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Introduction 

Organic reactions are classified as non-polar and polar reactions. While non-polar 

reactions are experienced mainly by saturated hydrocarbons, unsaturated hydrocarbon 

compounds and organic molecules contain C−X, C=X, and CX functional groups, where X is 

a heteroatom, experience polar reactions. Non-polar reactions usually present high activation 

energies, while polar reactions present low activation energies, which depend on the polar 

character of the reaction; i.e., when more polar, faster the reaction. 

The concept of polar reactions in Organic Chemistry was developed at the beginning of 

the past century. Unlike Inorganic Chemistry, which is associated mainly with ionic species, 

Organic Chemistry is associated with molecular compounds. This important structural 

difference also causes a different reactivity; while the chemistry of the ionic species is mainly 

thermodynamically controlled, that of molecular compounds is kinetically controlled as it 

demands changes in the ground state electronic structure associated with the rupture and 

formation of new bonds. 

The polar character of the reactions depends on the electrophilicity and the 

nucleophilicity of the reagents. The electrophile and nucleophile concepts were introduced by 

K. Ingold [1], who replaced the terms ‘anionoid’ and ‘cationoid’ proposed earlier by A. J. 

Lapworth in 1925 [2]. Ingold proposed the nucleophilic (nucleus-seeking) and electrophilic 

(electron-seeking) species as a generalization of the concepts of bases and acids, defined by 

Lewis as species, the neutralization of which involves the donation or acceptance of an 

electron-pair. However, while nucleophilicity and electrophilicity emphasize the kinetic aspect 

of reactivity, Lewis’s basicity and acidity emphasize the thermodynamic aspect of the Lewis 

adduct formation. 

From an experimental point of view, in 1993 Mayr and Patz proposed electrophilicity/ 

nucleophilicity scales [3] based on the rate constants for a large list of electrophile 

/nucleophile combination reactions. Mayr and co-workers found that the kinetic rate 

constants of electrophiles and nucleophiles obey the relationship log k = s (E + N), where 

electrophiles are characterized by the E parameter, and nucleophiles are characterized by 

two parameters, N and s, the last being the nucleophile specific slope parameter [3]. On this 

basis, these authors developed experimental electrophilicity and nucleophilicity scales for a 

great diversity of organic and organometallic compounds [4,5,6]. 

In the period 1995-2000, Domingo began the theoretical study of organic reactions, 

more specifically in Diels-Alder (DA) and [3+2] cycloaddition (32CA) reactions. A relationship 

between the expected nucleophilic character of the diene or the three-atom-components 

(TACs), and the expected electrophilic character of the ethylene, or vive-versa, and the 
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computed activation energies could be established. In this period, the charge transfer 

calculated at the transition state structure (TSs) was used as a physical property 

characterizing these stationary points. 

In 1999, the DA reactions between nitroethylene 1 and three substituted ethylenes of 

increased nucleophilic character (propene 2, methyl vinyl ether 3, and dimethylvinylamine 

4), in the absence and presence of Lewis acid catalysts were theoretically studied (see 

Scheme 1) [7]. The activation energies of these DA reactions decreased with the increase of 

the expected nucleophilic character of the ethylene, 2 < 3 < 4. A good correlation was 

established between the decrease of the activation energies and the increase of the global 

electron density transfer [8] (GEDT) at the TSs. 

 

 

Scheme 1. DA reactions between nitroethylene 1 and propene 2, methyl vinyl ether 3, and 

dimethylvinylamine 4, in the absence and presence of BH3 catalyst. 

 

 

Fig. 1. Plot of the logarithm of the experimental rate constant k vs. GEDT, in average number of 

electrons, e, for the DA reactions of Cp 1 with the cyanoethylene series 7. 

Further, in 2002, a linear correlation between the GEDT taking place at the TSs 

involved in the DA reactions of cyclopentadiene 6 with the cyano ethylene series 7, and the 

experimental relative reaction rates reported by Sustman in 1964 [9] was established (see 

Figure 1) [10]. Note that the concept of GEDT was introduced in 2014 by Domingo against 

the concept of charge transfer [8]. These findings allowed in 2009 to establish the 

mechanism of the polar Diels-Alder reactions, which are controlled by the 
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nucleophilic/electrophilic interactions taking place at the TSs, and not for frontier molecular 

orbital (MO) interactions [11]. 

