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Looking at the big picture in ASM/EDA analysis: the case of the 
ortho-para regioselectivity rule in Diels-Alder reactions
Nicolás Grimblat* and Ariel M. Sarotti*

The regioselectivity of the Diels-Alder reaction is predicted by the ortho-para rule which has been explained from FMO 
theory. Using DFT calculations, the activation-strain model and energy decomposition analysis we studied the reaction of 
methyl acrylate with four unsymmetrical dienes. We found that if the analysis is carried out considering the TS structures, 
the selectivity would not be explained by the interaction energy as expected considering the FMO arguments. However, a 
thorough analysis along the reaction path revealed that the interaction energy is responsible for the regioselectivity. A 
deeper analysis with the EDA model showed that the decisive term that accounts for the HOMO-LUMO interactions favors 
the ortho and para paths, as predicted by FMO arguments.

 

Introduction
The Diels-Alder (DA) reaction is one of the most important and 
deeply studied chemical reactions of all times, both 
theoretically and experimentally.1–3 One of the main features is 
the possibility to generate up to 4 stereocenters in a 
stereospecific and regioselective manner. In the case of 
unsymmetrical dienes and dienophiles, the regioselectivity of 
the process can be easily predicted through the well-known 
“ortho-para” rule (Scheme 1a).4 This preference has been 
explained from classic Fukui's frontier MO (FMO) theory 
arguments, on the basis of the influence of the substituents in 
the coefficients of the interacting orbitals.5–7 Conceptual DFT 
theory offers an alternative picture, with the regioselectivity 
arising from the favoured bonding of the most nucleophilic and 
electrophilic centres of the two fragments.8 In any case, both 
approaches suggest that a more efficient binding between 
fragments should account for the selectivity. However, the 
regioselectivity of a kinetically controlled reaction is determined 
by the energy of the competing transition structures (TS), which 
being significantly distorted in relation with the isolated 
reagents, might afford different MOs. Therefore, a more 
realistic examination should consider the interaction between 
orbitals of the distorted fragments at the TSs.
The Distortion/Interaction-Activation Strain Model (D/I-ASM) 
developed by Houk and Bickelhaupt, respectively,9–11 provides 

a third and more comprehensive option to shed light on 
reactivity and selectivity issues of chemical reactions.12–15 In this 
fragment-based approach the potential energy surface ∆E() is 
decomposed along the reaction coordinate  into two terms: 
the strain ∆Estrain() resulting from the distortion of the 
individual reactants and the interaction ∆Eint() between the 
distorted reactants. This last term can be further partitioned 
with the Energy Decomposition Analysis (EDA) into three 
physically meaningful terms, namely ∆Velstat (Coulombic 
interaction), ∆EPauli (steric repulsion) and ∆Eoi (orbital bonding, 
accounting for HOMO-LUMO interactions, polarization and 
SOI).16 

This model has been successfully invoked for a wide variety of 
reactions, such as additions,17–19 organometallic20–22 and 
cycloadditions.14,23–28 In the particular case of the DA reaction, 
the D/I-ASM model was employed to understand underlying 
characteristics such as the “endo rule” and reactivity,2,9,36,24,29–

35 as well as other regioselectivity aspects (such as those related 
with intramolecular processes, arynes or fullerenes).26,37–40 
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Scheme 1. a) Schematic representation of the ortho-para rule; b) Dienes and dienophile 
considered in this study.

Surprisingly, to the best of our knowledge, the origins of the 
ortho-para rule have not been unravelled by means of D/I-ASM. 
Merging the FMO arguments into D/I-ASM logic, it is envisaged 
that the preferred regioisomer might account for a path where 
there is a more stabilizing interaction for this approach. 
However, distortion has been pointed as the most influential 
factor in related chemical processes.15,41,42 In an effort to 
account for the role of such terms in dictating the ortho-para 
rule, we evaluated the DA reaction of unsymmetrical dienes (2-
5) with methyl acrylate (1) at the M06-2X/def2-TZVPP level of 
theory for all optimizations, D/I-ASM and EDA.43,44 
Computational Methods

