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Main intra- and interatomic interactions at the non-polar TSsyn

Abstract: An energy decomposition analysis namely the Relative Interacting
Atomic Energy (RIAE) was recently introduced within the Molecular
Electron Density Theory. This energy decomposition analysis
enables the study of the electronic intra- and interatomic
interactions responsible for the activation energies of the organic
reactions. Herein, a RIAE analysis of the unfavorable non-polar
Diels-Alder reaction of butadiene with ethylene is carried out in
order to determine the electronic factors responsible for its high
activation energy. How the RIAE analysis is performed in the study
of chemical organic reactions is explained.
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Introduction

The two fundamental questions in organic chemistry are why and how the organic
reactions take place. The development of quantum chemical tools such as Atom-in-Molecules
[1,2] (AIM) and the Electron Localization Function [3] (ELF) at the end of the past century
able to perform a topological analysis of the molecular electron density obtained by using the
Kohn-Sham [4] (KS) formalism within the Density Functional Theory [5] (DFT) allowed to
answer the question of how organic reactions take place. The implementation of the Bonding
Evolution Theory [6] (BET) in 1997 allowed the establishment of the molecular mechanism of
the more relevant organic reactions, but the question of why the reactions took place remained
unresolved.

Several energy decomposition analyses based on the Morokuma-based energy
decomposition scheme [7,8], such as the activation strain model [9] (ASM) and the
distortion/interaction energy model [10,11] (DIEM) were proposed to resolve this relevant
question.

After twenty years devoted to the theoretical study of organic chemical reactivity,
Domingo proposed the Molecular Electron Density Theory [12] (MEDT) in 2016 to study
chemical organic reactivity. This theory states that the energy cost associated with the
reorganization of the molecular electron density along a reaction path determines the chemical
reactivity. Consequently, the changes in electron density along the reaction paths, rather than
molecular orbital (MO) interactions, as proposed by the Frontier Molecular Orbital (FMO) theory
[13], should be investigated to better understand the chemical organic reactivity. Accordingly,
MEDT rejects any outdated model based on the Morokuma-based energy decomposition
schemes such as ASM [14,15] and DIEM [16,17] as they rely on MO components. MEDT has
been extensively applied in recent years to investigate a wide range of organic reactions.

Very recently, an energy decomposition analysis based on the Interacting Quantum
Atoms [18] (IQA), namely the Relative Interacting Atomic Energy [19] (RIAE), was introduced
within MEDT. RIAE enables the analysis of electronic atomic interactions responsible for the
activation energies of organic reactions, on which MEDT is founded [12]. The RIAE analysis
has proved to be a powerful tool in the study of the intra-atomic and interatomic interactions
responsible for the activation energies of organic reactions such as Diels-Alder (DA) reactions
[20,21], [3+2] cycloaddition reactions [22], Alder-ene reactions [23] and more recently
nucleophilic substitution reactions [24,25].

Herein, a RIAE analysis of the unfavorable DA reaction of butadiene 1 with ethylene 2

yielding cyclohexene 3 [26], which was proposed as the prototype of DA reactions, is
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performed (see Scheme 1) [27,28,29]. How the RIAE analysis is carried out in organic reactions
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is herein presented.

Scheme 1. DA reaction between butadiene 1 with ethylene 2.

Results and discussion

The present MEDT study has been divided in three sections: i) in section I the
theoretical background of the RIAE analysis is presented; ii) in section II, how the RIAE
analysis for the DA reaction between s-cis butadiene 1 with ethylene 2 is computationally
performed, is discussed; and finally, iii) the RIAE analysis of the electronic factors responsible
for the high activation energy associated with this DA reaction is completed.

I) Theoretical background of the RIAE Analysis
IQA [18], which is based on AIM [1,2], allows the partitioning of the total calculated
KS energies [4] energies into the intra- and interatomic energy components. IQA divides the

é%u total energies into two main energy contributions (see equation 1): the Ef,,, intra-

atomic energies associated with the kinetic energies and electronic interactions of all particles
inside each atom A, i.e. the nuclei and electrons (see equation 2), and the EZZ,, interatomic
energies associated with the interatomic electronic interactions of the particles of the atom A
with the particles of atom B. The EfiZ,. interatomic energies are obtained by the sum of four
electrostatic terms: the V48 and V8 associated with nuclei-electron interactions, the 1,48
associated with the electron-electron interactions, and the VAE associated with nuclei-nuclei
interactions (see equation 3). While the V42 and V,4E are negative and favorable, the V4% and

