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Density functional (B3LYP) calculations, using the 6-31G** basis set, have been employed to study
the title reactions. For the model reaction (H,C=C—NH"=CH, + H,C=CH,), a complex has been
formed with 6.2 kcal/mol of stabilization energy and the transition state is 4.0 kcal/mol above this
complex, but 2.1 kcal/mol below the reactants. However, the substituent effects are quite remarkable.
When ethene is substituted by electron-withdrawing group CN, the reaction could also yield six-
membered-ring products, but the energy barriers are all more than 7 kcal/mol, which shows that
CN group unfavors the reaction. The other substituents, such as CHz;O and CH3; groups, have also
been considered in the present work, and the results show that they are favorable for the formation
of six-membered-ring adducts. The calculated results have been rationalized with frontier orbital

interaction and topological analysis.

Introduction

The Diels—Alder reaction is the most general method
employed for the synthesis of six-membered rings.* The
hetero [4+2] reaction is also becoming a very useful
method for the preparation of six-membered-ring hetero-
cycles.? Polar cycloadditions,?? i.e., those in which ionic
reactions such as even-electron negatively (M~) and
positively charged (M*) species are employed, are used
with success in many synthetic strategies in solution
chemistry. Odd-electron cations (M*) generated in solu-
tion participate in “hole” catalyzed polar cycloaddition
reactions,* which often display extremely low activation
barriers.*

Neutral azabutadienes and analogues, often under acid
catalysis, or cationic azabutadienes react promptly in
solution with several dienophiles by [4+2] or polar [41+2]
Diels—Alder cycloadditions, respectively, and these reac-
tions have been used as key steps in important routes to
heterocyclic systems.?~®

Although there are many reports on theoretical studies
of the Diels—Alder cycloaddition reaction, the hetero-
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Diels—Alder reactions have been by far less studied from
a theoretical point of view. However, there is an increase
in the number of ab initio studies of several types of
hetero-Diels—Alder reactions,® which confines the neutral—
neutral cycloaddition reactions.

The N-protonated form of 2-aza-1,3-butadiene, as a
cation, is easily accessible and kinetically and thermo-
dynamically stable in the gas phase. Experimentally the
cycloadditions of the 2-aza-1,3-butadiene cation to ethene
and its analogues already have been studied,” but
theoretical studies, to our knowledge, still remain in-
complete. Therefore, we have employed a model reaction
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(H,C="NH-CH=CH, + CH,=CH,) to investigate the
mechanism with use of density functional theory (DFT).
Moreover, substitutent effects on the carbon in olefin are
also investigated for comparison. The reactions consid-
ered are shown in Chart 1.

This work is one part of our research program de-
voted to the study of the cycloaddition reactions of
some comulene cations, including keteniminium® and
azonniaallene?® cations.

Methods of Calculations

Density functional calculations are carried out for [47+2]
cycloaddition reactions between the 2-aza-1,3-butadiene cation
(1) and olefins. All calculations included in this work have been
performed with the Gaussian98 program package.’® The
geometries of reactants, products, complexes, intermediates,
and transition states have been fully optimized. All the
geometric parameters of the possible stationary points have
been located at the B3LYP/6-31G** level and characterized
by the number of imaginary frequencies. The B3LYP method
has been confirmed to be good at describing the structures and
energetics for pericyclic reactions.'* For most of the reaction
paths, the Intrinsic Reaction Coordinate (IRC)'? has been
traced to confirm the TS connecting with the corresponding
two minima. The solvent effect has been performed for the
model reaction with use of the PCM method*® and CH,Cl, as
solvent (dielectric constant ¢ = 8.93) at a temperature of 298
K, and geometric parameters have been optimized at the
B3LYP-SCRF/6-31G** level; however, for other reactions, only
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single-point SCRF calculations have been performed with
B3LYP/6-31G** geometries. The relative energies of all sta-
tionary points are corrected with a 0.95 scaling factor of zero-
point vibrational energies.

Bader's theory of AIM* has also been used to study the
bonding character and charge distribution for some stationary
points in our studied reactions. Topological analysis locates
bond critical points (BCPs). It is very suitable for studying the
properties of the weak bonds, such as hydrogen bonds, and
also to see whether cyclization has occurred. The topological
properties of the electron density distribution of a molecule
are based on the gradient vector field of the electron density
Vp(r), and on the Laplacian of the electron density V2p(r),
where r is the positional vector of an electron in three-
dimensional space. Several excellent reviews have been pub-
lished!>6 on this project.

