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Abstract:



A new theory for the study of the reactivity in Organic Chemistry, named Molecular Electron Density Theory (MEDT), is proposed herein. MEDT is based on the idea that while the electron density distribution at the ground state is responsible for physical and chemical molecular properties, as proposed by the Density Functional Theory (DFT), the capability for changes in electron density is responsible for molecular reactivity. Within MEDT, the reactivity in Organic Chemistry is studied through a rigorous quantum chemical analysis of the changes of the electron density as well as the energies associated with these changes along the reaction path in order to understand experimental outcomes. Studies performed using MEDT allow establishing a modern rationalisation and to gain insight into molecular mechanisms and reactivity in Organic Chemistry.
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1. Structure and Reactivity in Organic Chemistry Based on Quantum Chemical Models


Why and how do reactions take place are two fundamental questions in Organic Chemistry. Many chemical concepts have been developed through a large number of experiments, however, understanding how molecules change is by no means experimentally easy because changes take place in a very short time. Based on experiments, some important theories, such as the transition state theory [1], have been developed in kinetic chemistry, which have permitted to establish fundamental concepts used in the study of molecular mechanisms. Within this theory, the concept of the activation complex or transition state structure (TS) enabled the establishment of a relationship between the experimental activation energy [2] and the energy of the TS associated with an organic reaction.



Since the introduction of the chemical bond concept by Lewis in 1916 [3], two different quantum mechanics theories to explain chemical bonding, namely, the valence bond theory [4,5,6] (VBT) and the molecular orbital theory [7] (MOT), were established. The two theories were developed at about the same time, but quickly diverged into two different schools that have established a complete interpretation of chemistry [8]. Both theories are based on the resolution of Schrödinger’s equation [9] (see Equation (1)). The information obtained from the resolution of Schrödinger’s equation is a wavefunction Ψ whose square describes the electron density distribution around the nuclei, and the total electronic energy E associated with this wavefunction Ψ. The square of the wavefunction Ψ is related with the electron density, which is a physically observable [10].


H·Ψ = E·Ψ (Schrödinger equation)



(1)







Until the mid-1950s, chemistry was dominated by the classical VBT, which expresses the molecular wavefunction Ψ as a combination of explicit covalent and ionic structures based on pure atomic orbitals (AOs) or hybrid atomic orbitals. However, the computational effort required to perform ab initio calculations in classical VBT made it to be employed in an oversimplified manner. Relevant concepts used in Organic Chemistry such as hybridisation and resonance were developed within VBT. At the same time when this early ab initio VBT lacked accuracy and did not progress, MOT included efficient implementations, which have provided the chemical community with computational software of ever-increasing speed and capabilities [8].



Due to its complexity, the mathematical resolution of Schrödinger’s equation is only feasible for very small systems such as the helium atom, the dihydrogen cation or the hydrogen molecule, but not possible for organic molecules containing few carbon atoms. Therefore, a series of physical/mathematical approaches was developed for the study of molecules using quantum chemical procedures. One of them was developed within MOT, in which the polyelectronic wavefunction Ψ of Equation (1) is approximated as an antisymmetrised product of a series of monoelectronic orbitals Ψi named molecular orbitals (MOs). In addition, these MOs were obtained by a linear combination of atomic orbitals (LCAO), which are mathematical functions describing the electron movement in a hydrogen-type AO φj [11]. In order to improve MOs, a series of mathematical functions, known as basis functions, were further developed. However, the standard polarised or diffuse functions [12], which generate more complete basis sets, have a quite different physical meaning than when the minimal basis set is used. In MOT, electrons are not assigned to individual bonds between atoms, but they are treated as moving under the influence of the nuclei along MOs in the whole molecule.



The simplest approach to MOT used in Organic Chemistry is Hückel’s molecular orbital theory [13,14,15,16] (HMOT) established in 1930, in which only valence AOs are used to build MOs. This very simple approach, which is widely used in Organic Chemistry nowadays, was employed in the 1950s to establish important organic reactivity models such as the Frontier Molecular Orbital (FMO) theory [17] for the study of the reactivity in Organic Chemistry [18].



Molecular geometry optimisations based on quantum chemical procedures allow obtaining accurate geometries that can be contrasted with those obtained by experimental X-ray data. These quantum chemical procedures do not only permit to obtain accurate structures for reactants and products, but also for TSs and intermediates involved in organic reactions.



In the two last decades of the 20th century, ab initio Hartee-Fock (HF) calculations [12] enabled the study of the molecular mechanism of many organic reactions by characterising the stationary points involved in a reaction: i.e., reagents, TSs, intermediates and products. While HF calculations rendered good geometries, experimental activation energies were overestimated. Consequently, very time-consuming post-HF energy calculations [12] were demanded to reproduce the experimental values.



At the end of the 20th century, based on the theorems by Hohenberg and Kohn, a new theory to study the electronic structure of the matter, known as Density Functional Theory (DFT) [19], in which the ground state (GS) energy of a nondegenerated N electron system is only a functional of the density ρ(r), was developed (see Equation (2)). Similar to the quantum chemical theories based on Schrödinger’s equation, the resolution of the functional of the electron density ρ(r) for a complex system is neither computationally feasible. As an approximation, the Kohn–Sham equations [20] were introduced in analogy to the HF equation. However, in the DFT framework, the Kohn–Sham orbitals do not define any wavefunction although they are used to calculate the one-electron density distribution function. In any case, it is important to highlight that MOs are not physical observables but only mathematical constructs that cannot be determined by experiment [21]. In contrast, the electron density distribution in a molecule or crystal can be observed by electron diffraction and X-ray crystallography [22,23]; and it can also, and often more readily, be obtained from ab initio or DFT calculations. In the last decades, a series of empiric DFT functionals such as B3LYP [24,25], MPWB1K [26] and, more recently, M06-2X [27], which provide accurate energies, have been developed, making the study of organic reactions with a computational demand similar to HF calculations possible.


E[ρ(r)] = ∫ρ(r)v(r) dr + F[ρ(r)]  (Hohenberg-Kohn equation)



(2)







Organic reactions involving the formation of C–C single bonds are the most significant ones within the wide arsenal of reactions used in organic synthesis since they enable the building of more complex molecules. Among the diverse possibilities of creating a new C–C single bond, those involving the participation of C=C double bonds are the most attractive methods.



The Diels–Alder (DA) reaction [28] between butadiene 1 and ethylene 2 (see Scheme 1), which has theoretically been widely studied, can be used as a test of different quantum chemical approaches (see Table 1).