In the late 1970s and early 1980s Robert G. Parr developed the so-called Conceptual 

Density Functional Theory (CDFT) [12]. CDFT tries to extract from the electron density 

relevant concepts and principles that make it possible to understand and predict the 

chemical behavior of a molecule. Two significant CDFT indices proposed by Parr are the 

electronic chemical potential  [13], which provides tendency of an electrophile to acquire an 

extra amount of electron density, and the chemical hardness  [14] which provides a 

measure of the resistance of a molecule to exchange electron density.  

Latter, in 1999, Parr proposed the electrophilicity  index [15], which gives a measure 

of the energy stabilization of a molecule when it acquires an additional amount of electron 

density, N, from the environment. The electrophilicity  index is given by the simple 

expression: 

 =
2

2
      (1) 

 

Thus, a good electrophile is a species characterized by a high || value and a low  

value. Considering that the electronegativity  is the negative of the electronic chemical 

potential ,  = − and that the softness S is the inverse of the hardness , S = 1/, a 

good electrophilic molecule is characterized to be a high electronegative and soft species. 

In the CDFT, the electronic chemical potential  and the chemical hardness  were 

approximated as  ≈ − (I + A) / 2 and  ≈ (I − A) / 2, where I is the ionization potential and 

A the electron affinity. By using the Koopmans’ theorem [16] and the Kohn–Sham (KS) 

formalism [17], these energies can be approached within the Hohenberg and Kohn Density 

Functional Theory (DFT) [18] by the frontier KS HOMO and LUMO energies where I by 

−EHOMO and A by −ELUMO. 

The Parr’s electrophilicity  index has become a powerful tool for the study of the 

reactivity of organic molecules participating in polar reactions [19,20]. A comprehensive 

study carried out in 2002 on the electrophilicity of a series of molecules participating in DA 

reactions allowed establishing a single electrophilicity  scale (see Table 1) [21]. This scale 

allowed the classification of organic molecules as strong electrophiles with  ≥ 1.50 eV, 

moderate electrophiles with 0.80 ≤  < 1.50 eV and marginal electrophiles with  < 0.80 eV 

[21]. Further, species with   ≥ 4.00 eV were classified as superelectrophiles [20]. 
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Table 1. B3LYP/6-31G(d) electrophilicity  index, in eV,  

of some common reagents involved in Diels-Alder reactions. 

Molecules  

Strong electrophiles  
CH2=N+(CH3)2 8.25 

(CN)2C=C(CN)2 5.96 

CH2=CHCHO:BH3 3.20 
CH2=C(CN)2 2.82 
CH2=CHNO2 2.61 
CH2=CHCHO 1.84 
CH2=CHCN 1.74 
CH2=CHCOCH3 1.65 
CH2=CHCO2CH3 1.51 
Moderate electrophiles  
CH2=CH-CH=CH2 1.05 
CH2=CH(CH3)-CH=CH2 0.94 
Cyclopentadiene  0.83 
Marginal electrophiles (Nucleophiles)  
CH3O-CH=CH-CH=CH2 0.77 
CH2=CH2 0.73 
(CH3)2N-CH=CH-CH=CH2 0.57 
CH≡CH 0.54 
CH2=CHOCH3 0.42 
CH2=CHN(CH3)2 0.27 

 

It is important to consider some pertinent questions to understand the applicability of 

the Parr’s electrophilicity  index in the study of polar organic reactions: i) the polar 

character of an organic reactions is mainly determined by the electrophilic character of a 

reactive (see later). For practical purposes, an electrophile should have an electrophilicity  

≥ 2.00 eV. Molecules with  < 1.50 eV, classified as moderate electrophiles, practically do 

not participate as electrophiles in polar processes; ii) the  index is a measure of the 

maximum stability of a species when it receives the maximum electron density of the 

environments. Consequently, the stabilization of an electrophile at the TS of a polar reaction 

is dependent on the amount of electron density provided by the nucleophile; and iii) the 

electrophilicity  index is a global property of a molecule, while the reactivity, i.e. formation 

of new bonds, is a local property. Thus, there are strong electrophilic species such as p-

nitrophenyl azide 8,  = 2.66 eV, which acts as a poor electrophile in polar 32CA reactions 

toward nucleophilic species [22]. This behavior is a consequence of the fact that the 

electrophilicity of this phenyl azide is mainly concentrated on the p-nitrophenyl substituent, 

while the –NNN azide framework is poorly electrophilically activated [22]. In this sense, the 

analysis of the electrophilic Parr 𝑃𝑘
+ functions [23] give a measure of the electrophilic centers 
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of a molecule. Figure 2 shows the analysis of the electrophilic Parr 𝑃𝑘
+ functions at the p-

nitrophenyl azide 8; as can be seen, the electrophilic Parr 𝑃𝑘
+ function of the terminal 

nitrogen atom of the azide framework is only 0.15. 