VA8 are positive and unfavorable.

tlggll ZEmtra + ZEmter (1)
Efpira = T(A) + Vi + Vi (2)
Efnter = VaWie® + YaVer® + YaVie® + iyl (3)

Thanks to the additivity of the topological atoms [30], an interacting quantum fragment

(IQF) approach was recently introduced [31]. This allows the IQA energies to be grouped into
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convenient frameworks in which the system is divided. This permits for a more meaningful
chemical analysis of the interactions of the atoms belonging to the frameworks. In this sense,
for the RIAE analysis [19], the atoms belonging to the transition state structure (TS) of the
selected DA reaction are regrouped into two interacting frameworks f(X), related to the s-cis
butadiene 1, framework A, and the ethylene 2, framework B [19].

By default, the sum of all IQA intra-atomic and interatomic energies belonging to the
considered frameworks f(X) (where X represents either the A and B frameworks) at the TS,
and those of the corresponding reagents at the ground states (GS), i.e. s-c¢is butadiene 1, and
ethylene 2, is computed. The RIAEs, i.e., the relative ¢EZ ,,, intra-atomic, £EY .., interatomic
and ¢EX, ., total energies, are obtained using equations 4-6. The symbol & denotes the IQA
energy differences between those of the two-interacting frameworks at the TS, f(A) and f(B),

and those at the GS of the reagents.

_ X)[Ts X[GS
éEL?r{ltra = in}:‘Ltra[ I inn[tra] (4)
_ COITS X[GS
EaEi)flter_ in};lter[ - inn[ter] (5)
‘C:ng)tal = &Ei)gltra + ‘C:Ei)r(Lter (6)

This RIAE analysis provides a measure of how much the two interacting frameworks
F(X) are destabilized (resulting in positive relative energies) or stabilized (resulting in negative
relative energies) when going from the GS to the TS. The sum of the ¢EX,,, energies of the
two interacting frameworks, £EAYE, provides the RIAE activation energy of the DA reaction

obtained through the present energy decomposition analysis [19,20].

IT) Performing computationally the RIAE analysis of the DA reaction of s-c¢is butadiene
1 with ethylene 2

To perform the RIAE analysis, the potential energy surface of the DA reaction of s-

trans butadiene 1 with ethylene 2 was firstly explored at the B3LYP/6-311G(d,p) level in gas
phase. Butadiene 1 can be found in two conformations, the s-trans and the s-cis. The DA
reaction between s-¢is butadiene 1 and ethylene 2 takes place through a non-concerted one-
step mechanism via the synchronous TSsyn (see Scheme 2) [32]. The B3LYP/6-311G(d,p)
total and relative energies are given in Table 1 while the optimized geometry of TSsyn is

shown in Figure 1.
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Scheme 2. DA reaction between s-cis butadiene 1 with ethylene 2 via TSsyn.

The s-trans conformation of butadiene 1 is 3.51 kcal'mol more stable than the s-cis.
The activation energy associated to this DA reaction is 24.74 kcal'mol™, the reaction being
strongly exothermic by 37.0 kcal'mol!. From the s-cis butadiene 1, the activation energy
associated with the formation of TSsyn is 21.2 kcal'mol. The B3LYP/6-311G(d,p) computed

activation energy is 2.8 kcal'mol* below the experimental value, 27.5 kcal'mol™.

Table 1. B3LYP/6-311G(d,p) total, E in a.u., and relative, AE in kcal'mol?, energies of the stationary
points involved in the DA reaction of s-frans butadiene 1 with ethylene 2.

E AE
s-trans butadiene 1  -156.038505
s-cis butadiene 1 -156.032905 3.51
ethylene 2 -78.613979
TSsyn -234.613061 24.74
3 -234.711500 -37.03

The optimized geometry of TSsyn shown in Figure 1 corresponds with a synchronous
TS in which the electron density changes take place symmetrically. The distances between the
two pairs of interacting Ci and Cj carbons are 2.249 A. Considering that the formation of the
C-C single bonds begins in the range 2.0 - 1.9 A [33], these distances indicate that the
formation of the new C-C single bond has not yet begun at TSsyn. On the other hand, the
global electron density transfer [33] (GEDT) computed at this TSs, 0.00 e, characterizes the
non-polar character of this DA reaction, being classified as a null electron density flux [34]
(NEDF) reaction. This behavior accounts for the high activation energy associated with this
non-polar DA reaction [35], which does not easily take place experimentally; see the reaction