Table 1. Activation and reaction energies a, in kcal·mol−1, and C–C distances of the two forming single bonds, in Angstroms, at TS1, obtained using different computational levels.







	
Method

	
ΔEact

	
ΔEreac

	
d(C–C)






	
Experimental

	
27.5

	
−38.4

	




	
HF/6-31G(d)

	
47.4

	
−36.0

	
2.201




	
MP2/6-31G(d)

	
20.0

	
−45.9

	
2.286




	
B3LYP/6-31G(d)

	
24.8

	
−32.9

	
2.273




	
MPWB1K/6-31G(d)

	
22.1

	
−57.7

	
2.252




	
M06-2X/6-31G(d)

	
19.4

	
−43.5

	
2.269








a Relative energies include zero point energies.








As can be observed in Table 1, both reaction energies, ΔEreac in the range from 36.0 (HF) to 57.7 (MPWB1K) kcal·mol−1, and activation energies, ΔEact in the range from 19.4 (M06-2X) to 47.4 (HF) kcal·mol−1, vary in a wide range. Note that the predicted B3LYP activation energy, 24.8 kcal·mol−1, was found to be closer to that experimentally estimated, 27.5 kcal·mol−1, while the M06-2X activation energy, 19.4 kcal·mol−1, is underestimated. Note that inclusion of thermal corrections to the electronic energies increases the activation enthalpies by ca. 2 kcal·mol−1.



Interestingly, in spite of these wide ranges of activation energies, TS geometries are found to be non-dependent on the quantum chemical model. Thus, in all these cases, the distance between the two carbons involved in the formation of the new C–C single bonds in the synchronous TS1 is found to be ca. 2.2 Å (see Table 1). That is, while the computed activation energies for this reaction are found to be very dependent on the computational method, the TSs geometries, which depend on their electronic structures, proved to be very similar. Note that the relative position of the atoms in a molecule depends on the electronic interactions between nuclei and electrons; i.e., geometries depend on the total molecular electron density. Consequently, all computational approaches presented in Table 1 afford a very similar electron density distribution, indicating a very similar bonding pattern of TS1 (see Figure 1).


Figure 1. B3LYP/6-31G(d) map of the total electron density of the transition state structure TS1 associated with the DA reaction between butadiene 1 and ethylene 2. Isovalues of the map of the electron density are 0.08.
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Unfortunately, the direct analysis of the total electron density obtained through these quantum chemical procedures does not provide any chemical information such as the bonding pattern of the molecular structure. This information is more significant for TS geometries as it allows understanding the evolution of the bonding changes in these critical structures.




2. Quantum Chemical Topological Analysis of the Electron Density and Molecular Mechanisms


In spite of the advances made in quantum chemical theory, the characterisation of chemical bonds, and more specifically the breaking/forming processes along a reaction, appeared to be unresolved [29]. Like many other chemical concepts, chemical bonds are defined in a rather ambiguous manner as they are not observable, but rather belong to a representation of the matter at a microscopic level which is not fully consistent with quantum mechanical principles. To harmonise the chemical description of matter with quantum chemical postulates, several mathematical models have been developed. Among them, the theory of dynamical systems [30], convincingly introduced by Bader in the early 1960s through the theory of atoms in molecules (AIM) [31,32], has become a powerful method of analysis. The AIM theory enables a partition of the electron density within the molecular space into basins associated with atoms. The development of the AIM theory was the origin of a significant contribution to conceptual chemistry in the definition of concepts such as the atom inside a molecule or bond critical points [33,34].



Another appealing procedure, introduced in 1990, that provides a more straightforward connection between the electron density distribution and the chemical structure is the quantum chemical analysis of the electron localisation function (ELF) of Becke and Edgecombe [35]. ELF constitutes a useful relative assessment of the electron pair localisation characterising the corresponding electron density. Within the framework of DFT, ELF is a density-based property that can be interpreted in terms of the positive-definite local Pauli and Thomas Fermi kinetic energy densities in the given system. In the validity of such a framework, these quantities provide key information to evaluate the relative local excess of kinetic energy density associated with the Pauli principle. ELF values are situated in the [0, 1] range, the highest values being associated with the spatial positions with higher relative electron localisation [35].



In this sense, Silvi and Savin presented in 1991 the ELF in a very chemical fashion, using their topological analysis as an appealing model of chemical bonding [36,37,38,39]. After an analysis of the electron density, ELF divides the electron density of a molecule into basins, i.e., domains in which the probability of finding an electron pair is maximal. Basins are classified as core basins and valence basins. The latter are characterised by the synaptic order, i.e., the number of atomic valence shells in which they participate [40]. Thus, there are monosynaptic, disynaptic, trisynaptic basins and so on. Monosynaptic basins, labelled V(A), correspond to lone pairs or non-bonding regions, while disynaptic basins, labelled V(A,B), connect the core of two nuclei, namely A and B, and, thus, correspond to a bonding region between A and B. This description recovers the Lewis bonding model, providing a very suggestive graphical representation of the molecular system.



The characterisation of the electron density reorganisation to evidence the bonding changes along a reaction path is the most attractive method to characterise a reaction mechanism [41,42,43]. To perform these analyses quantitatively, the bonding evolution theory (BET), consisting of the joint-use of ELF topology and Thom’s catastrophe theory [44,45,46] (CT) was proposed by Krokidis et al. [47] in 1997 as a new tool for analysing the electronic changes in chemical processes, being widely applied in the study of different elementary reactions [48,49,50,51,52,53,54,55,56,57].



The BET study of the DA reaction between butadiene 1 and ethylene 2 makes it possible to obtain three appealing conclusions [41]: (i) the seven phases characterizing the one-step mechanism permitt to establish that the bonding changes involved in this DA reaction are non-concerted [58], thus ruling out the pericyclic mechanism [59,60]; (ii) ELF topological analysis of the electron density of TS1 shows that there is no bonding region between the C1 and C6, and C4 and C5 atoms (see TS1 in Figure 2) in clear agreement with the electron density distribution of TS1 given in Figure 1; and (iii) the formation of the C–C single bonds takes place after passing TS1 at a C–C distance of 2.04 Å (see 5 in Figure 2) [61].


Figure 2. ELF valence basins in TS1 and in the structures defining phase V, structure 4, and phase VI, structure 5, involved in the synchronous C–C single bond formation in the non-polar DA reaction between butadiene 1 and ethylene 2. The pseudoradical centres involved in the C–C bond formation are characterised by the four V(C) monosynaptic basins depicted in red in structure 4. ELF valence basins were represented at an isosurface value of 0.8 and C–C distances are given in Angstroms. Calculations were performed at the B3LYP/6-31G(d) level.
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3. Global Electron Density Transfer (GEDT) and Activation Energy of Polar Organic Reactions


In 1995, when I started the theoretical studies of reaction mechanisms, an important question was posed: what is the origin of the activation energies associated with the TSs of organic reactions? Unfortunately, the answer to this question cannot be obtained from the analysis of the energy and geometrical parameters. The response was obtained after analysing a large number of theoretical studies devoted to reaction mechanisms.