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

Results and Discussion

The Model Reaction: H,C=NH'—CH=CH, +
CH,=CH,. The geometries of reactants (1 and 2a),
complex (COM1la), transition state (TS1a), and product
(3a) are optimized at the B3LYP/6-31G** level and all
the stationary points are characterized by vibrational
frequencies. The atomic numbering systems of the above
stationary points are shown in Scheme 1.

A weak complex COM1a is formed when 1 approaches
2a, in which the C4-C5, C1-C6, and C4—C6 bond
distances are 2.90, 3.87, and 2.97 A, respectively. From
the geometric parameters of TS1a, one can realize that
the C4—C5 and C1—C6 bond distances are 2.17 and 2.84
A, respectively, which shows that the reaction proceeds
in an asynchronous way. The bond lengths of C1-C2 and
N3—C4 are 0.02 and 0.03 A longer than those in COM1a,
respectively, but the bond length of N3—C2 is 0.04 A
shorter than that in COM1a, which is on the right way
of the reaction path. Vibrational analysis and IRC
calculation confirm that TS1a connects COM1a and six-
membered-ring product 3a, which indicates that the
model reaction is concerted but asynchronous. To check
the possibility of diradical character of TS1a, a single-
point CAS(6,6)/6-31G** calculation, based on the B3LYP/
6-31G** geometry, has been performed. The configura-
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FIGURE 1. The schematic potential energy surface for the
mechanism of the reaction 1 + 2a.

tion coefficient of the ground state is 0.96 and all others
are less than 0.15, which shows that TS1a is of some
zwitterion but not of diradical character. In fact, the
singlet open-shell UB3LYP/6-31G** calculation shows
the same result with closed-shell B3LYP/6-31G**.

The schematic potential energy surface for the model
reaction is shown in Figure 1, from which one can see
that the stationary points along this reaction scheme are
well below the reactant’s asymptote due to the formation
of COM1la (with a stabilization energy of 6.2 kcal/mol).
Transition state TS1a is only about 4.0 kcal/mol above
COMl1a, but 2.1 kcal/mol below the reactants. If the basis
set superposition error (BSSE) correction, at the B3LYP/
6-31G** level, is considered, the stabilization energy of
COM1la becomes 5 kcal/mol, while the energy of TSla
is about 2 kcal/mol higher than the original energy.
Product 3a is of a stable structure with a binding energy
of 57.7 kcal/mol. The single-point energy correction, at
the level of CCSD(T)/6-31G**//B3LYP/6-31G**, does not
change the relative energy very much, for example, the
difference for 3a is only 1.6 kcal/mol, but that for TS1a
is slightly larger (about 4 kcal/mol), therefore, B3LYP/
6-31G** gives a promising result. In general, hetero-
[4+2] reactions are more easily accessible when they are
catalyzed with Lewis acid or H*. As reported in ref 6b,
the energy barrier of the model reaction is only 1.4 kcal/
mol at the MP2/6-31G*//HF/3-21G level, which is quite
close to our present result. Our best estimation for TS1a
(the highest one) is only 2.44 kcal/mol (with ZPE correc-
tion) over 1 + 2a at CCSD(T)/6-31G**//B3LYP/6-31G**,
i.e., the reaction should take place; however, Augusti et
al.” did not observe the reaction between the 2-aza-1,3-
butadiene cation and ethene. Therefore, more work needs
to be done.

Analysis of the frontier orbital interaction (from the
calculation of B3LYP/6-31G**) shows that the main
interaction should be between LUMO of 1 and HOMO of
ethene. As shown in Chart 2, the lobes of LUMO of 1 are
mainly the C4—N3 antibonding orbital and the lobe of
C4 is especially large, therefore, P—x interaction is
involved in the formation of COM1a. Topological analy-
sis, shown in Figure 2, indicates that there are two
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interactions between two portions of reactants in COMl1a,
i.e., P—x interaction and C—H---C interaction, the latter
of which is very weak. The interaction between the lobe
of the P orbital in C, and the & orbital of ethene leads to
the bond path between C, and Cs in COM1a approaching
the middle of C5s—Cg first and then Cs last. The almost
superposition between the bond critical and ring critical
points indicates a very weak interaction of C—H---C.
Mulliken population and Bader's AIM analysis show that
there are 0.14 and 0.13 e transferred from a portion of
2a to 1, respectively, which leads to the stability of
COM1la. TSla is a ring system and the interactions for
C4—C5 and C,;—Cg are quite weak (the electron densities
for those two bonds are 0.057 and 0.016, respectively).
Because the C, in isolated 1 has more positive charge,
therefore it could accept the electron from ethene and
disperse the overplus positive charge in 1. Mulliken
population (B3LYP/6-31G**) shows that the 1 and 2a
portions in TS1la have 0.73 and 0.27 e positive charges,
respectively, while Bader net charges for the 1 and 2a
portions are 0.74 and 0.26 e, which makes it more stable
than the reactants.

