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Abstract—In the random reaction environment, two Diels-Alder reactants collide arbitrarily at one-point or one bonding
location. These arbitrary collisions are simply evaluated using Hartree-Fock and density functional theory calculations. As
the collision distance becomes shorter and shorter, electron density is reorganized or transferred between the reactants. A
concerted transition state is then reached for the colliding complexes of the correct orientation. Concerted cycloadditions are
driven by the collision-induced electron reorganization and governed by the Coulombic law. Conjugation hindrances as a
controlling factor of regioselectivity are discussed using acrolein dimerization and the reaction between acrolein and 2,4-
pentadienal. The actual concerted mechanism should be represented by two concerted pairs of electron-donating and
accepting processes. When two ethylene molecules collide in the reality, the colliding complexes are confined to three energy
minima of two gauche and one anti conformations relative to one partial single bond. An assumed concerted 2+2 transition
state structure is located on a sharp ridge of the potential energy surface due to the fully eclipsed conformation. The stereo
effect of the eclipsed conformation prevents the formation of a concerted transition state for ethylene dimerization. The
secondarily important reason for the 2+2 step-wise mechanism is the difficulty of electron reorganization in a non-equivalent

manner upon a collision.

1. Introduction

In some Diels-Alder reactions and 1,3-dipolar
cycloadditions, one of the two new bonds is formed
preferentially between two negative centers, and the other
between two positive centers. This obfuscating natural
phenomenon has stimulated a long-lasting debate for the
last half century. A conceptual understanding of the
concerted mechanism has not been reached based on the
Coulombic law, the foundation of modern quantum
mechanics. Firestone has been arguing severely for the
mechanism of diradical intermediates'® and Dewar had
mechanistic conflicts in his mind.”'® The molecular orbital
interaction theories'"'? have been widely used for the
mechanistic explanations of concerted cycloadditions.

Another way to look at the reality of cycloadditions is to
take a closer look at the collisional modes between
reactants based on the fundamental Coulombic law.
Collisions between two linear molecules at one point in the
space (one bonding location) are much more frequent and
much stronger than simultaneously balanced collisions at
two points (or two bonding locations). The two extreme
consequences of the one-point-collision between two Diels-
Alder reaction partners are a zwitterionic and a diradical
intermediates. In these two cases, the step-wise electronic
and spin (magnetic) reorganization and electron flow are
initiated upon a one-point intermolecular collision. The

step-wise cycloadditions are driven by electronic and
magnetic interacting forces. The question is whether the
one-point intermolecular collisions can also induce a
concerted formation of two chemical bonds for a concerted
cycloaddition. In order to answer this question, I wish to
examine adiabatic thermodynamic states along different
collisional modes in the gas phase using the Hartree-Fock
theories (HFT) and density functional theories (DFT)""
under the Born-Oppenheimer approximation. The collisions
to be evaluated are arbitrary and unbalanced collisions, but
have the correct orientation for a concerted formation of
two new ¢ bonds. Two molecules come to close at one
bonding location initially (at the very early stage along a
reaction path), although the final transition state (T'S) may
be even synchronously concerted. These unbalanced
collisions are clearly different from those balanced ones
derived from the minimum energy path or internal reaction
coordinate theory.'® There are two reasons to examine the
unbalanced collisions. First, the computational results along
a minimum energy path provide no insight about how the
Coulombic law functions in a concerted cycloaddition
reaction. Secondly, the factors that can maintain an overall
minimum energy path are not clear in the randomly
collisional environment in the reality. If we assume a
synchronously concerted TS for a gas phase Diels-Alder
reaction, a synchronous state can only be approximately
achieved at one time point along a collisional path.
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When two molecules initially get close to each other at one
bonding location, a strong repulsion develops to slow down
the motion of the two molecules. The other two ends of the
molecules at the second bonding location move faster,
because of their momenta and because of relatively small
repulsion. The same bonding distance can be approximately
reached at the two bonding locations in the final TS for the
colliding complex of the right orientation. This classic
picture of molecular collisions must be examined, despite
Fukui’s claim that "it is difficult to imagine a simple
classical picture" due to the complex nonclassical
molecular motions.'® A strong, arbitrary and unbalanced
collision between two Diels-Alder reactants will efficiently
induce structural and electronic reorganization. A
simulation of this bimolecular collision process using RHF
and DFT may provide an insight about how the two
molecules behave in order to minimize the potential
energy.