Geometry optimization of all stationary points was performed 
using Gaussian 09, revision C.01,45 employing the meta-hybrid 
M06-2X exchange-correlation functional using the triple- 
quality plus polarization def2-TZVPP basis set. Analytical 
frequency calculations were performed to characterize the 
nature of the stationary points. The reactants and the 
cycloadducts showed real frequencies indicating their location 
on the potential-energy surface (PES) as local minima, while the 
transition state (TS) showed one imaginary frequency. The PES 
of the reaction was obtained by performing intrinsic reaction 
coordinate (IRC) calculations. Single-point energy were 
calculated at the same level of theory. All calculations were 
performed using Gaussian 09, revision C.01 default numerical 
settings. The distortion/interaction-activation strain model 
(D/I-ASM) analysis was performed using ADF.2016 program46 at 
the M06-2X/TZ2P // M06-2X/def2-TZVPP level of theory. 
Optimized structures were illustrated using CYLview.47

Results
Monosubstituted dienes

We started by exploring the DA reaction of 1 with 1-methoxy-
1,3-butadiene (2) and 2-methoxy-1,3-butadiene (3), which give 
rise exclusively to the ortho- and para- substituted 
cyclohexenes, respectively.48,49 This makes these dienes perfect 
to unveil the origin of the regioselectivity corresponding to the 
DA reactions. The calculated selectivities for both approaches 
(99:1, ∆∆G≠=2.6 kcal/mol) nicely agreed with the observed 
experimental trends, supporting the selected computational 
methodology (Figure 1).
To decipher the differences in the activation energies for the 
competing TSs, a D/I-ASM was applied along the intrinsic 
reaction coordinate defined by the average distance of both C-
C forming bonds. This analysis was initially performed at the 
corresponding transition structures for each regioisomer within 
each reaction (Figure 2). Unexpectedly, we found that for the 
TSs of 1+2 the preference for the ortho adduct lies on the 
distortion of the system (∆∆E≠

strain = 2.5 kcal/mol) and not on 
the interaction as we would have expected based on FMO 
arguments (∆∆E≠

int  0.0 kcal/mol).5 In contrast, for 1+3 both 
isomers have ca. the same distortion value at the TS, making the 

interaction responsible for the stabilization towards the 
observed selectivity (∆∆E≠

int = 2.7 kcal/mol), which is in line with 
the FMO theory. This could be rationalized by the fact that when 
the later diene reacts, the substituted position is not involved in 
the newly formed  bonds, hence it maintains its sp2 

hybridization along the reaction path minimizing any 
deformation. On the other hand, C1 is the carbon atom bearing 

Figure 1. Computed reaction profiles for the reactions of 2 and 3 with 1. Gibbs 
energies in kcal/mol and distances in Å.

the substituent for 2, which modifies its hybridization to sp3 in 
the final cycloadduct. 
Although this approach considering the transition structures 
has been extensively employed in the past, it has recently been 
proved that the analysis only at this point might give rise to 
misleading results, identifying different energy components 
responsible for the observed reactivity or selectivity trends. 
10,36,50 This is particularly true when TSs shift from early to late 
TS, as occur in the reactions under study, where the favoured 
ortho and para approximations have earlier TSs and are more 
exergonic than their meta counterparts. This change to a less 
exergonic and later transition structure is in accordance with 
the Hammond postulate. To overcome this issue, the analysis 
terms should be computed at a consistent geometry, i.e. at the 
same average distance of the newly forming C-C bonds.
Due to the controversial results found for 2, we carried out the 
same study at the same average distance (2.2Å). In this 
fashion, it became clear that it is not the distortion but the 
interaction the term controlling the regioselectivity (∆∆Estrain = 
20.8 and ∆∆Eint = -26.8 kcal/mol for 2 and ∆∆Estrain = 20.0 and 
∆∆Eint = -25.9 kcal/mol for 3). This is because the position of the 
TS causes the ∆E correlate with the ∆Estrain and not the ∆Eint. This 
result is in agreement with FMO and enhance the importance 
of the analysis along the reaction path.
To gain deeper insights, we used the EDA method to further 
understand the effect of the interaction factor that gives the 
experimental selectivity (Figure 2). Interestingly, the analysis at 
the TS for both dienes showed that the ∆E≠

oi term (accounting 

1 + 2 1 + 3

TS-1+2-O

TS-1+2-M

TS-1+3-P

TS-1+3-M

2.07
2.35

2.05
2.58

2.12
2.24

2.04
2.54

30.62
33.22

31.90
34.58

-14.35
-15.73

-16.08

-24.74
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for the HOMO-LUMO interactions among others) destabilize 
the favoured adduct by 2.3 kcal/mol. In the case of 2, also the 
electrostatic term stabilizes the meta cycloadduct (both terms 
account for a total of 4.3 kcal/mol), while for 3 this factor 
slightly favours the para isomer, stabilizing the meta adduct by 
1.9 kcal/mol overall. In both reactions, the meta TSs are more 
crowded leading to higher Pauli repulsion and making it the 
main energy term that accounts for the overall interaction 
values (Table 2). In a more complete form, the Steric term (the 
combination of Pauli and electrostatic terms) is responsible of 
the observed selectivity in the case of 3, destabilizing the meta 
channel by 5.01 kcal/mol. On the other hand, this term offsets 
the stabilizing effect of the ∆E≠