 

Fig. 2. 3D representations of the Mulliken atomic spin densities of the radical anion of azide 8, 
including the corresponding electrophilic 𝑃𝑘

+  Parr functions. 

 

Due to the relevance of the nucleophilic character of a molecule to favor the electron 

density donation to an electrophile in a polar reaction, in 2008 Domingo et al. proposed an 

empirical nucleophilicity N index based on the ionization potential I of a molecule. Taking in 

account the Koopmans theorem [16], the nucleophilicity N index is given by the simple 

expression [24]: 

N = EHOMO(Nu) − EHOMO(TCE)    (2) 

 
where EHOMO(Nu) is taken as an approximation to I of the nucleophile. As tetracyanoethylene 9 

(TCE) is a species with a very negative I value, this energy reference is used to hand the 

nucleophilicity scale of positive values [24]. Many studies of organic reactions carried out in 

the last years proved that the analysis of the electrophilicity  index and nucleophilicity N 

indices at the ground state of the reagents is a powerful tool to predict the polar character of 

a reactions, and consequently, its feasibility [20,25]. Thus, an experimental polar reaction 

requires the participation of a strong electrophile with a  ≥ 2.00 eV and a strong 

nucleophile with a  N ≥ 3.00 eV to take place. Herein, it is important to note that in CDFT 

the values of the KS HOMO and LUMO energies are chosen as an approximation to the I and 

A energies of a molecule, but any analysis of the symmetry of the corresponding KS MOs is 

done as in the DFT [18]; the KS MOs do not define anything. 

Very recently, an energy decomposition analysis based on the Interacting Quantum 

Atoms [26] (IQA), namely the Relative Interacting Atomic Energy [27] (RIAE), has been 

proposed to analyze the factors to controlling the activation energies; i.e., the changes in the 

IQA energies of the TSs with respect to the reference ground states. The RIAE analysis 

allows the decomposition of the KS energies obtained by the DFT calculations, allowing the 
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analysis of the electronic factors controlling the activation energies. The theoretical 

background of the RIAE analysis can be found in reference 27. Applying the RIAE analysis in 

three studies of polar DA reactions [27,28,29], it has been shown that the GEDT, which 

takes place from the nucleophile to the electrophile at polar TSs, is the main electronic factor 

responsible for the reduction of activation energies in polar reactions. These energy 

decomposition analyses have shown that while the nucleophile is destabilized by the loss of 

the electron density, the electrophile is stabilized. Since the stabilizing factor is greater than 

the destabilizing one, the GEDT phenomenon contributes to a decrease in the activation 

energy [29]. This finding supports Parr's proposal that the electrophilicity  index is a 

measure of the stabilization of molecules when they receive an extra electron density [15]. 

Very recently, Bickelhaupt and Fernández have published an article entitled: “What 

defines electrophilicity in carbonyl compounds” [30]. In this article, the authors studied the 

nucleophilic attacks of cyanide anion 10 on a series of 4-substituted cyclohexanones 11a-f 

and p-substituted benzaldehydes 12a-f (see Scheme 2). These authors questioned the use 

of the electrophilicity  index in the study of the reactivity of the carbonyl compounds. By 

using the Bickelhaupt’s activation strain model [31] (ASM) and the Bickelhaupt’s quantitative 

KS MO theory [32], the authors concluded that “electrophilicity is mainly determined by the 

electrostatic attractions between the carbonyl compound and the nucleophile (cyanide) along 

the entire reaction coordinate. Donor–acceptor frontier MO interactions, on which the current 

rationale behind electrophilicity trends is based, appear to have little or no significant 

influence on the reactivity of these carbonyl compounds.” In the study of the addition of 

cyanide anion 10 to benzaldehydes 12a-f, the authors found a linear correlation between 

the activation energies and the charges at the carbonyl carbon at the corresponding TSs. 

 

Scheme 2. Electrophilic additions of cyanide anion 10  

on the carbonyl carbon of cyclohexanones 11a-f and benzaldehydes 12a-f. 
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Some relevant issues regarding the ASM [31] and the KS MOs analyses applied in the 

Bickelhaupt and Fernández manuscripts should be commented on. First, to use the ASM 

within the DFT, Bickelhaupt proposed in 1999 the KS MO theory [32]. 