2. Computational Methods

In the following calculations, a constraint r; will be applied
between the two atoms that make a collision at one bonding
location. The potential energy can be then minimized to
produce equilibrium geometries for variant constraint
values. Relative to the constraint r;, only one of the two
gauche conformers (two local energy minima) can make a
fruitful concerted reaction. The anti and the other gauche
conformers are not correctly orientated for a concerted
formation of two new bonds. When the distance constraint
r, is gradually reduced (every 0.01 A) for the gauche
conformer of the correct orientation, a large number of data
points can be generated. Accordingly, a large number of
partially optimized structures can be obtained. We need to
survey a large number of typical Diels-Alder reactions in
order to get a generalized picture of the mechanism.
Therefore, an intensive computational work is required. My
initial attempts of the partial geometry optimization were
unsuccessful at the hybrid B3LYP/6-31G* level using two
different commercial software packages because of
converge problems. I then chose the RHF/3-21G* method
in the Spartan progTam19 for the geometry optimizations
under the constraint conditions, and rarely had the converge
problems again. The most important aspect of this study is
to pay attention to the factors that have the logical influence
on the potential energy. Based on either the Schrodinger
equation or DFT, the electron density is a critical variable
factor that logically decides the overall potential energy
increase of a colliding system. This factor is especially
emphasized in the DFT, and will be, therefore, further
evaluated using hybridized computational method
B3LYP/6-31G* in the Titan program® after geometry
calculations at the RHF/3-21G* level. It is well known that
the structures optimized at these two different levels are
somewhat different, but the energies are very close because
the potential energy surface is very flat in the TS region.'’
The B3LYP/6-31G*//RHF/3-21G* calculations were

earlier demonstrated to successfully predict the major
isomers of a number of stereoselective Diels-Alder
reactions.”> *  The B3LYP/6-31G*/RHF/3-21G*
calculations should also be able to provide some valuable
data for the qualitative analysis of the electron
reorganization behavior along different collisional paths of
Diels-Alder reactions. Herein, I disclose the computational
results of two Diels-Alder reactions.”

This computational strategy automatically assumes that two
Diels-Alder reacting partners collide in "a silent state"
without any thermal motions. That is, the thermal motions
of the whole molecules have to be omitted to simplify the
model. A synchronously concerted TS is only possible as
the result of thermal motions in the reality, and will be
bypassed in the model, as discussed later in this paper.

3. Results and Discussion

The Mulliken charge distribution for the ground state
acrolein shown in 1 was calculated at the B3LYP/6-31G*
//RHF/3-21G* level. The acrolein dimerization in Scheme
1** produces the regio isomer 2 as the only observed
product. This phenomenon appears to violate the
Coulombic law, as one of the two new bonds is formed
between two electron-deficient centers and the other
between two electron-rich centers.”® There seems no
attracting force to drive a bond formation between either of
the compatible pairs of an electron-deficient center and an
electron-rich center. This reaction was evaluated in the
history using the Coulombic law-based Schrodinger
equation.m'28 Unfortunately, the Coulombic law has never
been interpreted for the regioselectivity after those
calculations.
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Scheme 1

The pure HF calculations without incorporation of electron
correlation could not reproduce the observed regio-
selectivity of this hetero Diels-Alder reaction. The fully
optimized TS structures 4 (R;..=1.890 A, R;,.~=2.467 A)
and 5 (Ry,0.=2.223 A, Ry o= 1.920 A)* corresponding to 2
and 3 at the B3LYP/6-31G* level have potential energy
increases of 15.3 and 19.5 kcal/mol, respectively. Zero-
point energy corrections are not included due to their tiny
net contributions. The success of this hybridized HF-DFT
method lies on the incorporation of electron correlation.
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How the participating electrons move and how the
Coulombic law functions in this reaction remain as
questions.

