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The mechanisms of cycloaddition reactions between 2-azoniaallene cations and olefins have been
explored at the B3LYP/6-31G* level. It is found that the positive charge in 2-azoniaallene makes
the reaction more complicated. For the reactions between olefins with Cl groups or CHj3; groups
and 2-azoniaallene, the typical carboniums have been located along the reaction path. In addition,
for the reactions between 1,1-dimethylethene and 1,3-dichrolo-2-azoniaallene, different paths and

products have been rationalized and verified.

Introduction

The cycloaddition reactions between cumulenes and
double bond compounds are very important routes for the
synthesis of cycloadducts. In the past couple decades,
[2 + 2] cycloaddition reactions of ketenes, ketenimines,
allenes, and keteniminium cations have been extensively
studied theoretically’™ and experimentally.>8 In our
previous paper,* it was realized that the mechanism of
cycloaddition reaction involving keteniminium cation is
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quite complicated, and thus it presents a great challenge
for theoretical chemists. The 2-azoniaallene cation, a
class of heterocumulenes, greatly interested chemists
since the first 2-azoniaallene salts were prepared in 1969
by Samuel and Wade.” During the past couple of decades,
Waurthwein et al. developed a series of experimental and
theoretical investigation for the synthesis,® structure
property,® ! and chemical reactivity!?> 5 of 2-azoniaal-
lene salts. However, in comparison with the widespread
use of keteniminium cations (or salts) in organic synthe-
sis,® the cycloaddition reactions of 2-azoniaallene salts
have received relatively little attention.5718 In 1994, the
reaction of 1,3-dichloro-2-azoniaallene salt with olefins
was first reported by Hitzler et al.” In 1995, [2 + 2] and
[2 + 4] cycloaddition reactions of 2-azoniaallene salts
with isocyanates were studied by Ismail et al.1®

The theoretical study on the titled reaction mechanism,
to our knowledge, is still untouched. Therefore, the
mechanism studied for H,C=N*=CH, + H,C=CH,
(1a + 2a) is presented here. The substituent and solvent
effects of the titled reactions have also been investigated.
The reactions considered are shown in Scheme 1.
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Methods of Calculation

All the calculations included in this work have been
performed with the Gaussian 98w program.'® The geometries
of the reactants, products, intermediates, and transition states
have been fully optimized at the B3LYP/6-31G* level. All
stationary points have been further confirmed by the computa-
tions of force constants analytically and characterized by the
number of imaginary vibrational frequencies. Bader’s theory
of AIM?921 has been used to study the bonding character and
charge distribution for stationary points in the reaction 1a +
2a.

The AIM98PC package,?? a PC version of AIMPAC,? has
been employed for the electron density topological analysis
using the electron densities obtained in the B3LYP/6-31G”
calculation.

Results and Discussion

The Model Reaction: HzC=N+=CH2 + HzC=CH2
The geometries of the reactants (1a and 2a), intermediate
(INT1), transition states (TS1 and TS1a), and product
(3a) are optimized at the B3LYP/6-31G* level. The
numbering systems of above the stationary points are
shown in Scheme 2, and the optimized parameters are
listed in Table S1 of the Supporting Information.
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Scheme 2

The structural parameters reveal that one reactant,
2-azoniaallene cation (1a), is a linear molecular with its
skeleton atoms on the same plane. Two methylene planes
are perpendicular to each other. The obtained bond
length and angle are in reasonable agreement with those
Bottger et al.” reported in 1997 at the B3LYP/6-31+G*
level. In the product (see Scheme 2 and Table S1), the
ring atoms and the methylene group attached to N; are
on the same plane, while the hydrogen atoms are
distributed zygomorphically.

When the reactant molecules 1a and 2a approach, the
electron-rich ethylene first attacks terminal C; in 2-azo-
niaallene ion, which is electron deficient, forming an
intermediate (INT1) via TS1. It can be seen, from Table
S1 of the Supporting Information, that TS1 is a sort of
three-membered ring structure (the distances of C3—C4
and C3;—Cs to be formed are 1.87 and 1.87 A, respec-
tively). In TS1, one positive charge on the central
nitrogen atom (in the reactant) is mainly transferred to
Cs, C4, and Cs to form a carbonium (the net charges on
Cs, C4, and Cs of each CH; group are 0.300, 0.325, and
0.325, respectively). The bond length of C3—N; changed
to 1.42 A in TS1 from 1.25 A in reactant 1a. INT1 is
close to TS1 in geometric parameters (see Table S1). The
bond lengths C3—C, and C3—Cs in INT1 are changed to
1.81 and 1.90 A, and the dihedral angle C,—C3—N;—C,
is reduced to 125.0° in INT1 from 157.2° in TS1.
Analyzing the frontier orbital interaction, only the in-
teraction between the LUMO in 1la and HOMO in 2a
could favor the formation of TS1 and INT1 (see Chart
1), in which one Pz orbital of C3 overlaps both Pz orbitals
in ethylene. Because INTL1 is unstable (8.6 kcal/mol
higher than la + 2a), it is very easy to form a four-
membered product, 3a, via TSla (only 4.5 kcal/mol as
shown in Figure 1). TSla has a gauche conformation
(dihedral angle Cs—C,—C3—N; = 57.4°; see Table S1). In
TS1a, the C4,—C3 bond length is 1.71 A, but the distance
of C5 to N1 is still 2.64 A.