The DFT was established at the end of the 20th century, based on the theorems by 

Hohenberg and Kohn, as a new theory to study the electronic structure of matter [18]. In 

this quantum theory, the energy of a molecular system is a functional of the electron density 

 (see Equation 3). Unlike the MO theory [33], within DFT MOs do not exist. Unfortunately, 

similar to the quantum theory based on Schrödinger's equation [34], the resolution of the 

functional of the electron density  for a complex system is neither computationally feasible. 

As an approximation, the KS formalism [17] was introduced in analogy to the Hartree-Fock 

(HF) formalism [35]. Although the calculations performed within the KS formalism are similar 

to those performed in the HF approach, the KS wave function KS is only used to obtain the 

electron density matrix, which is obtained by the square of the wave function 𝐾𝑆
2  [17]. In 

addition, only the occupied KS MOs are used to obtain the electron density matrix; the virtual 

KS MOs, which include the LUMO, are not used in the DFT calculations. 

E[] = F[] + ∫ dr (r)v(r)     (3) 

 

Second, the electronic chemical potential μ [13] and the chemical hardness η [14] 

indices are obtained by the first and second derivatives of the DFT E[] energies with 

respect to a number of electrons N to a constant external potential v(r). The mathematical 

approaches used in the derivation of E[] equation give a series of equations that are 

functions of the I and A, which by using the Koopmans theorem [16] are approached by the 

frontier KS HOMO and LUMO energies as I by −EHOMO and A by −ELUMO. Consequently, the 

electrophilicity  index does not depend on “exclusively of the HOMO and LUMO energies” as 

these authors claim [30] since the values of KS HOMO and LUMO energies are used only in 

CDFT to approximate the molecular I and A energies. Note that the chemical electronic 

potential μ and the chemical hardness η could be obtained from I and A experimental data. 

In fact, in 2008, P. Pérez et al. reported a nucleophilicity N index obtained from the gas 

phase ionization potential I [36]. 

Consequently, the statement made in the conclusion of Bickelhaupt and Fernández's 

manuscript that "the donor-acceptor frontier molecular orbital interactions, on which the 

current rationale for electrophilicity trends is based" [30] is completely incoherent in DFT 
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since in this quantum chemistry theory MOs have no exit, and consequently, MO 

interactions, as proposed by the MO theory, can never be analyzed in DFT. 

What is the electrophilicity? The electrophile/nucleophile concepts were proposed in 

1930’s to characterize the reagents involved in polar reactions [1]. As the feasibility of an 

organic reactions depends of its reaction rate, the electrophile/nucleophile were related to 

the kinetic of a reaction. The TS energies dependent on the several electronic factors that in 

many cases are difficult to analyze. However, many studies of polar reactions have shown 

that the GEDT taking place at the TSs is the main factor responsible for the reduction of 

activation energies in polar processes [10,11] (see Figure 1). 

Very recently, the crucial role of the electron density transferred from the nucleophilic 

to the electrophilic species as the main factor reducing the activation energies has been 

established by a RIAE analysis of the series of polar DA reactions experimentally studied by 

Sauer (see Figure 1) [9,29]. This study has shown that the electronic stabilization of the 

electrophilic ethylene framework at the polar TSs is the main factor responsible for the 

acceleration found in these polar organic reactions, a behavior in complete agreement with 

the Parr’s concept of the electrophilicity  index [15,37]. Consequently, it is important to 

distinguish between the concept of electrophile, that is, the species that receive an amount 

of electron density in a polar process, and the Parr’s electrophilicity  index, that is, the 

CDFT index that quantitatively states the electrophilic character of an electrophile. 

As previously mentioned, numerous manuscripts have shown the usefulness of the 

Parr's electrophilicity  index for quantitatively characterizing the electrophilic character of 

an electrophile. Here, the two nucleophilic additions of cyanide anion 10 to carbonyl carbons 

given in Scheme 2 are studied within Molecular Electron Density Theory [38] (MEDT) to 

explore how the Parr's electrophilicity  index is able to explain the chemical reactivity of this 

species. 

 

Results and discussion 

The present MEDT study has been organized into five sections: i) the first section 

contains an analysis of the electrophilicity  indices of the cyclohexanones 11a-f and 

benzaldehydes 12a-f; ii) the second section conducts an electron localization function [39] 

(ELF) analysis of the electronic structure of the p-substituted benzaldehydes; iii) the third 

section explores the reaction paths associated with the nucleophilic addition of cyanide anion 

10 to the cyclohexanone and benzaldehyde series; iv) the fourth section is focused on the 

ELF and quantum theory of Atoms in Molecules [40,41] (QTAIM) analyses of the evolution of 

the C−C bond formation at the TSs associated to the nucleophilic attacks of cyanide anion 10 
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to cyclohexanone 11a and benzaldehyde 12a; and finally, v) the fifth section presents a 

RIAE analysis of the nucleophilic addition of cyanide anion 10 to benzaldehydes 12a,b,f. 