The four collision modes corresponding to structures 6a-d
should eventually lead to the approximate formation of the
two TS structures 4 and 5 in the actual unbalanced reaction
environment. Each of the collision modes 6a-d represents
the one of the lowest potential energy among its
corresponding dynamic conformers (endo/exo, dienophile-
s-cis/trans). Due to the converge problems mentioned
earlier, the partial geometry optimizations at the B3LYP/6-
31G* level were unsuccessful under the constraint
conditions, especially when the constraint is reduced to 2.0
A or smaller. The structures corresponding to the four
collision modes a-d were thus calculated at the RHF/3-
21G* level with a graduate reduction of the collision
distance r1.23 The resulting RHF/3-21G* structures were
used for the energy calculations at the B3LYP/6-31G*
level. The typical data from the calculations are
summarized in Table 1. The particular structures 6a-d were
obtained at r;=2.100 A.

3

The B-B' collision a is between the two electrophilic B-
carbon atoms. The potential energy increases moderately at
the early stage of collision when r; > 2.0 A, as compared to
b-d (Table 1). When the collision distance r; is reduced to
1.85 A, a contingency point is reached. At the contingency
point, a further reduction of the collision distance by 0.01
to 1.84 A, the second bond distance r, is dramatically
reduced from 2.66 A to 1.44 A, and the potential energy
drops by a sudden 254 kcal/mol at the B3LYP/6-
31G*//RHF/3-21G* level. If r; were not a constraint, a
concerted formation of two new single bonds could be
observed. The structure at the contingency point represents
the one of the highest potential energy at the 3-21G* basis
level along the collision path leading to the concerted
formation of the two new single bonds C-C and C-O. The
highest potential energy at the B3LYP/6-31G*//RHF/3-
21G* basis level is at r;=1.88 A. This discrepancy due to
the B3LYP/6-31G* energy on the RHF/3-21G* structure is
reasonable and should not affect some qualitative analysis
of electron reorganization behavior. This collision process
leads to the formation of 2 and has the lowest energy
barrier as compared to those of the other three collision
modes b-d.

In this B-B' collision, the two identical acrolein molecules
collide in a nearly symmetrical tail-to-tail fashion. The
electron reorganization during this collision path is very
interesting. The Mulliken charge distribution at the
B3LYP/6-31G*//RHF/3-21G* level is shown in 7a and 7b
corresponding to 1,=2.10 and 185 A% The two
electrophilic B positions have the strong tendency to
compete for electrons with the same amount of power. The
net result of the competition is the nearly equal electron
sharing between the two B positions. Relative to the ground
state acrolein 1, each B-CH, group has a total Mulliken
charge decrease of 0.024 and 0.023 (more negative) at
1=2.10 (7a) and 1.85 A (7b), respectively. Accordingly,
each o-CH group has a total charge increase of 0.055 and
0.074 (more positive), respectively. The o-position of
acrolein becomes electron-deficient when compared to its
ground state, and can undergo an eletrophilic attack. Each
carbonyl oxygen atom develops more negative charge, and
its ability of nucleophilic attack is actually enhanced. In the
actual reaction environment, the more synchronized TS 4
can be reached approximately. When the distance 1,
between O-of decreases, the balanced electron sharing
mentioned above between the two B-positions will be
affected. The electrons are forced to move in a circular
fashion as shown by 10a. The diene oxygen atom donates
while the a-carbon of dienophile accepts electron density,
forming a ring current with a defined direction. The driving
force for the formation of the regio isomer 2 is the
Coulombic law-based electron reorganization. The actual
mechanism should be described by two concerted pairs of
electron-donating and accepting processes.
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Table 1. Collision modes, r; andr, values (A), and relative potential energies (kcal/mol, without zero-point
energy corrections) for the unbalanced collisions of acrolein dimerization.
The r; values for the O-f' collision (d) are corresponding to the product 11a.
Mode r Energy 1, Energy 1, Energy  Contingency  Contingency  Energy  Product
(r=2.10) (r;=1.90) (r;=1.85) point r;  point I
B-p’a 2.956 13.40 2.728 16.26 2.616 16.11 1.850 2.616 16.11 2
0-o,b 4.361 13.38 3.649 24.86 3.460 27.45 1.730 2.904 33.72 2
B-o, ¢ 2.670 21.19 - - - - 2.050 2.503 22.54 3
0§, d 2.899 9.32 2.639 1643 2.500 17.81 1.830 2.380 18.11 11a
<0.440 0.451
|9*.203 02%30.1 15 0.204 O'2114301 18 0.112H -0635
0172 \=40.083 0.170\==40073
{53 Ho.148 H7,70340% 4 457
0472H /r=2.10A 0170H /=185A
0.343 0-0.440 342 0-0.450
0,203H>§\_< 0.205H
-0.083 0.228 -0.071 0.214
(%_.'148 |5*.115 5..|158 I(-)i,ns
7a 7b