Two transition states and one intermediate have been
located and validated by our IRC calculation.?* The TS1

(24) (a) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154.
(b) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523.
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Figure 1. Schematic potential energy surface for the reaction
la + 2a (the data in parentheses are for CH,CI, solvent; all
energies are with zero-point energy correction).

(a) TS1

{c) TSla

Figure 2. Molecular graphs and Laplacian distribution of the
stationary points in the model reaction. In these figures,
dashed lines denote positive values of V2p, and full lines stand
for negative values of V2p,. Bonded charge concentrations are
indicated by solid squares. In addition, bond paths (heavy solid
lines), bond critical points (solid circle), and ring critical points
(triangles) are shown for p(r).

and TSla are further confirmed by the only one imagi-
nary frequency (—90.96i and —143i, respectively). The
relative energies for the stationary points are given in
Figure 1, which shows that the barrier of the first step
(from la + 2a to INT1) is 11.3 kcal/mol and that of the
second step (from INT1 to product) is only 4.5 kcal/mol
(with zero-point energy correction).

For the reaction 1a + 2a, electron density analysis has
been carried out. Laplacian distributions of the stationary
points are illustrated in Figure 2, from which one can
realize that there is a critical point between C; and the
bond critical point of the C=C bond in TS1, which is in
agreement with the orbital interaction shown in Chart
1. However, the bonding characters of INT1 and TS1la
are quite different from that of TS1, because the bond
critical point from C; to the middle point of C4—Csin TS1
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Scheme 3
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is shifted to that of C; to C4. The electron densities py, for
the C3_C,4 bonds are 0.125 (INT1), 0.151 (TSla), and
0.240 (3a), respectively, but a second bond (N;—Cs) is
mainly formed after TS1a.

The solvent effect of the model reaction has been
investigated with the PCM model®® and CH,CI, as the
solvent, which had been used in experimental investiga-
tions. It is found that the structure of all stationary points
in the solution phase is in excellent agreement with those
in the gas phase (see Table S1 of the Supporting
Information). The mechanism does not change as the
CH.,CI, solvent is introduced, but the barriers for the first
and second steps are lower than those in the gas phase
(see Figure 1). This indicates that the reaction can take
place in solution more easily.

Substituent Effects on the Carbon in Ethene. In
this section, the substituent effect on the carbon in
ethylene (see Scheme 1) has been discussed. In our
studies, only two CIl or CH; groups are attached to one
carbon atom in ethylene for convenience, in which when
the substituted ethylene adds to 2-azoniaallene ion, it
could form the ortho- or para-product. Only the prefer-
ential ortho-product is considered here.

First we considered the Cl-substituted case, i.e., the
la + 2b reaction. The numbering systems for all possible
stationary points are shown in Scheme 3, and the
optimized parameters are listed in Table S2. The 1,1-
dichloroethene can approach 2-azoniaallene ion by a
trans or gauche mode. Scheme 3 shows that the 1a + 2b
reaction proceeding in the gauche mode undergoes a two-
step process to form 3b via two transition states (TS2g
and TS2) and an intermediate (INT2g). However, in the
trans mode, the reaction first forms INT2t via TS2t, then
the rotation of INT2t along the C3—C, bond forms INT2g
via TS2tg, and the last step is the same as the gauche
one. Compared with the reaction 1a + 2a, the mechanism
for the present reaction is somewhat different. From the
Mulliken populations of INT2t and INT2g, one can
realize that most of the positive charge on N in 2-azo-
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J. Chem. Phys. Lett. 1998, 286, 253. (g) Barone, V.; Cossi, M.; Tomasi,
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Figure 3. Schematic potential energy surface for the reaction
la + 2b (with ZPE correction).

niaallene is transferred to the C(Cl), group in such
intermediates; i.e., the INT2t and INT2g are typical
carboniums due to Cl atoms making the carbonium
stable. The schematic description of the possible energy
surface for this reaction is shown in Figure 3, from which
it can be seen that the INT2g is more stable than INT2t.
Because the bond lengths of C5_C,4 in INT2t (1.60 A) and
INT2g (1.61 A) are longer than the normal C—C bond
length, the energy barrier from INT2t to INT2g is very
low (0.39 kcal/mol), and thus the trans and gauche modes
are in competition.