A DFT study of the hetero-DA reactions of nitroethylene 6, CH2=CH–NO2, with three ethylenes of increased nucleophilic character, namely, propene 7a, CH2=CH–CH3, methyl vinyl ether 7b, CH2=CH–OCH3, and N,N-dimethylvinyl amine 7c, CH2=CH–N(CH3)2, showed a good correlation between the activation energies and the nucleophilic/electrophilic behaviours of the reagents, i.e., in this short series, the increase of the nucleophilic character of the ethylene CH2=CH–G decreased the activation energy associated with the C–C bond formation [62].



Interestingly, a good correlation between the polar character of the reactions, measured by the global electron density transfer [61] (GEDT) at the TSs, and their feasibility was established. Along a polar reaction, there is a GEDT from the nucleophile to the electrophile; the larger the GEDT at the TS is, the more polar the reaction. The GEDT at the TSs is computed by sharing the natural atomic charges obtained by a natural population analysis (NPA) [63,64] between the nucleophilic and the electrophilic frameworks [65]. The GEDT concept comes from the observation that the electron density transfer that takes place from the nucleophile to the electrophile along polar reactions is not a local process, but a global one involving the two molecules [66]. Consequently, the whole system becomes one entity from the beginning of the reaction being, therefore, structurally indivisible. GEDT values are hardly dependent on the computational method used to obtain the atomic charges as these values come from the integration of the electron density of two molecular frameworks that are usually not yet bound at the TSs [67].



The good correlation between the polar character of the reactions and their feasibility was quantitatively ascertained in 2002 analysing the Parr electrophilicity ω index [68] of reagents involved in DA reactions [69]. This first DFT study involving simple organic molecules participating in DA reactions enabled the establishment of a single electrophilicity scale, in which both dienes and dienophiles were included [69], thus permitting the establishment of an adequate correlation between the difference of the electrophilicity ω indices of the reagents, Δω, and the feasibility of the DA reactions [69]. The more electrophilic a reagent is, i.e., when it is located at the top of the scale, and more nucleophilic the other reagent is, i.e., when it is located at the bottom of the scale, the more polar and faster the reaction. However, in complex organic molecules having more than one functional group, the nucleophilicity cannot be correlated with the inverse of the electrophilicity ω index [70,71]. Consequently, to analyse the polar character of an organic reaction, the electrophilicity ω index and the nucleophilicity N index [70,71], introduced in 2008, of the two reagents should be analysed.



A further DFT study of the DA reactions between cyclopentadiene (Cp) 6 and the cyanoethylene series 7 (see Scheme 2) [72], experimentally studied by Sauer [73,74], allowed establishing a very good correlation between the GEDT found at the TSs and the logarithm of the experimental rate constants, indicating that the GEDT could be one of the key factors in the activation energy [65] (see Figure 3). This finding allowed us to establish a pertinent classification of DA reactions in non-polar, polar and ionic DA reactions [65].


Figure 3. Plot of the logarithm of the experimental rate constant k vs GEDT, in e, for the DA reactions of Cp 6 with the cyanoethylene series 7; R2 = 0.99 [72]. Calculations were performed at the B3LYP/6-31G(d) level.
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What is the origin of the GEDT in organic reactions? The electronic chemical potential μ [75], defined within the conceptual DFT [76,77] as μ = (∂E/∂N)v, is associated with the feasibility of a molecule to exchange electron density with the environment at the GS. Sanderson proposed the electronegativity equalisation principle [78], in chemistry, according to which electronegativity χ [79], which is the negative of electronic chemical potential μ, tends to equalise. Consequently, when two molecules A and B, with μA > μB, approach each other, there is a flux of electron density from A, the less electronegative species, towards B, the more electronegative one, to equilibrate the electronic chemical potential μAB. The larger the electronic chemical potential difference, ΔμA−B, the larger the GEDT.




4. GEDT Favours the Electron Density Changes Required to Reach the TS Structure


After finding this interesting relationship between polarity of the reaction and activation energy, an appealing issue remained unresolved: how can GEDT modify the pattern in bonding changes along polar reactions? That is, how can the polarity of the reaction modify the activation energy? To answer these questions, an ELF topological analysis of the bonding changes, i.e., electron density changes, along a reaction path, as well as an analysis of the energies associated with these bonding changes is required.



ELF topological analysis along a large number of organic reactions involving the participation of C=C double bonds made it possible to establish two appealing conclusions about the C–C bond formation in these organic reactions [61]: (i) non-polar, polar and ionic reactions present a similar pattern for the formation of C–C single bonds, characterised by a C-to-C coupling of two pseudoradical centres [80,81] at a C–C distance in the narrow range from 2.0 to 1.9 Å. These pseudoradical centres are generated along the reaction path; (ii) while along non-polar reactions the pseudoradical centres are generated by the homolytic rupture of the C=C double bonds present in the two reagents, in polar and ionic reactions the formation of these pseudoradical centres are favoured by the GEDT that takes place from the nucleophile to the electrophile. Consequently, the GEDT taking place along the reaction path in polar and ionic reactions causes significant changes in the electron density distribution in both nucleophilic and electrophilic species.



In non-symmetric molecules, a non-symmetric electron density distribution takes place during the GEDT process. Thus, while in the nucleophilic species some atoms lose less electron density, in the electrophilic species some atoms gather more electron density. These relevant atoms correspond to the most nucleophilic and most electrophilic centres of the molecules, which are properly characterised by the use of the proposed nucleophilic [image: ] and electrophilic [image: ] Parr functions [82,83]. The non-symmetric electron density distribution is responsible for the chemo- and regioselectivity found in polar reactions involving non-symmetric molecules, since in these reactions the most favourable reaction channels correspond to those with the most favourable nucleophilic/electrophilic two-centre interaction, i.e., between the atoms in which the two pseudoradical centres generated through the GEDT will be formed.



In order to prove how the GEDT reduces the activation energy in polar reactions, the TSs associated with the non-polar DA reaction between Cp 6 and ethylene 2, TS2, and the polar DA reaction between Cp 6 and TCE 9 (7, R1 = R2 = R3 = R4 = CN), TS3, which is the most polar reaction of the cyanoethylene series (see Scheme 2), are analysed. The corresponding activation energies, TS geometries and GEDT at the TSs are given in Figure 4.