We have also considered the solvent effect with CH,CI,
as solvent. The geometric parameters obtained for the
possible stationary points are similar to those in the gas
phase, but COM1a becomes only 1.7 kcal/mol below the
reactants, 4.4 kcal/mol less stable than in the gas phase
(see Figure 1). Meanwhile, TS1a is about 1.4 kcal/mol
above the reactants, which is also slightly different than
in gas phase.

Substituent Effect on Ethene with the Electron-
Withdrawing Group CN. In this porting of the study,
we tried to investigate the substituent effect on the
carbon atom in ethene with the electron-withdrawing
group CN (see Scheme 2), i.e., the reaction of 1 with
acrylonitrile 2b. Here we have considered four possibili-
ties: (a) the carbon with the CN group in the olefin
attacking C4 in 1 (exo and endo forms)and (b) the carbon
with the CN group in the olefin attacking C1 in 1 (exo
and endo isomers). The geometric parameters of the
corresponding transition states (TS1b-1,TS1b-2,TS1b-
3, and TS1b-4) and adducts (3b-1, 3b-2, 3b-3, and 3b-4)
have been optimized with B3LYP/6-31G**, with the
numbering systems given in Scheme 2.

From the geometric parameters for these transition
states, one can realize that they are similar to those of
TS1a, with two bonds being formed asynchronously and
the carbon site (C4) adjacent to the N atom being easier
to attack. The C4—C5 distances in TS1b-1 and TS1b-2
are 2.04 and 2.24 A, 0.9 and 0.2 A shorter than the
corresponding values of C1—C6, and similar to the re-
sults for 2-azabutadiene and acrylonitrile (but more
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FIGURE 2. The molecular graphs and Laplacian distribution of some stationary points. In these figures, dashed lines denote
positive values of V?p, and solid lines stand for negative values of V2pp. 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
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asynchronous).®® TS1b-1 and TS1b-2 are exo structures
with different attacking sites, while TS1b-3 and TS1b-4
are endo structures. As shown in Figure 2, the cyclo-
addition products from 3b-1 to 3b-4 are stable for their
relative energies are about 44 kcal/mol below the reac-
tants 1 + 2b. The different product isomers have quite
similar stabilities (the biggest energy difference is only
2 kcal/mol), and TS1b-1 and TS1b-3 are about 2 kcal/
mol more stable than the respective TS1b-2 and TS1b-
4. Therefore, the reactions could proceed in attacking
both C6 and C5 sites, but the former is 2—3 kcal/mol more

favorable than the latter, so the reaction is of some
regioselectivity. Among these TSs, exo TS1b-1 is the most
stable form with an energy 0.4 kcal/mol lower than endo
TS1b-3, but endo TS1b-4 has an energy about 1 kcal/
mol lower than exo TS1b-2, therefore, we cannot predict
the endo—exo stereoselectivity. The BSSE corrections for
TS1b-1, TS1b-2, TS1b-3, and TS1b-4 are calculated to
be 1.8, 2.0, 1.9, and 2.1 kcal/mol, respectively. HF/6-
31G** gives a much higher energy barrier (27—29 kcal/
mol) and the AM1 method provides a 11-16 kcal/mol
energy barrier, while CCSD(T)/6-31G**//B3LYP/6-31G**
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calculations indicate that these four transition states are
much closer in energy than B3LYP/6-31G** calculations
(about 9—11 kcal/mol). As we know, there is no stereo-
chemical information about the [41+2] reactions of the
2-aza-butadiene cation with olefins. Anyway, these tran-
sition states are 7 kcal/mol in energy above the reactants,
namely, less favorable than the model reaction, which is
in good agreement with chemical intuition and frontier
orbital interaction.