conditions in Scheme 1.
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Fig. 1. B3LYP/6-311G(d,p) optimized geometry of TSsyn together with the atom numbering. The C-C
distances between the two pairs of interacting atoms are given in Angstroms.
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Finally, the AIM and ELF topological analyses of the electron density at TSsyn were
performed. Figure 2 shows the 3D map of the electron density of this TS, the contour line
maps of the Laplacian V2p(r), and the ELF valence basins. AIM and ELF topological analysis of
the electron density of TSsyn indicate that the formation of the new C-C single bonds has not
yet begun at this TS. Thus, AIM shows the presence of two critical points (CPs) characterized
by a low density, » = 0.0509, and a positive Laplacian, V2p(r) = 0.0439, while ELF indicates
the absence of any new V(Ci,Cj) disynaptic basin between the interacting Ci and Cj carbons,

associated with the new Ci-Cj single bonds created along this DA reaction.

(a) (b) (c)

Fig. 2. Representations of (a) the map of the electron density of TSsyn with a surface isovalue of the

electron density of 0.05; (b) the contour line maps of the Laplacian V2p(r) of the electron density at
TSsyn. The critical points CPs and the bond paths are marked in red; and (c) ELF valence basins.

Finally, the 3D map of the electron density of TSsyn shown in Figure 2 allows obtaining
two appealing conclusions in agreement with the previous ELF and AIM analyses: i) the
electron density of the frameworks A and B are not in contact at TSsyn; and ii) the electron
density distribution at the four interacting carbons is not spherical. This behavior shows the
structural changes of the four interacting carbons from a trigonal planar geometry at butadiene

1 and ethylene 2 at the GS to a tetrahedral one at cyclohexene 3.

Once electronic structure of TSsyn was completely characterized, the IQA calculations
for s-cis butadiene 1, ethylene 2 and TSsyn were carried out. The information required to
perform the RIAE analysis is found in the 'name.sum’ files provided by AIMALL program [36].
These files contain all information about the IQA analysis. The main information required in
the RIAE analysis are:

i) The intra-atomic interactions given in equation 2 which can be found in the section Viria/-

Based Intraatomic and Interatomic Energy Contributions. For ethylene 2 they are:
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Atom A E_Intra(A) E_Inter(A) Ee_Intra(A) Ee_Inter(A)
C1 -3.7650172838E+01 -3.7650172838E+01 -2.3793643300E-01
C2 -3.7650197933E+01 -3.7650197933E+01 -2.3789070900E-01
H3 -4.6037679744E-01 -4.6037679744E-01 -1.5160129371E-01
H4 -4.6037596204E-01 -4.6037596204E-01 -1.5160155097E-01
H5 -4.6037539378E-01 -4.6037539378E-01 -1.5160197822E-01
H6 -4.6037642490E-01 -4.6037642490E-01 -1.5160149820E-01
Total -7.7141875349E+01 -7.7141875349E+01 -1.0822334631E+00

ii) The interatomic interactions given in equation 3 which can be found in the section QA

Atomic contributions to Interatomic ("Interaction”) Energy. For ethylene 2 they are:

Atom IQA_Inter(A) Vne(A,A")/2 Ven(A,A")/2 Vee(AA")/2 Vnn(A)
C1 -4.8073974178E-01  -1.0980371756E+01 -1.1272058831E+01  1.0164871477E+01 1.1606819367E+01
c2 -4.8074692023E-01  -1.0980309843E+01 -1.1272154771E+01  1.0164898327E+01 1.1606819367E+01
H3 -1.2765219106E-01  -2.4742958775E+00 -2.3284134912E+00  2.1234038095E+00 2.5516533682E+00
H4 -1.2765215076E-01  -2.4742974355E+00 -2.3284031869E+00  2.1233951035E+00 2.5516533682E+00
H5 -1.2765244293E-01  -2.4742980488E+00 -2.3283990615E+00  2.1233912992E+00 2.5516533682E+00
H6 -1.2765227049E-01  -2.4742965014E+00 -2.3284093422E+00  2.1234002049E+00 2.5516533682E+00

Total  -1.4720957172E+00  -3.1857869462E+01 -3.1857838684E+01  2.8823360221E+01 3.3420252207E+01

iii) Finally, other relevant information is found in the section IQA Diatomic "Interaction” Energy

Components, which provides an energy decomposition analysis of all the A-B interatomic

interactions (see equation 3). This section can be very long; the data for TSsyn are given in

Appendix 1.