Figure 4. MPWB1K/6-31G(d) geometries and lengths of the forming bonds, in Angstroms, activation energies, in kcal·mol−1, and GEDT values, in e, of the TSs involved in the non-polar DA reaction between Cp 6 and ethylene 2, TS2, and in the polar DA reaction between Cp 6 and TCE 9, TS3.
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Similar to the non-polar DA reaction between butadiene 1 and ethylene 2, the reaction between Cp 6 and ethylene 2 presents a high activation energy, 16.1 kcal·mol−1. Note that ethylene 2 has been classified as a marginal electrophile and as a marginal nucleophile, not being able to participate in polar processes [69]. On the other hand, TCE 9 is one of the most electrophilic ethylenes [69]. This fact, together with the high nucleophilic character of Cp 6, causes this polar DA reaction not to have an appreciable barrier, 1.5 kcal·mol−1. Consequently, a decrease of ca. 15 kcal·mol−1 is observed in this polar DA reaction. Non-polar TS2 does not present any appreciable GEDT value, −0.03 e, while polar TS3 presents a high GEDT value, 0.42 e. A comparison of the geometrical parameters of these TSs indicates that the lengths of the C–C forming single bonds at both TSs are very similar, 2.233 Å (TS2) and 2.231 Å (TS3). Consequently, it is expected that the distribution of the total electron density in both TSs will be similar, and therefore, they will have a similar bonding pattern.



Hence, where is the electronic difference between both TSs? ELF topological analysis of the electron density of the TS associated with the non-polar DA reaction between Cp 6 and ethylene 2, see TS2 in Figure 5, resembles that of the TS associated with the non-polar DA reaction between butadiene 1 and ethylene 2, see TS1 in Figure 1. ELF topological analysis of TS2 indicates that while the C–C double bonds of Cp 6 and ethylene 2 are already broken, formation of the four pseudoradical centres has not begun yet. Consequently, the high activation energy associated with these non-polar TSs has been related to the energy cost associated with the depopulation of the C–C double bond regions, i.e., the rupture of the C–C double bonds, present in the diene and in the dienophile [84]. Interestingly, ELF topological analysis of TS3 shows a clear difference with that of TS2; two V(C) monosynaptic basins integrating 0.46 e appear at the two ethylenic carbons of TCE 9 (see the two V(C) monosynaptic basins in red in Figure 5). These monosynaptic basins, which are required for the subsequent C–C single bond formation, are formed at the most electrophilic centres of TCE 9 as a consequence of the large GEDT taking place in this polar DA reaction, GEDT = 0.43 e. Consequently, it appears that the GEDT taking place from the nucleophile to the electrophile in a polar process favours the changes in electron density required to reach the TS geometry (see the different colour of the Cp framework in the molecular electrostatic potential (MEP) of TS3 (blue) and in TS2 (green) as a consequence of the larger positive charge developed in the former).


Figure 5. MPWB1K/6-31G(d) maps of the total electron density and ELF valence basins, and MEP for the TSs involved in the non-polar DA reaction between Cp 6 and ethylene 2, TS2, and in the polar DA reaction between Cp 6 and TCE 9, TS3. Isovalues of the map electron density are 0.08 and ELF valence basins were represented at an isosurface value of 0.8.
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5. Molecular Electron Density Theory (MEDT)


Numerous works performed in the last decade devoted to the study of the molecular reactivity in relevant organic reactions based on the quantum topological analysis of the changes in electron density along a reaction path have allowed proposing a new theory for the study of the molecular reactivity in organic reactions, named Molecular Electron Density Theory (MEDT). This theory is based on the idea that while the electron density distribution at the GS is responsible for physical and chemical molecular properties, as proposed by DFT [19], the capability for changes in electron density is responsible for molecular reactivity [61]. Accordingly, molecular reactivity in Organic Chemistry cannot be characterised only by a simple energy and geometrical study of the corresponding stationary points, but by a quantum chemical analysis of the changes of electron density as well as the energies associated with these changes along the reaction path, in order to understand experimental outcomes and explain the molecular mechanism. Thus, MEDT is presented as an insightful new theory in the study of organic reactions.



Besides the exploration and characterisation of the potential energy surface (PES) associated with the studied reaction, within MEDT, the molecular reactivity in organic reactions is studied using quantum chemical tools based on the analysis of the electron density such as the analysis of the conceptual DFT reactivity indices at the GS of the molecules [76,77], the ELF topological analysis [35,36,37,38,39] of the electron density focused on the progress of the bonding changes along the reaction path, and the non-covalent interactions [85] (NCI) analysis of the electron density at the TSs in order to characterise weak interactions determining the selectivity in organic reactions.



This methodology, which has been applied in recent theoretical studies [61,86,87,88], allows introducing new chemical concepts and reactivity models that make it possible to establish a modern rationalisation and to gain insight into molecular mechanisms and reactivity in Organic Chemistry. Within this MEDT it is important to highlight the useful classification of DA reactions into non-polar, polar and ionic reactions [65]. As can be seen in Figure 6, and as has been commented in Section 4, the increase of the polar character of the DA reaction, i.e., the GEDT, decreases the corresponding activation energy, the nucleophilic/electrophilic interactions at the TSs being the main factor controlling the DA reactions [65]. Figure 6 also shows that while at TS4 and TS5 the C–C single bond is not yet formed, at the more slightly advanced TS6, the formation of the new C–C single bond has already begun [61].


Figure 6. B3LYP/6-31G(d) ELF valence basins, C–C distances, activation energies and GEDT of the TSs involved in the non-polar, polar and ionic DA reactions of Cp 6 with styrene 10, TS4, dicyanoethylene 11, TS5, and iminium cation 12, TS6.
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The study of the high reactivity of the carbenoid intermediate 13 [86] also deserves to be mentioned as an important contribution of MEDT to organic chemical reactivity (see Figure 7). It was proposed that zwitterionic intermediates generated in the multicomponent (MC) reactions between isocyanides I and dialkyl acetylenedicarboxylates II react quickly with carbonyl compounds III in a 1,3-dipolar cycloaddition. A recent MEDT study for the high reactivity of these intermediates has shown that their strong carbenoid character together with the special molecular structure of this intermediate that favours the approach of the electrophilic carbonyl compound to these carbenoid intermediates is responsible for their high nucleophilic reactivity [86] (see the MEP of TS7, associated with the nucleophilic attack of carbenoid intermediate 13 on ketone in Figure 7).