For the reaction between 1,1-dimethylethene and
2-azoniaallene (1a + 2c), the mechanism is different from
that of 1a + 2a or la + 2b. Two possible reaction
products (3c and 4) have been suggested and verified,
as shown in Scheme 4. The geometries of all possible
stationary points, as listed in Table S3, have been located,
along with the numbering systems shown in Scheme 4.
The approach of 1la and 2c also has two modes (trans
and gauche) as in the reaction la + 2b, but the energy
surface is quite different from the previous one. Two ion—
molecule complexes, denoted COM3t and COM3g in
Scheme 4, have been located, in which COM3t is a trans
complex (Cs—C,—C3—N; = 178.8°) and COM3g is a
gauche one (Cs—C4—C3—N; = —79.6°). The bond length
of C,—C3 in COM3t is 2.45 A, which is 0.09 A shorter
than that of COM3g, but COM3t is 0.7 kcal/mol more
stable than COM3g. As reactant molecules approach
further, the complexes could be transformed to interme-
diates INT3g and INT3t via TS3g and TS3t; the
rotation of INT3t along the C3;—C, bond forms INT3g
via TS3tg. The bond length of C,—C; in INT3t and
INT3g is decreased to 1.60 A, almost a single bond. After
INT3g, there are two ways to go. One is to form 3c, the
same as the reaction 1la + 2a or 1a + 2b; the other is to
form a six-membered ring product (4). As for the forma-
tion of product 4, the step from INT3g to INT3 is a
hydrogen-transfer process, i.e., ene-reaction process (Hjs
from Cy, to N; via TS3), in which the distances of N;—
His and Ci—His (see Table S3) are 2.05 and 1.14 A
(INT3g), 1.89 and 1.16 A (TS3), and 1.03 and 2.44 A
(INT3), respectively. In INT3, the positive charge is
shifted back to the original 2-azoniaallene portion from
the C(CHg3), group in INT3g or INT3t, and a C;,—Cs
double bond is formed. The cyclization reaction of INT3
proceeds via TS3b, which breaks the double bonds C;,-Cs
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Figure 4. Schematic description of the potential energy
surface for the reaction 1a + 2c (with ZPE at B3LYP/6-31G*
level).
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and N;_C, and finally leads to the formation of the
product 4. The product 4 is a carbonium with ring
structure and is a more stable chair configuration (see
Scheme 4). The mechanism of reaction of product 4 is
analogous with the experimental result by Hitzler et al.'”
One can realize from Figure 4 that all the possible
complexes, intermediates, and transition states are well
below the reactant asymptote. INT3g is 6 kcal/mol lower
than INTS3t, but the energy barrier for the transforma-
tion from INT3t to INT3g is only 0.9 kcal/mol, which
means that these two reaction paths are comparable. In
addition, the energy barrier of the H-shift process (from
INT3g to INT3) is about 5 kcal/mol, but the energy
barrier of electrocyclization requires only 0.5 kcal/mol,
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Scheme 5
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which indicates that the ene-reaction step is the rate-
controlling one and the electrocyclization process finishes
with extreme ease. From the viewpoint of kinetics and
thermodynamics, the formation of product 3c is slightly
more favorable than that of product 4.

It should be kept in mind that the hydrogen atom in
one CHj group, attached to the terminal carbon of the
ethylene portion, will be transferred from C to N (ene-
reaction process), which makes the difference between
Cl-substituted and CHs-substituted reactions. In addi-
tion, because the electron-releasing CH; group has both
notable donation and a hyperconjugation effect, it will
make the ethylene portion richer in electrons and dis-
perse the positive charge on Cs in the intermediates.
However, the CI group, despite its hyperconjugation
effect, is an electron-attracting one, which reduces the
electron density of the C—C double bond and disfavors
the reaction.

Substituent Effects on Carbon in 2-Azoniaallene
Cation and Olefin. According to the experimental
suggestion, by Hitzler et al.,'” in the reaction of 1,3-
dichloro-2-azoniaallene salts with olefins, the reaction
mechanism of 1,3-dichloro-2-azoniaallene cation with 1,1-
dimethylmethene (see Scheme 1, 1b + 2c) has been
investigated to elucidate the substituent effects. In view
of the reaction probabilities, the reaction pathways are
outlined in Scheme 5. Compared with the reaction la +
2c, the first step of the reaction 1b + 2c is to form a more
stable intermediate (INT4) without a barrier. After
INT4, there are four ways to go: (1) INT4 — INT4a —
INT4b — INT4c — 7, (2) INT4 — 5 — 6 — INT4d —
INT4c — 7, (3) INT4 — 6 — INT4d — INT4c — 7, (4)
INT4 — 4d.

