mainly
through the pathway containing a trans carbonium
INT3b and a transition state TS3c. In experiments, such
reactions could occur at very low temperatures (about 193
K), which is in a good agreement with our calculated
results in Figure 5.

Taking account of frontier orbital interaction, the
electron-pushing substituted groups increase the energy
level of HOMO in olefin, which in turn leads to a lower
energy difference between the HOMO of 2a and the
NLUMO or LUMO of 1 and favors the formation of
intermediates INT3a and INT3b. Moreover, the intro-
duction of CH; groups will also disperse the positive
charge on N1 and stabilize the INT3b.

Summary

The reaction 1 + 2a in gas phase, namely, the model
reaction, takes place via two transition states, one
complex, and one intermediate. In CH,Cl, solution, the
basic reaction scheme is similar to that in gas phase, but
the hydrogen-bonded complex becomes less stable.

Substituents on the carbon atoms in olefin have a
notable effect on the mechanism and reaction barrier.
Reactions with CI groups in olefin are competitive for
both attacking sites, while the electron-releasing methyl
substituent groups in olefin favor the reaction with
attacking CH, group in 1. The energy surface of the latter
is distinct from the former. All the stationary points are
well below the reactant asymptote, in which two stable
intermediates are formed from 1 + 2c¢ without activation
barriers.
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