AtXm Atgm E_IQA_Inter(A,B) Vne(A,B) Ven(A,B) Vee(A B) Vnn(A,B)

C2  Cl  -4.5/45607198E-01 -1.3927261846E+01 -1.3927377982E+01 1.3044669223E+01  1.4352514533E+01
H3  Cl  -5.6367152632E-03 -1.4936531220E400 -1.4216035891E-+00 1.4053246397E+00  1.5042953570E-+00
H3 2  -2.4642024482E-01 -2.8147813464E+00 -2.5950777598E+00 2.2371721182E+00  2.9262667432E+00
Hé  C1  -2.4641298486E-01 -2.8147605776E+00 -2.5950672786E+00 2.2371481280E+00  2.9262667432E-+00
H4 C2  -5.6365482638E-03 -1.4936693584E400 -1.4215964465E+00 1.4053338997E+00  1.5042953570E-+00
H4  H3  -2.4018048938E-04 -2.0675854762E-01  -2.0675748084E-01 1.9897870019E-01  2.1429713878E-01
H5  Cl  -5.6376280092E-03 -1.4936628247E+00 -1.4215925257E+00 1.4053223645E+00  1.5042953570E-+00
H5 €2 -2.4642611428E-01 -2.8147988186E+00 -2.5950640832E+00 2.2371700444E+00  2.9262667432E-+00
H5  H3  -2.3440009352E-03 -2.6939618986E-01  -2.6939400466E-01 2.4966406258E-01  2.8678303102E-01
H5  H4  -6.4079882744E-04 -1.6399012597E-01  -1.6398978096E-01 1.5566564164E-01  1.7166446646E-01
H6  Cl  -2.4642483020E-01 -2.8147792830E400 -2.5950745118E+00 2.2371622214E+00  2.9262667432E-+00
H6  C2  -5.6396593468E-03 -1.4936820305E400 -1.4215996601E-+00 1.4053466743E+00  1.5042953570E-+00
H6  H3  -6.4987033610E-04 -1.6300088529E-01  -1.6300054215E-01 1.5566700065E-01  1.7166446646E-01
H6  H4 -2.3438461232E-03 -2.6939503136E-01  -2.6930607854E-01 2.4966423276E-01  2.8678303102E-01
H6  H5  -2.4026749502E-04 -2.0675681796E-01  -2.0675788060E-01 1.9897729231E-01  2.1429713878E-01

The intra- and interatomic interactions of the atoms belonging to ethylene 2 demanded

for the RIAE analysis are summarized in Table 2.
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Table 2. Intra- and interatomic interactions, in a.u., of the atoms belonging to ethylene 2.

Atom A E_IQA Intra(A)

Cc1 -3.7650172839E+01
C2 -3.7650197932E+01
H3 -4.6037679744E-01
H4 -4.6037596208E-01
H5 -4.6037539376E-01
H6 -4.6037642486E-01
Total -7.7141875349E+01
Atom A E_IQA_Inter(A)

c1 -4.8073974178E-01
C2 -4.8074692023E-01
H3 -1.2765219106E-01
H4 -1.2765215076E-01
H5 -1.2765244293E-01
H6 -1.2765227049E-01
Total -1.4720957172E+00

The analysis shown for ethylene 2 should be also performed for s-cis butadiene 1 and
TSsyn. IQA gives all these energies in a.u. The intra- and interatomic interactions of the three

species as shown in Table 2 are transferred to an Excel sheet as shows Figure 3:
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10

11

12

13

14

15

16

17

18

19

A B
Atom E_IQA
(A) intra(A)

TSsyn

C1 -37.6310
c2 -37.6309
Cc3 -37.6318
C4 -37.6319
c5 -37.6194
Ccé -37.6194
H7 -0.4597
H8 -0.4597
H9 -0.4572
H10 -0.4572
H11 -0.4598
H12 -0.4598
H13 -0.4561
H14 -0.4561
H15 -0.4527
H16 -0.4527

C
E_IQA
inter(A)

-0.4915
-0.4915
-0.4917
-0.4917
-0.5064
-0.5064
-0.1285
-0.1285
-0.1298
-0.1298
-0.1290
-0.1290
-0.1298
-0.1298
-0.1319

-0.1319

D E F
Atom E_IQA E_lIQA
(A) intra(A) inter(A)

s-cis butadiene

C1 -37.6488 -0.4777
c2 -37.6488 -0.4777
Cc3 -37.6218 -0.5058
C4 -37.6217 -0.5058
H5 -0.4599 -0.1277
H6 -0.4599 -0.1277
H7 -0.4593 -0.1280
H8 -0.4593 -0.1280
H9 -0.4589 -0.1285
H10 -0.4589 -0.1285
ethylene

C1 -37.6502 -0.4807
c2 -37.6502 -0.4807
H3 -0.4604 -0.1277
H4 -0.4604 -0.1277
H5 -0.4604 -0.1277
H6 -0.4604 -0.1277

Fig. 3. IQA intra- and interatomic energies, in a.u., of TSsyn, s-cis butadiene 1 and ethylene 2.