 

Analysis of the electrophilicity  indices of the cyclohexanone 11a-f and benzaldehyde 12a-

f series 

First, the analysis of the electrophilicity  indices of the cyclohexanones 11a-f and 

benzaldehydes 12a-f given in Scheme 2 was performed. The reactivity indices were 

calculated at the B3LYP/6-31G(d) computational level, which was employed to establish the 

electrophilicity scale [21,42]. The global reactivity indices, namely, the electronic chemical 

potential μ, chemical hardness η, global electrophilicity ω, and global nucleophilicity N, for 

the cyclohexanones 11a-f and benzaldehydes 12a-f are given in Table 2. 

Table 2. B3LYP/6-31G(d) electronic chemical potential μ, chemical hardness η, electrophilicity ω, and 

nucleophilicity N, in eV, for cyclohexanones 11a-f and benzaldehydes 12a-f. 

 X    N 

12b NO2 –5.35 4.46 3.21 1.55 
12c CF3 –4.77 5.07 2.25 1.81 
12d Br –4.51 5.02 2.02 2.10 
12a H –4.33 5.23 1.79 2.18 
12e Me –4.22 5.24 1.70 2.28 
16  –4.23 6.16 1.45 1.82 
10    5.07 9.14 1.41 9.63 
12f NMe2 –3.28 4.43 1.21 3.63 
11b O –3.60 6.07 1.07 2.49 
11c S –3.48 5.69 1.06 2.80 
11d PMe –3.37 5.84 0.97 2.82 
15  –3.47 6.34 0.95 2.48 

11a CH2 –3.35 6.05 0.93 2.74 
11e CMe2 –3.34 6.04 0.93 2.76 
11f NMe –2.82 4.58 0.87 4.01 

 

The electrophilicity  indices of propan-2-one 15 and formaldehyde 16 are also 

analyzed as references to these carbonyl compounds. The electrophilicity  indices of 

propan-2-one 15 and formaldehyde 16 are 0.95 and 1.45 eV, respectively. Consequently, 

these carbonyl compounds are classified as moderate electrophiles. Therefore, these 

molecules demand the acid or basic catalysis to experience nucleophilic additions. Note that 

the basic catalysis is achieved by the use of anion species such as the cyanide anion 10, N = 

9.63 eV (see Table 2), categorized as supernucleophiles species. The presence of the two 
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electron-releasing (ER) methyl groups in propan-2-one 15 markedly decreases the 

electrophilic character of this ketone with respect to that of formaldehyde 16. 

The electrophilicity  index of cyclohexanone 11a, 0.93 eV, is slightly lower than that 

of propan-2-one 15 (see Table 2). Consequently, it expected that cyclohexanone 11a, will 

be poor reactive. The electrophilicity  indices of the cyclohexanone derivatives 11b-f are 

found in a narrow range between 0.87 – 1.07 eV. Therefore, a similar poor reactivity will be 

expected of this series of ketones in nucleophilic addition reactions. Analysis of the 

electrophilicity  index of these ketones shows a relationship between the nature of the 

substitution X on the position 4 of cyclohexanone 11b-f and the values of ; thus, while 

tetrahydropyranone 11b (X = O) is the most electrophilic species of this series,  = 1.07 eV, 

1-methylpiperidinone 11f (X = NMe) is the less electrophilic one,  = 0.87 eV. Therefore, 

this series of poor electrophilic ketones cannot be considered as presentative species of 

electrophilic molecules. 

The electrophilicity  index of benzaldehyde 12a, 1.79 eV, is higher than that of 

formaldehyde 16 (see Table 2). The presence of the benzene ring in benzaldehyde 12a 

increases its electrophilicity in  = 0.34 eV with respect to that of formaldehyde 16. 

Interestingly, the electrophilicity  index of these p-substituted benzaldehydes is found in a 

wide range from 3.21 (12b, X = NO2) to 1.21 (12f, X = NMe2) eV. As can be seen, unlike in 

the series of cyclohexanones 11a-f, the reactivity of these p-substituted benzaldehydes 

12a-f is strongly dependent on the substitution on the aromatic ring. Thus, while the 

presence of a strongly electron-withdrawing (EW) –NO2 group increases the electrophilicity  

index of benzaldehyde 12a in  = 1.42 eV, the presence of the ER –NMe2 group decreases 

it in  = 0.58 eV. 