Figure 7. ELF valence basins of the highly nucleophilic carbenoid intermediate 13 and the MEP of TS7, associated with the nucleophilic attack of carbenoid intermediate 13 on ketone. ELF valence basins were represented at an isosurface value of 0.8. Calculations were performed at the MPWB1K/6-311G(d,p) level.
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Finally, the applicability of MEDT in organic reactivity is also emphasized through the useful classification of the mechanisms of 32CA reactions into pseudodiradical-type [87] (pr-type), carbenoid-type [88] (cb-type) and zwitterionic-type [87] (zw-type) 32CA reactions (see Scheme 3). 32CA reactions are among the most powerful methods for the synthesis of five-membered heterocyclic compounds since 1961, when Huisgen developed his mechanistic study [89]. TACs with a pseudodiradical character, such as azomethyne ylide 14, participate in pr-type 32CA reactions taking place easily through earlier TSs with a very low polar character [87,90] and TACs with a carbenoid character, such as nitrile ylide 15, or zwitterionic character, such as nitrone 16, participate in cb-type [88,91] or zw-type [87,92] 32CA reactions, respectively, whose feasibility depends on the polar character of the reaction, i.e., the nucleophilic character of the TAC and the electrophilic character of the ethylene derivative.



Note that in Huisgen’s seminal study, all TACs, named 1,3-dipoles, were represented by 1,2-zwitterionic structures and the reactions were named 1,3-dipolar cycloadditions [80,93]. However, based on ELF topological analysis and NPA of some TACs, it appears that their structure and reactivity are neither related to 1,3- nor 1,2-zwitterionic species, especially pseudodiradical [81] and carbenoid [91] TACs.




6. Conclusions


Since the establishment of chemistry as a branch of scientific knowledge, Physical and Organic Chemistry have grown separately. Although a large community of physical chemists has widely made use of the analysis of the electron density in the study of chemical reactivity since the development of computational resources, Organic Chemistry has remained at a standstill with concepts derived from the FMO theory. MEDT is not an assertion of the scope of the already known electron density based methodologies within Organic Chemistry, but a theoretical alternative to study reactivity in Organic Chemistry.



MEDT is based on the idea that while the electron density distribution at the GS is responsible for physical and chemical molecular properties, as proposed in DFT [19], the capability for changes in electron density, and not MO interactions, is responsible for molecular reactivity [61]. Reactivity in Organic Chemistry cannot be characterised by simple energy and geometrical studies of the corresponding stationary points, but by a quantum chemical analysis of the changes of electron density as well as the energies associated with these changes along the reaction path, in order to understand experimental outcomes.



The proposed molecular reactivity theory based on changes of the electron density, and not on MO interactions, allows introducing new chemical concepts and reactivity models, making it possible to establish a modern rationalisation and to gain insight into molecular mechanisms and reactivity in Organic Chemistry.




7. Computational Methods


All calculations were performed using ab initio HF theory [18] or DFT using the B3LYP [24,25], the MPWB1K [26] or the M06-2X [27] functionals together with the standard 6-31G(d) basis set [18]. TSs were characterised by frequency computations in order to verify that they have one and only one imaginary frequency. The GEDT [61] at the TSs is computed by sharing the natural atomic charges, obtained by NPA [54] at the TSs, between the nucleophilic and the electrophilic frameworks. GEDT values are hardly dependent on the computational method used to obtain the atomic charges, as it comes mainly from the integration of the electron density of two molecular frameworks that are usually not yet bound at the TSs [67]. The topological analysis of the ELF, η(r) [35], was performed with the TopMod program [94] using the corresponding ab initio or DFT mono-determinantal wavefunctions. All computations were carried out with the Gaussian 09 suite of programs [95].







Acknowledgments


I am grateful to Patricia Pérez and my PhD student Mar Ríos-Gutiérrez for their kind advice and insightful discussions in the writing of this manuscript. Calculations and the figures of the manuscript have been made by Mar Ríos-Gutiérrez.




Conflicts of Interest


The author declares no conflict of interest.




References


	1. 
Trautz, M. Das gesetz der reaktionsgeschwindigkeit und der gleichgewichte in gasen. Bestätigung der additivität von Cv-3/2R. Neue bestimmung der integrationskonstanten und der moleküldurchmesser. Z. Anorg. Allg. Chem. 1916, 96, 1–28. (In German) [Google Scholar] [CrossRef]

	2. 
Arrhenius, S.A. Über die dissociationswärme und den einflusß der temperatur auf den dissociationsgrad der elektrolyte. Z. Phys. Chem. 1889, 4, 96–116. (In German) [Google Scholar]

	3. 
Lewis, G.N. The atom and the molecule. J. Am. Chem. Soc. 1916, 38, 762–785. [Google Scholar] [CrossRef]

	4. 
Slater, J.C. Directed valence in polyatomic molecules. Phys. Rev. B 1931, 37, 481–489. [Google Scholar] [CrossRef]

	5. 
Slater, J.C. Molecular energy levels and valence bonds. Phys. Rev. B 1931, 38, 1109–1144. [Google Scholar] [CrossRef]

	6. 
Pauling, L. The metallic state. Nature 1948, 161, 1019–1020. [Google Scholar] [CrossRef] [PubMed]

	7. 
Mulliken, R.S. Spectroscopy, molecular orbitals and chemical bonding. Science 1967, 157, 13–24. [Google Scholar] [CrossRef] [PubMed]

	8. 
Wu, W.; Su, P.; Shaik, S.; Hiberty, P.C. Classical Valence Bond Approach by Modern Methods. Chem. Rev. 2011, 111, 7557–7593. [Google Scholar] [CrossRef] [PubMed]

	9. 
Schrödinger, E. An ondulatory theory of the mechanics of atoms and molecules. Phys. Rev. B 1926, 28, 1049–1070. [Google Scholar] [CrossRef]

	10. 
Matta, C.F.; Gillespie, R.J. Understanding and interpreting molecular electron density distributions. J. Chem. Educ. 2002, 79, 1141–1152. [Google Scholar] [CrossRef]

	11. 
Lennard-Jones, J.E. The electronic structure and the interaction of some simple radicals. Trans. Faraday Soc. 1934, 30, 70–85. [Google Scholar] [CrossRef]

	12. 
Hehre, W.J.; Radom, L.; von R. Schleyer, P.; Pople, J.A. AB INITIO Molecular Orbital Theory; Wiley: New York, NY, USA, 1986. [Google Scholar]

	13. 
Hückel, E. Quantum-theoretical contributions to the benzene problem. I. The electron configuration of benzene and related compounds. Z. Phys. 1931, 70, 204–286. [Google Scholar] [CrossRef]