Then, the intra- and interatomic energies of TSsyn are regrouped into the frameworks

f(A) and f(B), and the atoms are positioned in the same row that the corresponding atoms

belonging to s-cis butadiene 1 and ethylene 2 as shows Figure 4. Note that the atom

numbering at TSsyn and the two reagents is based on a graphical representation of the input

files used for the IQA calculations (see Figure 1 for TSsyn).
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19

A
Atom
(A)

TSsyn A
C1

Cé

C5

C2

H8

H16
H11
H12

H7

H15
TSsyn B

c4
H10
H14
H9

H13

B
E_IQA
intra(A)

-37.6310
-37.6194
-37.6194
-37.6309
-0.4597
-0.4527
-0.4598
-0.4598
-0.4597
-0.4527

-37.6318
-37.6319
-0.4572
-0.4561
-0.4572
-0.4561

C
E_IQA
inter(A)

-0.4915
-0.5064
-0.5064
-0.4915
-0.1285
-0.1319
-0.1290
-0.1290
-0.1285
-0.1319

-0.4917
-0.4917
-0.1298
-0.1298
-0.1298
-0.1298

D
Atom
(A)

E
E_IQA

intra(A)

s-cis butadiene

C1
C4
C3
c2
H10
H6
H7
H8
H9
H5
ethylene
C1
c2
H3
H4
H5
H6

37.6488
37.6217
37.6218
37.6488
-0.4589
-0.4599
-0.4593
-0.4593
-0.4589
-0.4599

37.6502
37.6502
-0.4604
-0.4604
-0.4604
-0.4604

F
E_IQA
Inter(A)

-0.4777
-0.5058
-0.5058
-0.4777
-0.1285
-0.1277
-0.1280
-0.1280
-0.1285
-0.1277

-0.4807
-0.4807
-0.1277
-0.1277
-0.1277
-0.1277

Fig.4. Reorganization of the IQA intra- and interatomic energies of TSsyn into the two

frameworks in which the TS has been divided.

Finally, the relative £EZ,,, intra-atomic and £E7,,, interatomic energies, in red, and

the ¢EX,, total atomic energies, in blue, are computed using equations 4, 5 and 6,

respectively, where X are the framework f(A) or s-cis butadiene 1, and framework f(B) or

ethylene 2 as shows Figure 5.
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A B C D E F G H 1 J
A AR AR AR U SIS TS
2 TSsyn A s-cis butadiene
3 -37.6310 -0.4915 c1 -37.6488 -0.4777
4 C6 -37.6194 -0.5064 c4 -37.6217 -0.5058
5 5 -37.6194 -0.5064 Cc3 -37.6218 -0.5058
6 C2 -37.6309 -0.4915 c2 -37.6488 -0.4777
7 Hs8 -0.4597 -0.1285 H10 -0.4589 -0.1285
8 Hie -0.4527 -0.1319 H6 -0.4599 -0.1277
9 Hi1l -0.4598 -0.1290 H7 -0.4593 -0.1280
10 H12 -0.4598 -0.1290 H8 -0.4593 -0.1280
11 H7 -0.4597 -0.1285 H9 -0.4589 -0.1285
12 H15 -0.4527 -0.1319 H5 -0.4599 -0.1277
13 TotalA -153.2452 -2.7746 -153.2972 -2.7355 32.66 -24.56 8.10
14 TSsynB ethylene
15 C3 -37.6318 -0.4917 C1 -37.6502 -0.4807
16 C4 -37.6319 -0.4917 c2 -37.6502 -0.4807
17 H1o0 -0.4572 -0.1298 H3 -0.4604 -0.1277
18 Hi4 -0.4561 -0.1298 H4 -0.4604 -0.1277
19 H9 -0.4572 -0.1298 H5 -0.4604 -0.1277
20 H13 -0.4561 -0.1298 H6 -0.4604 -0.1277
21 Total B -77.0903 -1.5027 -77.1419 -1.4721 32.35 -19.19 13.16 21.26

Fig.5. Computation of the relative £E7,,, intra-atomic, £E%,., interatomic, and £EY,,; total
atomic energies, in kcal'mol!, of the frameworks f(A) and f(B).