oi term, leading to the almost null 
∆∆E≠

int in 1+2.
However, these counterintuitive results considering the widely 
accepted FMO viewpoint (which suggests that the interaction 
between the HOMO-LUMO pair accounts for the 
regioselectivity)2 were observed when the analysis of this 
models was made on the TSs. According to these findings, the 
FMO approach would only be reflected at the beginning of the 
reaction path. 
When the interaction was analysed through ASM at the same 
average C-C forming distance, the role of the orbital interaction 
and to a lesser extent the electrostatic interaction could be 
identified as the determining trends for the interaction energy 
(∆∆Eoi = -51.7 and ∆∆Velstat = -25.5 kcal/mol for 2 and ∆∆Eoi = -
45.6 and ∆∆Velstat = -26.1 kcal/mol for 3). These results, unlike 
the previous ones based on the TSs, support the long-
established findings of FMO. The orbital interaction, which 
accounts for the HOMO-LUMO, is responsible for the 
regioselectivity of the DA reactions. 
Both reactions were found to be normal Diels-Alder reactions, 
since the HOMOdiene-LUMO1 gap has a value of 6.77 eV for 2, 
and 7.21 eV for 3, while the HOMO1-LUMOdiene gaps are 10.13 
eV and 9.80 eV for 2 and 3, respectively. The analysis using 
Kohn-Sham molecular orbital analysis at the average C-C bond 
formation of 2.2 Å, revealed that the favoured approach has a 
gap of 5.1 eV for the ortho adduct and of 5.44 eV for the para 
adduct, being the gap for their respective counterparts of 5.83 
eV and 6.23 eV, respectively. Additionally, we performed an 
analysis of the overlap at the same C-C forming bond distance 
for both approaches. It is worth underline that this study is 

carried out only with the endo adducts. Since are both normal 
demand DA reactions, the analysis of the HOMOdiene-LUMO1 
showed that for 2 there is a difference in the overlap of 0.03 
favouring the ortho adduct. For 3, this interaction exhibited a 
difference of 0.02 in favour of the para isomer. These 
differences between the HOMO of the dienes and the LUMO of 
the dienophile is expected since there is a better overlapping of 
the reactive lobes; the one in the  position for 2 (substituted in 
the  position) and the one in the  position for 3 (substituted 
in the  position).
Table 1. Orbital Overlap (S)

FMO Interaction[a]

HOMOd – LUMO1 HOMO1 - LUMOd

Meta 0.20 0.211+2
Ortho 0.23 0.21

Meta 0.22 0.19
1+3

Para 0.24 0.21

Meta/Meta 0.19 0.20
1+4

Ortho/Para 0.23 0.19

Meta/Para 0.20 0.21
1+5

Ortho/Meta 0.20 0.20
[a] d = diene

All these results showed that if we would base our conclusions 
on the analysis of the TSs, we would be questioning the long 
stablished FMO theory. These observations highlight the 
evidences of previous studies, where the TS may provide 
misleading information.
Disubstituted dienes

With these results in hand, we decided to extend the grounds 
of this study to model the reactions of 1,3-dimethoxy-1,3-
butadiene (4) which is an analogue of the Danishefsky’s diene, 
and the 1,2-dimethoxy-1,3-butadiene (5). These disubstituted 
dienes, which could be seen as the two possible chimeras of 2 
and 3, were selected to offer two different scenarios. In the case 
of 4, a high regioselectivity should be expected given the 
reinforced effect exerted by the two methoxy groups at C1 and 
C3 (ortho and para directing, respectively). On the other hand, 
the mismatched directing trends in 5 would afford an 
interesting case study to analyse the competing orbital effect in 
the diene. The thorough study of these systems will provide a 
deeper and better understanding of this rule due to this 
“enhanced” and “opposite” effects due to the position of the 
substituents in the reacting orbitals of the diene.