The analysis of the electrophilicity  index of cyclohexanone derivatives 11b-f shows 

that these species, classified as moderate electrophiles, participate as electrophiles in polar 

reactions only under acid or basic catalysis. In addition, this series of 4-substituted 

cyclohexanones 11b-f exhibit structural changes at the non-conjugated C-4 position relative 

to the carbonyl carbon of cyclohexanone 11a. As a result, a poor response in the 

electrophilicity  index and consequently in the reactivity would be expected. 

Consequently, only the analysis of the electrophilicity  index of the series of p-

substitutes benzaldehydes 12a-f can account for the participation of these species as 

electrophiles in polar reactions. 
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ELF analysis of the electronic structure of the p-substituted benzaldehydes 12a,b,f. 

The previous analysis of the electrophilicity  index of the two series of carbonyl derivatives 

shows that only the p-substitution on the aromatic ring of benzaldehydes 12a-f markedly 

affects its reactivity. The topological analysis of the ELF permits a quantitative 

characterization of the electron density distribution in a molecule [43], allowing the 

establishment of a correlation between its electronic structure and its reactivity. Thus, an ELF 

topological analysis of the electronic structures of benzaldehyde 12a and the p-substituted 

benzaldehydes 12b (X = NO2) and 12f (X = NMe2) is carried out in order to show as the 

substitution affect the ground state electronic structures of these compounds. ELF basin 

attractor positions, together with the most relevant valence basin populations, are shown in 

Figure 3. 

 

Fig. 3. ELF basin attractor positions and populations of the most relevant valence basins of 

benzaldehydes 12a,b,f. The dipolar moments D, in debyes, are given in blue. The total electron 

density of the aromatic rings is given in red. Valence basin populations and ring electron density are 

given in average number of electrons, e. 

ELF of benzaldehyde 12a shows the presence of one V(C2,O1) disynaptic basin 

integrating 2.30 e, one V(C2,C5) disynaptic basin integrating 2.28 e, and two monosynaptic 

basins, V(O1) and V’(O1), integrating a total of 5.27 e. The six C−C bonding regions of the 

benzene aromatic ring are characterized by the presence of six V(C,C) disynaptic basins 

integrating a total of 16.49 e (see Figure 3). 

The population of the V(C2,C4) disynaptic basin at the three benzaldehydes 12a,b,f 

shows some delocalization between the carbonyl group and the benzene aromatic ring. On 

the other hand, the population of the V(C2,O1) disynaptic basins and that of the V(O1) and 

V’(O1) monosynaptic basins show a strong polarization of the electron density of the 

carbonyl C−O region toward the strong electronegative oxygen atom. Note that within the 

Lewis structure, the C−O region should be characterized as a populated single bond. 



Scientiae Radices, 3(3), 157-186 (2024) 
 

169 
 

The presence of a strong EW –NO2 group at the p-substituted benzaldehyde 12b and 

a strong ER –NMe2 group at the p-substituted benzaldehyde 12f only modify slightly the 

population of the valence basins of benzaldehyde 12a (see Figure 3). Thus, while EW –NO2 

group polarizes the electron density of the carbonyl C–O group towards the aromatic ring, 

the ER –NMe2 group polarizes the corresponding electron density towards the carbonyl 

oxygen atom. 

The effects of the benzene substitution on the polarization of the carbonyl group are 

displayed in the dipolar moment D of these molecules; the strong polarization of the electron 

density at the p-NMe2-benzaldehyde 12f causes an increase of the dipole moment of this 

species with respect to that in the other two compounds (see Figure 3). The electron density 

in the C=O bonding region of these three benzaldehydes is again the electrophilicity  index 

showed by them. Note that the most electrophilic species 12b presents the high V(C2,O1) 

populations. 

 

Study of the nucleophilic addition of cyanide anion to the cyclohexanone and benzaldehyde 
series 
 

Next, the potential energy surface (PES) associated with the nucleophilic addition of 

cyanide anion 10 to the cyclohexanones 10a,b,f and benzaldehydes 12a,b,c,e,f to yield 

the corresponding tetrahedral adduct intermediates was analyzed. 

 

Study of the nucleophilic addition of cyanide anion 10 to the cyclohexanones 10a,b,f. 

Due to the similar reactivity expected for the nucleophilic addition of cyanide anion 

10 to the cyclohexanone series given in Table 2, only the nucleophilic addition to 

cyclohexanone 11a and the cyclohexanone derivatives 11b (X=O) and 11f (X=NMe) were 

studied (see Scheme 3). For comparison, the nucleophilic attack of cyanide anion 10 to 

propan-2-one 15 was also studied. The total and relative energies are given in Table 3. 