	14. 
Hückel, E. Quantum contributions to the benzene problem. II. Z. Phys. 1931, 72, 310–337. [Google Scholar] [CrossRef]

	15. 
Hückel, E. Quantum contributions to the problem of aromatic and unsaturated compounds. III. Z. Phys. 1932, 76, 628–648. (In German) [Google Scholar] [CrossRef]

	16. 
Coulson, C.A.; O’Leary, B.; Mallion, R.B. Hückel Theory for Organic Chemists; Academic Press: Londen, UK, 1978. [Google Scholar]

	17. 
Fukui, K. Molecular Orbitals in Chemistry Physics and Biology; Academic Press: New York, NY, USA, 1964. [Google Scholar]

	18. 
Fleming, I. Molecular Orbitals and Organic Chemical Teactions; Wiley: Hoboken, NJ, USA, 2009. [Google Scholar]

	19. 
Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864–B871. [Google Scholar] [CrossRef]

	20. 
Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. B 1965, 140, A1133–A1138. [Google Scholar] [CrossRef]

	21. 
Scerri, E.R. Have Orbitals Really Been Observed? J. Chem. Educ. 2000, 77, 1492–1494. [Google Scholar] [CrossRef]

	22. 
Coppens, P. X-ray Charge Densities and Chemical Bonding; Oxford University Press: New York, UK, USA, 1997. [Google Scholar]

	23. 
Koritsanszky, T.S.; Coppens, P. Chemical applications of X-ray charge-density analysis. Chem. Rev. 2001, 101, 1583–1628. [Google Scholar] [CrossRef] [PubMed]

	24. 
Becke, A.D. Density-functional thermochemistry. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [Google Scholar] [CrossRef]

	25. 
Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. Phys. Rev. B 1988, 37, 785–789. [Google Scholar] [CrossRef]

	26. 
Zhao, Y.; Truhlar, G.D. Hybrid meta density functional theory methods for thermochemistry, thermochemical kinetics, and noncovalent Interactions: The MPW1B95 and MPWB1K models and comparative assessments for hydrogen bonding and van der Waals interactions. J. Phys. Chem. A 2004, 108, 6908–6918. [Google Scholar] [CrossRef]

	27. 
Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinectics, noncovalent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215–241. [Google Scholar]

	28. 
Diels, O.; Alder, K. Synthesen in der hydroaromatischen Reihe. Justus Liebigs Ann. Chem. 1928, 460, 98–122. (In German) [Google Scholar] [CrossRef]

	29. 
Sutcliffe, B.T. The development of the idea of a chemical bond. Int. J. Quantum Chem. 1996, 58, 645–655. [Google Scholar] [CrossRef]

	30. 
Abraham, R.H.; Shaw, C.D. Dynamics: The Geometry of Behavior; Addison-Wesley: Redwood City, CA, USA, 1992. [Google Scholar]

	31. 
Bader, R.F.W. Molecular Fragments or Chemical Bonds. Acc. Chem. Res. 1975, 8, 34–40. [Google Scholar] [CrossRef]

	32. 
Bader, R.F.W. Atoms in Molecules. A Quantum Theory; Claredon Press: Oxford, UK, 1990. [Google Scholar]

	33. 
Bader, R.F.W.; Anderson, S.G.; Duke, A.J. Quantum topology of molecular charge distributions. 1. J. Am. Chem. Soc. 1979, 101, 1389–1395. [Google Scholar] [CrossRef]

	34. 
Bader, R.F.W.; Nguyendang, T.T.; Tal, Y. Quantum topology of molecular charge distributions. II. Molecular structure and its change. J. Chem. Phys. 1979, 70, 4316. [Google Scholar] [CrossRef]

	35. 
Becke, A.D.; Edgecombe, K.E. A simple measure of electron localization n atomic and molecular-systems. J. Chem. Phys. 1990, 92, 5397–5403. [Google Scholar] [CrossRef]

	36. 
Savin, A.; Becke, A.D.; Flad, J.; Nesper, R.; Preuss, H.; von Schnering, H.G. A new look at electron localization. Angew. Chem. Int. Ed. 1991, 30, 409–412. [Google Scholar] [CrossRef]

	37. 
Silvi, B.; Savin, A. Classification of chemical bonds based on topological analysis of electron localization functions. Nature 1994, 371, 683–686. [Google Scholar] [CrossRef]

	38. 
Savin, A.; Silvi, B.; Colonna, F. Topological analysis of the electron localization function applied to delocalized bonds. Can. J. Chem. 1996, 74, 1088–1096. [Google Scholar] [CrossRef]

	39. 
Savin, A.; Nesper, R.; Wengert, S.; Fassler, T.F. ELF: The Electron Localization Function. Angew. Chem. Int. Ed. 1997, 36, 1808–1832. [Google Scholar] [CrossRef]

	40. 
Silvi, B. The synaptic order: A key concept to understand multicenter bonding. J. Mol. Struct. 2002, 614, 3–10. [Google Scholar] [CrossRef]

	41. 
Berski, S.; Andrés, J.; Silvi, B.; Domingo, L.R. The joint use of catastrophe theory and electron localization function to characterize molecular mechanisms. A density functional study of the Diels-Alder reaction between ethylene and 1,3-butadiene. J. Phys. Chem. A 2003, 107, 6014–6024. [Google Scholar] [CrossRef]

	42. 
Polo, V.; Andrés, J.; Berskit, S.; Domingo, L.R.; Silvi, B. Understanding reaction mechanisms in organic chemistry from catastrophe theory applied to the electron localization function topology. J. Phys. Chem. A 2008, 112, 7128–7136. [Google Scholar] [CrossRef] [PubMed]

	43. 
Andrés, J.; Gonzáez-Navarrete, P.; Safont, V. Unravelling reaction mechanisms by means of quantum chemical topology analysis. Int. J. Quantum Chem. 2014, 114, 1239–1252. [Google Scholar] [CrossRef]

	44. 
Thom, R. Structural Stability and Morphogenesis: An Outline of a General Theory of Models; Westview Press: Boulder, CO, USA, 1976. [Google Scholar]

	45. 
Woodcock, A.E.R.; Poston, T. A Geometrical Study of Elementary Catastrophes; Spinger: Berlin, Germany, 1974. [Google Scholar]

	46. 
Gilmore, R. Catastrophe Theory for Scientists and Engineers; Courier Corporation: North Chelmsford, MA, USA, 1981. [Google Scholar]

	47. 
Krokidis, X.; Noury, S.; Silvi, B. Characterization of elementary chemical processes by catastrophe theory. J. Phys. Chem. A 1997, 101, 7277–7282. [Google Scholar] [CrossRef]