The sum of the ¢E{,,, total atomic energies of the two frameworks, in blue, provides
the computed £E/tE RIAE activation energy, in green, 21.26 kcal'mol™. As can be seen, a
deviation of 0.04 kcal-mol* between the computed KS activation energies given in Table 1 and

the ¢éEAYE RIAE activation energies is obtained (see Table 3).

Table 3. B3LYP/6-311G(d,p) total, E in a.u., and relative, AE in kcal'mol!, DFT KS and IQA energies of
s-cis butadiene 1, ethylene 2, and TSsyn.

DFT KS calculations IQA calculations
E AE E AE  deviation
s-cis butadiene 1 -156.032905 -156.032732
ethylene 2 -78.613979 -78.613971
TSsyn -234.613061 21.22 -234.612825 21.26  0.04

Finally, the data obtained for the RIAE analysis are presented as exposed in Table 4.

Figure 6 shows a schematic representation of the RIAE energies.
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Table 4. Gas-phase intra-atomic energies, £EZ,,,, interatomic energies, ¢EY,,,, and total energies,
EEX a1, In kcal'mol?, calculated using B3LYP/6-311G(d,p) level for the butadiene and ethylene
frameworks, at TSsyn relative to their GSs. The sum of the £EZ,,, total energies of both frameworks,
denoted as E¢EBYTEL represents the RIAE activation energy. Energies are given in kcal-mol™.

f(X) &Ei)r(ltra &Ei)r(lter E.'Et)gtal aEg)LéZTEt

B -
TSsyn ut 32.66 24.56 8.10 21.26

Et 33.35 -18.16 13.16

As shown Figure 6, the unfavorable ¢EZY, and ¢EfL,,, total energies associated with
the butadiene A and ethylene B frameworks are responsible for the high RIAE activation
energy associated with this unfavorable non-polar DA reaction [35]. As can be seen, the
unfavorable £EE., ,, total energies associated with the ethylene framework B contributes with
a higher extent to the RIAE activation energy. This graph is a pertinent tool when several
organic reactions are compared. See references 19-25.

25

20

EE

15

<chEt EBut+Et

« —But
EE wtal SE totar

total

TSsyn

Fig.6. Graphical representation of the total energies, EEZY,, EEE.. ., and EEELLTEL for TSsyn given in
Table 4. EEBYYET value corresponds to the RIAE activation energy of this non-polar DA reaction. ¢EX,
energies for the But and Et frameworks are shown in red and blue, respectively, while the black bar
represents the EEEYTET relative energies. Energies are reported in kcal-mol.

IIT) RIAE analysis of the electronic factors responsible for the high activation energy associated

with the non-polar DA reaction between s-cis butadiene 1 and ethylene 2.

Finally, a RIAE analysis of the electronic factors responsible for the high activation
energy associated with the non-polar DA reaction between s-cis butadiene 1 and ethylene 2
is conducted.

First, from the data given in Table 4, the following appealing conclusions can be

obtained: i) on going from the GS to TSsyn, the two frameworks A and B are destabilized by
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8.10 and 13.16 kcal'mol?, the smaller ethylene framework B being more destabilized (see
Figure 6); ii) the £Ef,,, intra-atomic energies are strongly destabilizing, while the £EY,.,
interatomic energies are stabilizing in both frameworks; and finally, iii) the high RIAE activation
energy associated with this DA reaction, £EBXLTEL = 21.26 kcal-mol?, accounts for the drastic

experimental conditions required for this non-polar DA reaction (see Scheme 1).