 

Scheme 3. Electrophilic addition of cyanide anion 10  

on the carbonyl carbon of cyclohexanones 11a,b,f. 
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Along the approach of the cyanide anion 10 to these carbonyl compounds a series of 

weak molecular complexes (MCs) are found on the PES. They are only between 0.8 and 1.1 

kcal·mol-1 more stable than the separated reagents. Therefore, they have no relevance for 

PES. The nucleophilic attack of cyanide anion 10 on the carbonyl carbon atom of propan-2-

one 15 presents an activation energy of 12.9 kcal·mol-1, formation of the corresponding 

tetrahedral adduct intermediate AD-15 is endothermic by 6.13 kcal·mol-1. A similar energy 

result is obtained for the addition of the cyanide anion 10 to cyclohexanone 11a. 

Table 3. Total, in au, and relative, in kcal·mol-1, energies of the stationary points involved in the step 

of the nucleophilic attack of cyanide anion 10 on the carbonyl carbon of propan-2-one 15  

and cyclohexanones 11a,b,f. 

 E E 

propan-2-one 15 –193.156742  

MC-15  –286.111573 –0.84 

TS-15 –286.089606 12.94 

AD-15 –286.100456 6.13 

11a (X = CH2) –309.889201  

MC-11a  –402.844099 –0.88 

TS-11a –402.823814 11.85 

AD-11a –402.835564 4.47 

11b (X = O)  –345.780943  

MC-11b  –438.736242 –1.14 

TS-11b –438.718566 9.96 

AD-11b -438.731222 2.02 

11f (X = NMe) –365.224374  

MC-11f –458.179056 –0.75 

TS-11f –458.160703 10.77 

AD-11f –458.172739 3.22 

CN- 10 –92.9534898  
 

The activation energy associated with this addition is only 1.1 kcal·mol-1, lesser than 

that associated with propan-2-one 15. On the other hand, the activation energies associated 

with the nucleophilic attacks to 4-substituted cyclohexanones 11b (X = O) and 11f (X = 

NMe) are 2.0 and 1.0 kcal·mol-1, respectively, lower in energy than cyclohexanone 11a. A 

similar trend in the endothermic character of the formation of the corresponding tetrahedral 

adduct intermediates is found. The lesser electrophilic cyclohexanone 11f presents a lower 

activation energy than cyclohexanone 11a. The different activation energies, which show 

the same trend that the thermodynamic formation of the tetrahedral adduct intermediates, 

may be due to some weak electronic interactions that are not easy to analyze. 
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The geometries of the TSs associated with the nucleophilic attack of cyanide anion 10 

on the carbonyl carbon atom of propan-2-one 15 and cyclohexanone 11a are given in 

Figure 4. The two main parameters of these TSs are the C2−C3 distance and the C3−C2−O1 

angle. The C2−C3 distance at these TSs are 1.980 (TS-15) and 2.004 (TS-11a) Å, while the 

C3−C2−O1 angles are 107.5 (TS-15) and 106.2 (TS-11a) degrees. The C2−C3 distances at 

the TSs associated with the nucleophilic attacks of cyanide anion 10 to cyclohexanones 11b 

(X = O) and 11f (X = NMe) are very similar, 2.008 and 2.001 Å, respectively.  

 

Fig. 4. Geometries of the TSs associated with the nucleophilic attack of cyanide anion 10 on the 

carbonyl carbon of propan-2-ona 15, TS-15, and cyclohexanone 11a, TS-11a. The GEDT is given in 

red. Distances are given in Angstroms Å, while angles are given in degrees. 

Finally, the GEDT at these TSs, which shows the polar character of an organic reaction, 

was computed [8]. The corresponding GEDT values are given in Figure 4. The high GEDT 

computed at these TSs, ca. 0.42 e, points out to the high polar character of these 

nucleophilic addition reactions, resulting from the supernucleophilic character of cyanide 

anion 10, and not to the poor electrophilic character of these carbonyl compounds (see 

Table 2). 

 

Study of the nucleophilic addition of cyanide anion 10 to benzaldehydes 12a,b,c,e,f. 

For the nucleophilic addition reactions of cyanide anion 10 to benzaldehydes 12a-f 

given in Scheme 2, five reactions were studied. They include the attack of cyanide anion 10 

to benzaldehyde 12a, and the attacks to the p-substituted benzaldehydes 12b and 12c 

having the EW −NO2 and −CF3 groups, respectively, and to the p-substituted benzaldehydes 

12e and 12f having the ER −CH3 and −N(CH3)2 groups (see Scheme 4). The total and 

relative energies are given in Table 4. 
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Scheme 4. Electrophilic addition of cyanide anion 10 on the carbonyl carbon of benzaldehydes 

12a,b,c,d,f. 