Table 2.D/I-ASM and EDA energies (in kcal/mol) for all DA reactions under study.
1+2 1+3 1+4 1+5

Meta Ortho ΔΔE≠[a] Meta Para ΔΔE≠[a] Meta/Meta Ortho/Para ΔΔE≠[a] Meta/Para Ortho/Meta ΔΔE≠[a]

ΔE≠ 17.5 15.0 2.6 18.5 15.9 2.6 17.3 11.6 5.7 9.9 7.8 2.1
ΔE≠

strain 30.9 28.4 2.5 29.8 29.9 -0.1 32.9 27.1 5.8 25.6 24.6 1.0
ΔE≠

int -13.4 -13.5 0.0 -11.4 -14.1 2.7 -15.6 -15.5 -0.1 -15.7 -16.8 1.1
ΔV≠

elstat -54.0 -52.0 -2.0 -54.6 -55.1 0.5 -57.2 -56.1 -1.2 -52.9 -52.1 -0.9
ΔE≠

oi -62.1 -59.8 -2.3 -61.4 -59.1 -2.4 -61.4 -59.0 -2.3 -58.0 -56.6 -1.3
ΔE≠

Pauli 103.0 98.7 4.3 104.9 100.5 4.5 103.3 99.9 3.4 95.6 92.5 3.1
[a]ΔΔEi

≠ = ΔEi
≠
unfavored - ΔEi

≠
favored
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Figure 2. ASD (left) and decomposition of the interaction energy diagram (right) of a) 1 + 2 and b) 1 + 3. The markers highlight the position of the TS.

Table 3.D/I-ASM and EDA energies (in kcal/mol) for all DA reactions under study at 2.2Å.
1+2 1+3 1+4 1+5

Ortho Meta ΔΔE [a] Para Meta ΔΔE [a] Ortho/Para Meta/Meta ΔΔE[a] Ortho/Meta Meta/Para ΔΔE[a]

ΔE 11.8 17.5 -5.7 13.2 18.5 -5.3 8.7 17.3 -8.5 6.0 9.2 -3.2
ΔEstrain 51.8 30.9 20.8 49.8 29.8 20.0 53.1 32.9 20.2 40.7 35.1 5.6
ΔEint -39.9 -13.1 -26.8 -37.0 -11.1 -25.9 -45.0 -15.3 -29.7 -34.1 -25.5 -8.6
ΔVelstat -79.5 -54.0 -25.5 -80.6 -54.6 -26.1 -99.3 -57.2 -42.1 -70.3 -63.2 -7.1
ΔEoi -113.8 -62.1 -51.7 -107.1 -61.4 -45.6 -131.7 -61.4 -70.4 -92.3 -77.5 -14.8
ΔEPauli 153.4 103.0 50.4 150.7 104.9 45.8 186.1 103.3 82.8 128.5 115.2 13.2
[a]ΔΔEi = ΔEi-favored - ΔEi-unfavored

For 4, the products of the DA reaction with methyl acrylate can 
be ortho-para or meta-meta substituted cycloadducts, where 
the first is predicted by the regioselectivity rule under study, 
since it is favoured by both substitution positions. As expected, 
our calculations showed that the ortho-para adduct is formed 
exclusively (>99:1, ΔΔG≠ > 6 kcal/mol).51 In line with the previous 
observations, the unfavoured approach have late transition 
structures with higher activation barrier, in agreement with the 
Hammond–Leffer postulate.
The D-I/ASM analysis depicted by the Activation Strain 
Diagrams (ASDs) (Figure 4) showed that the selectivity trend is 
mainly due to distortion (ΔΔΔE≠

strain = 5.8 kcal/mol), whereas 

almost no difference in the interaction factor was noticed 
(ΔΔΔE≠

int = 0.1 kcal/mol). This is true when we compared both 
approaches at the transition structures. Once again, calculating 
these energies at the TSs provide FMO challenging results. 
However, if we compared the competing mechanisms along the 
reaction path and performed the analysis at 2.2Å, we observed 
that the interaction is responsible for this difference, with a 
ΔΔEstrain of 20.2 kcal/mol and ΔΔEint of -29.7 kcal/mol. According 
to this approach, the interaction is the responsible of the 
difference in energy that gives rise to the selectivity observed 
experimentally for electron rich 1,3-disubstituted dienes. As 
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previously observed, the results of this approach return 
energetic values in agreement with FMO theory.
We expected that the analysis of the EDA would shed light on 
the stabilization values of the interaction energy (Table 2). 
Analysing the breakdown of this term we observed that if we 
consider the TS structures, both approaches have 
approximately the same values of stabilizing components 
(ΔΔE≠