A B C D E F G H I

Atom E_IQA E_IQA Atom E_IQA E_IQA E'Xfra E-vEf):rer éE:;:al
1 (A) Intra(A) Inter(A) (A) Intra(A) Inter(A) n
2 TSsyn A s-cis butadiene
3 C -37.6310 -0.4915 C1 -37.6488 -0.4777 11.20 -8.64 2.55
4 C6 -37.6194 -0.5064 ca -37.6217 -0.5058 1.47 -0.40 1.08
5 C5 -37.6194 -0.5064 Cc3 -37.6218 -0.5058 1.50 -0.41 1.09
6 C2 -37.6309 -0.4915 c2 -37.6488 -0.4777 11.27 -8.62 2.65
7 H8 -0.4597 -0.1285 H10 -0.4589 -0.1285 -0.50 -0.02 -0.52
8 Hile -0.4527 -0.1319 H6 -0.4599 -0.1277 4.47 -2.61 1.86
9 Hi1 -0.4598 -0.1290 H7 -0.4593 -0.1280 -0.36 -0.61 -0.97
10 H12 -0.4598 -0.1290 H8 -0.4593 -0.1280 -0.36 -0.61 -0.97
11 H7 -0.4597 -0.1285 H9 -0.4589 -0.1285 -0.50 -0.02 -0.52
12 Hi15 -0.4527 -0.1319 H5 -0.4599 -0.1277 4.47 -2.62 1.85
13 TSsyn B ethylene
14 C3 -37.6318 -0.4917 C1 -37.6502 -0.4807 11.50 -6.88 4.62
15 C4 -37.6319 -0.4917 c2 -37.6502 -0.4807 11.48 -6.88 4.60
16 H10 -0.4572 -0.1298 H3 -0.4604 -0.1277 202 -134 0.68
17 Hi4 -0.4561 -0.1298 H4 -0.4604 -0.1277 2.67 -1.37 1.29
18 H9 -0.4572 -0.1298 H5 -0.4604 -0.1277 2.02 -1.34 0.68
19 H13 -0.4561 -0.1298 H6 -0.4604 -0.1277 267 -1.37 1.29

Fig.7. Computation of the relative ¢E7,,, intra-atomic, EEJ,, interatomic, and EEZ,,, total atomic
energies, in kcal'mol?, of the frameworks f(A) and f(B).

A further detailed analysis of the £Ef ., intra-atomic and £E7, ., interatomic energies
for each atom A of the two frameworks A and B, computed by using equations 7 and 8 and
showed in Figure 7, indicates that although the &E7,., interatomic energies of the four
interacting carbons of the butadiene and ethylene frameworks are stabilizing by -8.6 and -6.8
kcal'mol™, respectively, the Ef,,, intra-atomic energies are more destabilizing by 11.2 and
11.5 kcal'mol™. Interestingly, the two central carbons of the butadiene framework (A), which
remain trigonal planar along the DA reaction, are only intra-atomically destabilized by 1.5
kcal-mol (see Figure 7).
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A[TS A[GS

E:Eiéltra = EinEra[ - Ein{“ra] (7)
A|TS A|GS

gEil;llter - Einger] - EinEer] ®)

Figure 8, which shows graphically the more relevant ¢EJ ., intra-atomic, in red, and
EEX .., interatomic, in blue, interactions at TSsyn, reveals two interesting observations: i) the
more unfavorable &E/,,, intra-atomic interactions are found at the four interacting carbons,
which are shifting from a trigonal planar arrangement to a tetrahedral one. Note that the two
central carbons of the butadiene framework (A), which remain trigonal planar along the DA
reaction, are slightly destabilized; and ii) the more favorable £EZ,., interatomic interactions
are found in the non-bonding regions involving the two pairs of interacting Ci and Cj carbons.
As the 3D map of the electron density of the non-polar TSsyn shows, the electron density of
each one the two pairs of interacting Ci and Cj carbons is polarized towards the other carbon
(see the green pointed circles in Figure 4). This behavior is a consequence of the more

favorable VA? and V4 interatomic interactions that the unfavorable V45 ones.

TSsyn

Fig.8. Representation of the 3D map of the electron density of the non-polar TSsyn, showing the main
unfavorable &E#,,, intra-atomic, in red, and favorable &£EZ,.. interatomic, in blue, interactions
contributing to the RIAE activation energy. The green pointed circles show the atomic electron density
polarization.

The IQA diatomic A-B interaction energy components given in Appendix I permit to
understand the origin of the favorable &E/Z,, interatomic energies between the two pairs of
interacting Ci and Cj carbons at TSsyn. The corresponding E#Z  interatomic energies between
the interacting C1-C3 and C2-C4 carbons are given in Table 4. As can be seen, in spite of the
very high positive repulsive Vee(A,B) and Vnn(A,B) interactions between these interacting
carbons, the negative attractive Vne(A,B) and Ven(A,B) interactions are higher, and
consequently, the total E£Z,, interatomic interactions between the two pairs of interacting Ci

and Cj carbons are favorable by -47.02 kcal'mol.
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Table 5. IQA diatomic A-B interaction energy components, in kcal'mol?, between the interacting C1-C3
and C2-C4 carbons.