Substituent Effect on Ethene with the Electron-
Releasing Groups OCHj; and CHjs. In this portion of
the study, we chose two different substituent groups,
such as methoxyl and methyl groups, and the corre-
sponding reactions are denoted as 1 + 2c and 1 + 2d
reactions. We have tried all possible reaction schemes to
form the six-membered products, but for the reaction 1
+ 2c, we could only locate the stationary points for the
methoxyl group on Cs, and exo one which is more
favorable as reported here. As for the 1 + 2d reaction,
four reaction paths could be located, but the most
favorable one is reported here. The numbering systems
of the stationary points for reactions 1 + 2c and 1 + 2d
are given in Schemes 3 and 4, respectively.
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FIGURE 3. The schematic description of the potential energy
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of ZPE).
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FIGURE 4. The schematic potential energy surface for the
mechanism of the reaction 1 + 2c (with a 0.95 ZPE correction).

Methoxylethene (2c, CH,=CHOCH;) is a rich m sys-
tem, which is easier to react with electron-deficient 1.
The methoxyl group is such a strongly electron-donating
group that when 2c approaches 1, an intermediate
(INT1c) is formed without climbing up any energy
barrier. INT1c is a nearly trans structure, with the bond
length of C4—C5 being 1.63 A and the dihedral angle of
N3—-C4—-C5—-C6 being —175°, i.e., one bond is almost
formed. We tried to locate the transition state between
INT1c and 1 + 2c, but it always failed. Such a situation
has been confirmed in other reaction systems, such as
CIHC=N"™=CHCI + (CH3)2C=CH29a and H2C=N+=NH
+ (CH3),C=CH,.®* The formation of the cycloaddition
product 3c is via a transition state (TS1c), which is a
rotation transition state along the C4—C5 bond. The
torsional angle N3—C4—C5—C6 in TS1c becomes —133°,
and our IRC calculation predicts that the second bond is
mainly formed after TS1c. The energy potential surface
is depicted in Figure 4, from which one can see that this
reaction is exothermic and all of the stationary points
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FIGURE 5. The schematic potential energy surface for the
reaction 1 + 2d (with a 0.95 ZPE correction).

are well bellow the reactant’s asymptote; therefore, the
reaction should proceed in very low temperature.

For the 1 + 2d reaction, we have found a complex
COM1d first when propene (2d) approaches the reactant
of the 2-aza-1,3-butadiene cation (1). Because the electron-
donating effect of the methyl group is not as strong as
that of the methoxyl group, the present reaction scheme
is different from the reaction of 1 + 2c, but the same as
the model reaction. The bond lengths of C4—C5, C4—C6,
and C1—C6 in this complex are 2.63, 2.96, and 3.78 A,
respectively, but the positive charge in 1 is par-
tially transferred to the fragment of the olefin (+0.20 e),
which leads to about 8.4 kcal/mol stabilization energy of
COM1d over the reactants. Only TS1d has been located
between COM1d and 3d, which is 1.8 kcal/mol in energy
over COM1d, but 6.7 kcal/mol below the reactants.
Comparing with the model reaction, COM1d and TS1d
are about 2 and 4 kcal/mol stable than COM1a and
TS1d, respectively, and thus the methyl group favors the
reaction. The bond lengths of C4—C5 and C1-C6 in TS1d
are calculated to be 2.10 and 3.22 A, respectively, at
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the B3LYP/6-31G** level, which is close to COM1d, and
thus is a low energy barrier. Our IRC calculations verify
that TS1d connects COM1d and 3d, so the potential
energy surface of this reaction can be depicted as in
Figure 5.

Summary

In the gas phase, the reaction of the 2-aza-1,3-buta-
diene cation (1) with ethene takes place with one com-
plex and one transition state, where all the stationary
points are well below the reactants. In the CH,ClI,
solution, the basic reaction scheme is the same as that
in the gas phase. The calculations at the CCSD(T)/6-
31G**//B3LYP/6-31G** level show that the higher cor-
relation effect is not crucial for the present system.

When the electron-withdrawing group (such as CN) is
on the olefin (e.g. acrylonitrile), the reaction seems to
proceed with more difficulty than the model reaction
because 1 is a electron-deficient system and the m electron
in acrylonitrile is not rich.

Electron-donating groups favor the reaction. The reac-
tion of methoxyethene (2c) with 1 yields a stable inter-
mediate directly and then a rotation transition state
connects the intermediate and final product with an
energy barrier of only 2.2 kcal/mol. However, the reaction
of propene with 1 is similar to the model reaction, but
with more stable COM1d and TS1d, and thus a low
energy barrier.
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