(r S ©)
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o

10a 10b 10c

The O-o collision mode b is between the diene oxygen and
the o-carbon of the dienophile. The Mulliken charge
distribution corresponding to 6b (r;=2.100 A) is shown in
8. The potential energy increase is smaller than that of the
B-B' collision in the early collision stage (r, > 2.1 A, Table
1). This could be partially caused by a steric effect due to
the two hydrogen atoms on the PB-carbon but nothing on
oxygen. The increase is then sharply faster with a further
progress of the collision. The final potential energy at the
contingency point at r;=1.73 A is 33.7 kcal/mole, higher
than that of the B-f' collision. The diene loses and the
dienophile gains electron density via the O-o/ interaction.
The net charge transfer from the diene to the dienophile at
r=2.10 A is 0.041 as shown in 8. The electron density is so
distributed that the B' —CH, group of the dienophile
becomes electron-rich with a total charge density of -0.032,
while the electron density of the o position is reduced. The
B' carbon clearly evolves the ability of nucleophilic attack
in the collision course. In the actual reaction environment,
the same TS 4 can be reached approximately via this O-o!
collision. The electrons can flow in the same manner as
depicted in 10a.

The -o collision ¢ is between the electrophilic B-carbon
of the diene and the o-carbon of the dienophile. This
collision has a dramatically higher potential energy

increase than the B-B' collision a at r;=2.10 A (Table 1).
The collision center (a’-position) of the dienophilic
acrolein in 6¢ is located in the middle of the two conjugated
n-bonds. The continuing ®-bond conjugation of dienophile
in 6c¢ is interrupted by the intrusion of the diene. In the
other words, 6c can be seen as to have a branched
intermolecular conjugation system. In contrast, the w-bond
conjugation in 6a is linear in a tail-to-tail fashion, and is
more favorably extended intermolecularly through an equal
sharing of electrons between the two molecules. Such an
effect leading to the potential energy difference between 6a
and 6c may be seen as a result of conjugation hindrance in
6¢. The electron density on the a-carbon of the ground state
dienophile is held tightly by the carbonyl group due to its
polarization effect, and an electrophilic invasion will not be
easy here. The net charge transfer is 0.044 from the
dienophile to the diene via the B-o’ interaction as shown in
9, but the high energetic price must be paid. In the actual
reaction environment, the collision 6¢ would lead to a faster
closure of the second new bond O-B', so that a TS 5 can be
approximately reached. The oxygen-carbon interaction is
much weaker electronically than the carbon-carbon
interaction as will be discussed later. The closure of the
second new bond O-B' provides a very limited release of
the sharp confrontation caused by the B-of collision.
Therefore, the total potential energy increase of 5 is higher
than that of 4. The reaction mechanism can only be
expressed by the electron-donating and accepting
relationship as shown in 10b.

The O-B' collision mode d has the lowest potential energy
compared to a-c at r,;=2.10 A (Table 1). This might reflect
the effect of the attraction between the positive §’-CH;
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