Atom A Atom B EAB Vne(AB) Ven(AB) Vee(AB) Vnn(AB)
C3 C1 -47.02 -5377.40  -5367.20 5382.72 5314.85
C4 C2 -47.02 -5377.40  -5367.20 5382.72 5314.85

Finally, both BET and RIAE studies of organic reactions involving the formation of a C-
C single bond have shown that although the £EAtE RIAE activation energies are positive and
consequently unfavorable, E/iE,. inter-atomic energies involving the two interacting carbons
are negative and favorable [19-23]. These net favorable C-C interactions, which occur before
the formation of new C-C single bonds, refute the concept of 'Pauli repulsions', which was
developed within the ASM [9], proposing that they control organic reactions [37]. Note that
although the hypothetical 'Pauli repulsions' decrease with the increase of C-C distances, the

favorable E/E,. interatomic energies decrease more significantly.

Conclusions

A RIAE analysis of the electronic factors responsible for high activation energy
associated with the non-polar DA reaction between butadiene 1 and ethylene 2 has been
carried out within MEDT at the B3LYP/6-311G(d,p) computational level. This reaction takes
place through a non-concerted one-step mechanism via a synchronous TSsyn. The GEDT
computed at this TS, 0.00 e, shows the non-polar character of this DA reaction, classified as
NEDF, thus justifying the high activation energy of the reaction.

AIM and ELF topological analyses of the electron density distribution at TSsyn indicate
that the formation of the new Ci-Cj single bond has not yet begun. On the other hand, both
the 3D map of the electron density and the analysis of the contour line maps of the Laplacian
V2p(r) show that the spheric electron density distribution of the interacting carbons at the GS
of the reagents is polarized as a consequence of the continuous modification of the electron
density distribution of these carbons, which change from a trigonal planar geometry at the GS
to a tetrahedral one at the final cyclohexene 3.

The present RIAE analysis of TSsyn permits to obtain some appealing conclusions: i)
the changes in electron density at both butadiene and ethylene frameworks are energetically
unfavorable, contributing to the high ¢EB4LYEL RIAE activation energy of this non-polar DA
reaction; ii) the changes in electron density at the smaller ethylene framework are more
unfavorable than those at the butadiene framework; iii) analysis of the total ¢EZ,,, intra-
atomic and the £EJ,., interatomic energies indicate that on going from GS to TS, while the

former are destabilizing, the latter are stabilizing; iv) analysis of the factors contributing to the
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unfavorable ¢EX,,, intra-atomic energies shows that the ES.,,, energies associated with the
two pairs of interacting carbons are the main electronic factors responsible for the high

activation energy of this DA reaction; and finally, v) analysis of the factor contributing to the

CiCj
inter

favorable £E#AE,, interatomic energies shows that the E interatomic energies associated
with the two pairs of Ci and Cj interacting carbons are the main electronic factors which
contribute to diminish the unfavorable ¢EZ ,,, intra-atomic energies. The present RIAE analysis
of the unfavorable DA reaction under study allows us to know the electronic factors responsible
for the high activation energy of this non-polar DA reaction. The RIAE analyses helps us to

understand why organic reactions energetically occur.

CiCj
inter

Finally, the favorable E interatomic energies involving the two pairs of Ci and Cj
interacting carbons make it possible to refute the concept of 'Pauli repulsions', developed

within the ASM [7]; although the unfavorable hypothetical 'Pauli repulsions' decrease with the

CiCj
inter

increase of the Ci-Cj distances, the more favorable E interatomic energies decrease more

significantly.

Computational Methods

The B3LYP functional [38,39], together with the standard 6-311G(d,p) basis set [40],
which includes d-type polarization for second-row elements and p-type polarization functions
for hydrogens, was used throughout this MEDT study. Details of the search and
characterization of the stationary points involved in these DA reactions are given in references
14-18. The GEDT [33] values were computed using the equation GEDT(f(X)) = Zgsx), where
g are the natural charges [41,42] of the atoms belonging to one of the two frameworks f(X)
at the TS geometries. The Gaussian 16 suite of programs was used to perform the calculations
[43]. Molecular geometries were visualized by using the GaussView program [44]. ELF analyses
of the B3LYP/6-311G(d,p) monodeterminantal wavefunctions were performed with the
TopMod package [45] employing a cubic grid with a step size of 0.1. The IQA analysis was
performed with the AIMAIl package [36] using the corresponding B3LYP/6-311G(d,p)
monodeterminantal pseudo-wavefunctions. Note that the AIMAIl package only allows the use
of the B3LYP [38,39] and the M06-2X [46] functionals.
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