oi and ΔΔV≠
elstat = -2.3 and -1.2 kcal/mol, respectively) and 

the difference is arise from the ΔΔE≠
Pauli (3.4 kcal/mol). A deeper 

analysis through reaction path at the same average CC bond 
distance (2.2Å), revealed different results. From this 
perspective, the orbital interaction (ΔΔE≠

oi = -70.4 kcal/mol) and 
to a lesser extent the electrostatic interaction (ΔΔV≠

elstat = -42.1 
kcal/mol) are responsible for the overall interaction energy 
value. Once again, this approach is consistent with the 
predictive FMO theory for the DA reactions. 
Regarding FMO, the analysis of the corresponding HOMO and 
LUMO orbitals of both diene and dienophile was in agreement 
with the expected results. Within the reactants, there is a 
HOMO4-LUMO1 gap of 6.83 eV, stating that this is a normal DA 
reaction since HOMO1-LUMO4 has a value of 10.32 eV. At the 
consistent considered geometry of 2.2Å, the best orbital 
interaction arises from HOMOdiene-LUMOdienophile and are in line 
with the selectivity, being the gap 4.68 eV for the ortho/para 
adduct and 5.58 eV for the meta/meta counterpart. The orbital 
overlap (S) showed almost no difference when the analysis is 
made with the HOMOdienophile-LUMOdiene which would be 
expected since it includes the secondary orbital interaction 
(SOI) and this analysis is carried out with both endo transition 
structures. A difference of 0.04 was observed when the inverse 
analysis (HOMOdiene-LUMOdienophile) was made. This is due to the 
fact that substituents in both the 1- and 3- positions reinforce 
the reactive lobe for the diene, hence a better interaction 
between orbitals for the ortho/para addition.2 

Figure 3. Computed reaction profiles for the reactions of 4 and 5 with 1. Gibbs 
energies in kcal/mol and distances in Å.

The analysis of 5 is appealing since unlike all the previously 
studied dienes, there are competing effects based on the 
substituent positions. Given that this diene is 1,2 substituted 
there is a competing increase in the lobes of C1 (due to the -
substituent) and C4 (due to the  substituent). The products of 
the DA reaction can be ortho-meta or meta-para. Unfortunately 
the DA reaction for this diene do not exist on the literature, but 
it can be considered an analogue of the 3-methyl-1,3-
pentadiene that do exists.52 For this reaction, we found that the 
ortho/meta path is favoured with a selectivity of 95:5 (ΔΔG≠ = 
2.1 kcal/mol), consistent with the methyl substituted diene. As 
observed for all other dienes under study the unfavoured 
approach has a later transition structure and higher activation 
barrier. However, in this situation, the difference is not as 
marked as for the other dienes (∆d≠

C-C = 0.06Å for this diene and 
> 0.1Å for the other dienes).
The DA reaction of 5 presented decomposition energies that 
showed that the ortho-meta TS is favoured both by the 
interaction and distortion (ΔΔE≠

int and ΔΔE≠
strain = 1.1 and 1.0 

kcal/mol, respectively). Hence, unlike the other dienes under 
study, the regioselectivity is given by the combination of both 
factors. This analysis on the TS compared with the analysis on 
the TS of 2 and 3, are in agreement since they are defined by 
distortion and interaction, respectively. However, we 
performed the analysis at 2.2Å for both approaches, we 
observed that the interaction is the only responsible for the 
observed selectivity (ΔΔEstrain of 5.6 kcal/mol and ΔΔEint of -8.6 
kcal/mol). It is really interesting that for this diene the ∆∆E of 
both terms is considerably lower than for the other dienes 
(∆∆∆Estrain > 14 and ∆∆∆Eint > 16 kcal/mol). This is in line with the 
expected results based on the FMO theory, since the 
substituents in this diene present an opposite activation 
pattern.
The EDA analysis performed with the transition structures 
showed a pattern similar to that observed for 4, where both 
orbital and electrostatic terms are more stabilizing for the 
unfavoured cycloadduct (ΔΔE≠

oi and ΔΔV≠
elstat = -1.3 and -0.9 

kcal/mol, respectively). The Pauli repulsion term is the key 
factor that compensate those other terms that support the 
meta/para isomer by 3.1 kcal/mol. However, when we carried 
out this analysis at the consistent average C-C bond distance of 
2.2Å, we observed that it is not the Pauli but the Orbital 
interaction and electrostatic terms the ones that account for 
the regioselectivity (ΔΔE≠