All the possible transition states and intermediates
have been located at the B3LYP/6-31G* level, whose
geometries and energies are all tabulated in Tables S4
and S5, respectively. For path 1, first step (INT4 —
INT4a) is a hydrogen-transfer process (His from Cj; to
N,) via a six-membered ring (TS4a) (His—Cy, = 1.32 A,
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Figure 5. Schematic potential energy profile for the reaction
1b + 2c (with ZPE correction).

His—N; = 1.48 A), and a chair six-membered ring
intermediate (INT4b) is formed via TS4b through a
cyclization reaction. The above process is similar to the
reaction la + 2c. At the last two steps (from INT4b to
INT4c via TS4c and from INT4c to 7 via TS4g), one
HCI molecule is eliminated each. The elimination of the
first HCI molecule is quite easy (the energy barrier is
8.4 kcal/mol in Figure 5), but to remove the second HCI
needs about a 30.0 kcal/mol energy barrier, the highest
barrier in this path. Because the last product, pyridinium
(7) + HCI, is 23.7 kcal/mol lower than INT4c, the
reaction process is still possible despite a higher energy
barrier. In this path, there is also a side chain reaction,
which is the elimination of HCI from INT4a to form
INT4d. It needs to overcome the energy barrier of 53.4
kcal/mol, so such a path is almost impossible. For path
2, the first step (INT4 — 5) is a Cl-transfer process from
C; to Cs via a four-membered ring (TS4e) (Clo—C3 = 1.97
A, Cls—Cs = 2.30 A), and it is quite easy to form the
product 5 (with 7.8 kcal/mol of energy barrier), which is
quite stable due to a subsequently high barrier (36.6 kcal/
mol) for the elimination of HCI molecule. Therefore, our
calculation result is in good agreement with the experi-
mental fact that product 5, a new type of 2-azoniaallene
cation, was obtained; i.e., the reaction along this path
might stop here. For path 3, the first step (INT4 — 6) is
to remove one HCI molecule and to form another product
(6), a 1,1-dimethyl-4-azapentadiene cation, which re-
quires a 26.5 kcal/mol energy barrier, about 10 kcal/mol
lower than that from 5 to 6. The product 6 was also
isolated by Hitzler et al.,!” which is in agreement with
our calculation. When the reaction continues (6 —
INT4d, using reflux in the experiment'’), an ene reaction
could take place via TS4i (Hi3-N; = 1.35 A, C1o-Hyis =
1.39 A), which is 12.3 kcal/mol higher than the ene
reaction (INT4 — INT4a) in path 1; i.e., H-shift on
carbonium 6 is more difficult than that on carbonium
INT4. After INT4d a stable six-membered ring (INT4c)
is produced by an electrocyclization. The last step is the
same as path 1. Path 4 is a simple process with the
production of 3d via TS4k, which has only a 1.3 kcal/
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mol energy barrier. Hitzler et al.'” did not observe a four-
membered ring product in their experiments, which is
due to the fact that phenyl or substituted phenyl groups
on 1,3-dichloro-2-azoniaallene will bring a great steric
hindrance and hinder the approach of Cs to N; (see
Scheme 5).

While 5 and 6 could be isolated, intermediates INT4d
and INT4c are only plausible as suggested by Hitzler et
al. In our calculation (see Figure 5), the formation of
INT4d is not favorable compared to the formation of
INT4c. INT4c will lead to the more stable product
pyridinium (7). However, the INT4b, similar to product
4 in the reaction 1a + 2c, is not stable in the present
reaction. Although some model reactions are employed
in our present calculations, we believe that our results
rationalize all possible reaction products.

Summary

The reaction 1la + 2a, namely, the model reaction, is
the [2 + 2] cycloaddition reaction of an unsynchronous
mechanism. For the reaction of 1,1-dichloroethene with
2-azoniaallene, a four-membered ring product is formed
via a carbonium intermediate.

Yang et al.

When the reaction of 1,1-dimethylethene with
2-azoniaallene takes place, two reaction products (3c and
4) have been verified; the reaction path for product 3c is
slightly more favorable than that for product 4. Moreover,
the reaction between electron-deficient 2-azoniaallene
and olefin with electron-releasing subsituents is prefer-
ential.

For the system of 1,3-dichloro-2-azoniaallene and 1,1-
dimethylethene, the reaction paths are quite complicated.
Four possible products are rationalized in the present
calculations.
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