	48. 
Krokidis, X.; Goncalves, V.; Savin, A.; Silvi, B. How malonaldehyde bonds change during proton transfer. J. Phys. Chem. A 1998, 102, 5065–5073. [Google Scholar] [CrossRef]

	49. 
Fourre, I.; Silvi, B.; Chaquin, P.; Sevin, A. Electron localization function comparative study of ground state, triplet state, radical anion, and cation in model carbonyl and imine compounds. J. Comput. Chem. 1999, 20, 897–910. [Google Scholar] [CrossRef]

	50. 
Chesnut, D.B.; Bartolotti, L.J. The pair density description of aromaticity in some substituted cyclopentadienyl systems: A comparison of AIM and ELF bonding descriptors. Chem. Phys. 2000, 257, 175–181. [Google Scholar] [CrossRef]

	51. 
Fuster, F.; Sevin, A.; Silvi, B. Topological Analysis of the Electron Localization Function (ELF) Applied to the Electrophilic Aromatic Substitution. J. Phys. Chem. A 2000, 104, 852–858. [Google Scholar] [CrossRef]

	52. 
Chamorro, E.; Santos, J.C.; Gómez, B.; Contreras, R.; Fuentealba, P. The bonding nature of some simple sigmatropic transition states from the topological analysis of the electron localization function. J. Phys. Chem. A 2002, 106, 11533–11539. [Google Scholar] [CrossRef]

	53. 
Chaquin, P.; Scemama, A. Theoretical study of the electrocyclization product of butadiyne: Structure, stability and possible formations. Chem. Phys. Lett. 2004, 394, 244–249. [Google Scholar] [CrossRef]

	54. 
Polo, V.; González-Navarrete, P.; Silvi, B.; Andrés, J. An electron localization function and catastrophe theory analysis on the molecular mechanism of gas-phase identity SN2 reactions. Theor. Chem. Acc. 2008, 120, 341–349. [Google Scholar] [CrossRef]

	55. 
Salinas-Olvera, J.P.; Gomez, R.M.; Cortes-Guzman, F. Structural evolution: Mechanism of olefin insertion in hydroformylation reaction. J. Phys. Chem. A 2008, 112, 2906–2912. [Google Scholar] [CrossRef] [PubMed]

	56. 
Ndassa, I.M.; Silvi, B.; Volatron, F. Understanding reaction mechanisms in organic chemistry from catastrophe theory: Ozone addition on benzene. J. Phys. Chem. A 2010, 114, 12900–12906. [Google Scholar] [CrossRef] [PubMed]

	57. 
Gillet, N.; Chaudret, R.; Contreras-Garcia, J.; Yang, W.T.; Silvi, B.; Piquemal, J.P. Coupling Quantum Interpretative Techniques: Another Look at Chemical Mechanisms in Organic Reactions. J. Chem. Theory Comput. 2012, 8, 3993–3997. [Google Scholar] [CrossRef] [PubMed]

	58. 
Domingo, L.R. State of the art of the bonding changes along the Diels-Alder reaction between butadiene and ethylene: Refuting the pericyclic mechanism. Org. Chem. Curr. Res. 2013, 2, 120. [Google Scholar]

	59. 
Woodward, R.B.; Hoffmann, R. The conservation of orbital symmetry. Angew. Chem. Int. Ed. Engl. 1969, 8, 781–853. [Google Scholar] [CrossRef]

	60. 
Houk, K.N.; González, J.; Li, Y. Pericyclic reaction transition states: Passions and punctilios, 1935–1995. Acc. Chem. Res. 1995, 28, 81–90. [Google Scholar] [CrossRef]

	61. 
Domingo, L.R. A new C–C bond formation model based on the quantum chemical topology of electron density. RSC Adv. 2014, 4, 32415–32428. [Google Scholar] [CrossRef]

	62. 
Domingo, L.R.; Arnó, M.; Andrés, J. Influence of reactant polarity on the course of the inverse-electron-demand Diels-Alder reaction. A DFT study of regio- and stereoselectivity, presence of Lewis acid catalyst, and inclusion of solvent effects in the reaction between nitroethene and substituted ethenes. J. Org. Chem. 1999, 64, 5867–5875. [Google Scholar]

	63. 
Reed, A.E.; Weinstock, R.B.; Weinhold, F. Natural population analysis. J. Chem. Phys. 1985, 83, 735. [Google Scholar] [CrossRef]

	64. 
Reed, A.E.; Curtiss, L.A.; Weinhold, F. Intermolecular interactions from a natural bond orbital, donor-acceptor viewpoint. Chem. Rev. 1988, 88, 899–926. [Google Scholar] [CrossRef]

	65. 
Domingo, L.R.; Sáez, J.A. Understanding the mechanism of polar Diels-Alder reactions. Org. Biomol. Chem. 2009, 7, 3576–3583. [Google Scholar] [CrossRef] [PubMed]

	66. 
Domingo, L.R.; Pérez, P.; Sáez, J.A. Understanding the regioselectivity in hetero Diels-Alder reactions. An ELF analysis of the reaction between nitrosoethylene and 1-vinylpyrrolidine. Tetrahedron 2013, 69, 107–114. [Google Scholar] [CrossRef]

	67. 
Domingo, L.R.; Ríos-Gutiérrez, M.; Pérez, P.; Chamorro, E. Understanding the [2n+2n] reaction mechanism between a carbenoid intermediate and CO2. Mol. Phys. 2016, 114, 1374–1391. [Google Scholar] [CrossRef]

	68. 
Parr, R.G.; von Szentpaly, L.; Liu, S. Electrophilicity index. J. Am. Chem. Soc. 1999, 121, 1922–1924. [Google Scholar] [CrossRef]

	69. 
Domingo, L.R.; Aurell, M.J.; Pérez, P.; Contreras, R. Quantitative characterization of the global electrophilicity power of common diene/dienophile pairs in Diels-Alder reactions. Tetrahedron 2002, 58, 4417–4423. [Google Scholar] [CrossRef]

	70. 
Domingo, L.R.; Chamorro, E.; Pérez, P. Understanding the reactivity of captodative ethylenes in polar cycloaddition reactions. A theoretical study. J. Org. Chem. 2008, 73, 4615–4624. [Google Scholar] [CrossRef] [PubMed]

	71. 
Domingo, L.R.; Pérez, P. The nucleophilicity N index in organic chemistry. Org. Biomol. Chem. 2011, 9, 7168–7175. [Google Scholar] [CrossRef] [PubMed]