oi and ΔΔV≠
elstat = -14.8 and -7.1 

kcal/mol, respectively). It seems important to highlight the fact 
that the ∆∆E value for both terms are at least a third of the 
corresponding values for any other diene under study. Once 
again, this is a clear reflection of the competitiveness of this 
system. 
Nonetheless, the observed trend and selectivity is in agreement 
with the FMO since the presence of a substituent in both 1- and 
2- positions have an opposite effect; the substituent in the  
position increases the lobe of the  position, while the 
substituent in the  position does the same for the  position.4 
Therefore, since they are not aligned, or they “do not favour the 
same reactive site” the interaction between the FMO does not 
stabilize the system as much as it does for the other systems. 

1 + 4

TS-1+4-O/P

TS-1+4-M/M

2.27 2.19

2.05
2.73

TS-1+5-O/M

TS-1+5-M/P

2.112.41

2.08
2.55

1 + 5

27.23
33.94

26.08
28.18

-17.02

-21.11
-21.71

-17.12
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The analysis of this FMO, proved that this is a normal DA 
reaction, since the HOMO5-LUMO1 has a gap of 6.67 eV and the 
gap for the HOMO5-LUMO1 is 9.91 eV. The analysis of this 
interaction at 2.2Å is in agreement with the selectivity for this 
reaction, having a HOMOdiene-LUMOdienophile gap of 4.87 eV for 
the ortho/meta and of 5.02 eV for the meta/para regioisomer. 
As previously observed, the difference of the calculated values 
to unveil the origin of the selectivity for this diene, is at least a 
third of the values observed for the other dienes. Considering 
the “mismatch” of the substituents on the diene, it is 
reasonable that the orbital overlap shows no difference, 
regarding the FMO considered.
It is well known that the interaction of the FMOs with higher 
coefficients leads to more asynchronous TSs,5 i.e. the forming 
bond that corresponds to the favourable FMO interaction is 
shorter, which in turn makes this distance smaller in order to 

maximize the orbital stabilization. This suggests that the 
reactants in the favoured reactions distort further (have higher 
distortion energies along the IRC) in order to maximize the 
stabilizing orbital interactions, which gets reflected on the 
higher asynchronicity. All these observations and results 
obtained through this analysis support the FMO theory 
statements, denoting the different activation of the diene based 
on the substitution pattern. 
This work also reinforces the fact that the results performed 
only at the TSs may lead to different and counterintuitive 
conclusions. The analysis should be carried out meticulously 
through all the reaction path, where the true origin of 
selectivities or reactivities can be unveiled. It is particularly 
important in cases where there is a shift from early to late TS as 
is the situation in this study.

Figure 4. ASD (left) and decomposition of the interaction energy diagram (right) of a) 1 + 4 and b) 1 + 5
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Conclusions
With the intention of gaining a deeper insight on the origins of 
the regioselectivity observed in the DA reaction we performed 
a D/I-ASM and EDA analysis to understand the factors governing 
this rule. We found that all dienes under study presented 
energetic components consistent with those corresponding to 
the FMO theory. The interaction is found to be the term 
accounting for the regioselectivity observed experimentally, 
regardless the substitution pattern. Particularly, the distortion 
of each system is a consequence of the spatial arrangement that 
maximizes the orbital interaction.
It was found that the key on the observed trend is the orbital 
interaction and to a lesser extent the electrostatic terms. This 
nicely agreed with the expected results, since the orbital 
interaction accounts for the interaction of the HOMO-LUMO 
(i.e. correlates with the FMO theory). The analysis of 5 prove to 
be an interesting and particular challenge since there is a 
mismatch substitution pattern (activation of reactive orbitals), 
which is reflected in the small difference in every energetic term 
for both approximations.
A concluding remark considering all of the observations 
presented herein, and the vast literature in this area is that to 
precisely carry out a study with these models, the analysis only 
at the transition structures of each system may lead to 
counterintuitive and incorrect results. This is the reason the 
analysis should be performed along the reaction path, to truly 
answer the questions that lead to perform a research employing 
this methodology. 
In this particular study, if the analysis was not performed at the 
average distance of both C-C forming bonds of 2.2Å, our 
conclusions we would be different. Instead of obtaining results 
in line with FMO, we would be questioning this long-stablished 
theory. 
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