	72. 
Domingo, L.R.; Aurell, M.J.; Pérez, P.; Contreras, R. Origin of the synchronicity on the transition structures of polar Diels-Alder reactions. Are these reactions [4+2] processes? J. Org. Chem. 2003, 68, 3884–3890. [Google Scholar] [CrossRef] [PubMed]

	73. 
Sauer, J.; Wiest, H.; Mielert, A. Eine studie der Diels-Alder-reaktion, I. Die reaktivität von dienophilen gegenüber cyclopentadien und 9.10-dimethyl-anthracen. Chem. Ber. 1964, 97, 3183–3207. [Google Scholar] [CrossRef]

	74. 
Carruthers, W. Some Modern Methods of Organic Synthesis; Cambridge University Press: Cambridge, UK, 1978. [Google Scholar]

	75. 
Parr, R.G.; Yang, W. Density Functional Theory of Atoms and Molecules; Oxford University Press: New York, NY, USA, 1989. [Google Scholar]

	76. 
Geerlings, P.; de Proft, F.; Langenaeker, W. Conceptual density functional theory. Chem. Rev. 2003, 103, 1793–1873. [Google Scholar] [CrossRef] [PubMed]

	77. 
Domingo, L.R.; Ríos-Gutérrez, M.; Pérez, P. Applications of the conceptual density functional theory indices to organic chemistry reactivity. Molecules 2016, 21, 748. [Google Scholar] [CrossRef] [PubMed]

	78. 
Sanderson, R.T. Partial charges on atoms in organic compounds. Science 1955, 121, 207–208. [Google Scholar] [CrossRef] [PubMed]

	79. 
Parr, R.G.; Donnelly, R.A.; Levy, M.; Palke, W.E. Electronegativity: The density functional viewpoint. J. Chem. Phys. 1978, 68, 3801. [Google Scholar] [CrossRef]

	80. 
Errede, L.A.; Hoyt, J.M.; Gregorian, R.S. The Chemistry of Xylylenes. VII. Some reactions of p-Xylylene that occur via cationic intermediates. J. Am. Chem. Soc. 1960, 53, 5224–5227. [Google Scholar] [CrossRef]

	81. 
Domingo, L.R.; Chamorro, E.; Pérez, P. Understanding the high reactivity of the azomethine ylides in [3+2] cycloaddition reactions. Lett. Org. Chem. 2010, 432–439. [Google Scholar] [CrossRef]

	82. 
Domingo, L.R.; Pérez, P.; Sáez, J.A. Understanding the local reactivity in polar organic reactions through electrophilic and nucleophilic Parr functions. RSC Adv. 2013, 3, 1486–1494. [Google Scholar] [CrossRef]

	83. 
Chamorro, E.; Pérez, P.; Domingo, L.R. On the nature of Parr functions to predict the most reactive sites along organic polar reactions. Chem. Phys. Lett. 2013, 582, 141–143. [Google Scholar] [CrossRef]

	84. 
Domingo, L.R.; Chamorro, E.; Pérez, P. Understanding the mechanism of non-polar Diels–Alder reactions. A comparative ELF analysis of concerted and stepwise diradical mechanisms. Org. Biomol. Chem. 2010, 8, 5495–5504. [Google Scholar] [CrossRef] [PubMed]

	85. 
Johnson, E.R.; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, J.; Yang, A.W. Revealing noncovalent interactions. J. Am. Chem. Soc. 2010, 132, 6498–6506. [Google Scholar] [CrossRef] [PubMed]

	86. 
Ríos-Gutiérrez, M.; Domingo, L.R.; Pérez, P. Understanding the high reactivity of carbonyl compounds towards nucleophilic carbenoid intermediates generated from carbene isocyanides. RSC Adv. 2015, 5, 84797–84809. [Google Scholar] [CrossRef]

	87. 
Domingo, L.R.; Emamian, S.R. Understanding the mechanisms of [3+2] cycloaddition reactions. The pseudoradical versus the zwitterionic mechanism. Tetrahedron 2014, 70, 1267–1273. [Google Scholar] [CrossRef]

	88. 
Domingo, L.R.; Ríos-Gutiérrez, M.; Pérez, P. A new model for C-C bond formation processes derived from the Molecular Electron-Density Theory in the study of the mechanism of [3+2] cycloaddition reactions of carbenoid nitrile ylides with electron-deficient ethylenes. Tetrahedron 2016, 72, 1524–1532. [Google Scholar] [CrossRef]

	89. 
Huisgen, R. 1,3-Dipolar Cycloadditions. Past and Future. Angew. Chem. Int. Ed. 1963, 2, 565–598. [Google Scholar] [CrossRef]

	90. 
Domingo, L.R.; Aurell, M.J.; Pérez, P. A Mechanistic Study of the Participation of Azomethine Ylides and Carbonyl Ylides in [3+2] Cycloaddition Reactions. Tetrahedron 2015, 71, 1050–1057. [Google Scholar] [CrossRef]

	91. 
Domingo, L.R.; Ríos-Gutiérrez, M.; Duque-Noreña, M.; Chamorro, E.; Pérez, P. Understanding the carbenoid-type reactivity of nitrile ylides in [3+2] cycloaddition reactions towards electron-deficient ethylenes. A molecular electron density theory study. Theor. Chem. Acc. 2016, 135, 160. [Google Scholar] [CrossRef]

	92. 
Domingo, L.R.; Aurell, M.J.; Pérez, P. A DFT analysis of the participation of TACs in zw-type [3+2] Cycloaddition Reactions. Tetrahedron 2014, 70, 4519–4525. [Google Scholar] [CrossRef]

	93. 
Houk, K.N.; Sims, J.; Duke, R.E.; Strozier, R.W.; George, J.K. Frontier molecular orbitals of 1,3-dipoles and dipolarophiles. J. Am. Chem. Soc. 1973, 95, 7287–7301. [Google Scholar] [CrossRef]

	94. 
Noury, S.; Krokidis, X.; Fuster, F.; Silvi, B. Computational tools for the electron localization function topological analysis. Comput. Chem. 1999, 23, 597–604. [Google Scholar] [CrossRef]

	95. 
Gaussian, version 09; Gaussian: Wallingford, CT, USA, 2009.








[image: Molecules 21 01319 sch001 550]





Scheme 1. DA reaction between butadiene 1 and ethylene 2 giving cyclohexene 3. 
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Scheme 2. DA reactions between Cp 6 and the cyanoethylene series 7 giving the series of cyclohexene derivatives 8. 
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Scheme 3. Electronic structure of TACs and the proposed reactivity types in 32CA reactions. 
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