Table 4. Total, in au, and relative, in kcal·mol-1, energies of the stationary points involved in the step 

of the nucleophilic attack of cyanide anion 10 on the carbonyl carbon of benzaldehydes 12a,b,c,e,f. 

  E E 

12b (X = NO2) –550.044495   

MC-12b –643.000738 –1.73 

TS-12b –642.987294 6.71 

AD-12b –643.000203 –1.39 

12c (X = CF3) –682.605589   

MC-12c  –775.561742 –1.67 

TS-12c –775.546222 8.07 

AD-12c –775.558812 0.17 

12a (X = H) –345.547859   

MC-12a –438.502900 –0.97 

TS-12a –438.484828 10.37 

AD-12a –438.496786 2.86 

12e (X = Me) –384.865040   

MC-12e  –477.819903 –0.86 

TS-12e –477.800580 11.26 

AD-12e –477.812317 3.9 

12f (X = NMe2) –479.519337   

MC-12f  –572.474554 –1.08 

TS-12f -572.449452 14.67 

AD-12f -572.460477 7.75 

 

Similar to the addition to cyclohexanone 11a, a series of MCs along the approach of 

cyanide anion 10 to these benzaldehyde derivatives are found. They are only between 0.9 

and 1.8 kcal·mol-1 more stable than the separated reagents (see Table 4). The activation 

energies associated with these nucleophilic attacks range from 6.7 (12b (X = NO2)) to 14.7 

(12f (X = NMe2)) kcal·mol-1, while the endothermic character of formation of the 
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corresponding tetrahedral adduct intermediates range from 0.17 (12c (X = CF3)) to 7.75 a 

(12f (X = NMe2)) kcal·mol-1; i.e., the p-substitution on the benzene ring has a marked 

incidence in the kinetics and in the thermodynamics. If the addition to benzaldehyde 12a is 

taken as the reaction reference, the presence of a strong EW −NO2 substituent at 12b 

clearly reduces the activation energy to 6.7 kcal·mol-1, while the presence of a strong ER 

−N(CH3)3 substituent at 12f increases it to 14.7 kcal·mol-1. 

 

As shown in Figure 5, a very good logarithmic correlation between the electrophilicity 

 index of benzaldehydes 12a,b,c,e,f and the activation energies associated with the 

nucleophilic attack of the cyanide anion 10 on these species can be established, R2 = 0.95. 

This plot shows the narrow correlation between the values of the electrophilicity  index and 

the variations of activation energies in these polar reactions. 

 

 

Fig. 5. Plot of the activation energies associated with the nucleophilic attack of cyanide anion 10 

 to benzaldehydes 12a,b,c,e,f, Eact in kcal·mol-1, versus the electrophilicity  index, in eV,  

of benzaldehydes 12a,b,c,e,f. 

 

The geometries of the TSs associated with the nucleophilic attack of cyanide anion 10 

on the carbonyl carbon atom of benzaldehydes 12a,b,f are given in Figure 6. The C2−C3 

distance at these TSs, 2.022 (TS-12b), 1.995 (TS-12a) and 1.970 (TS-12f) Å are closer to 

that associated with the attached to cyclohexanone 11a (see Figure 4). These data show a 

relationship between these distances and the corresponding activation energies, in 

agreement with the Hammond’s postulate [44]; the lower the activation energy, earlier the 

TS. 
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Fig. 6. geometries of the TSs associated to the nucleophilic attack of cyanide anion 10 on the 
carbonyl carbon of benzaldehydes 12a,b,f. The GEDT values at the TSs are given in red. Distances 

are given in Angstroms Å, while angles are given in degrees. The GEDT is given in average number  

of electrons, e. 

Finally, the GEDT at the TSs was computed. The corresponding GEDT values are given 

in Figure 6. The high GEDT computed at these TSs, ca. 0.65 e, points out to the high polar 

character of this nucleophilic addition reactions. These values are higher than those 

computed at the TSs of the addition to cyclohexanone 11a (see Figure 4), in agreement with 

the higher electrophilic character of benzaldehydes than cyclohexanones (see Table 2). 

Newly, the high polar character of these TSs is a consequence of the supernucleophilic 

character of the anion cyanide 10. 

In Figure 7, a very good linear correlation between the GEDT computed to the TSs and 

the activation energies associated with the nucleophilic attack of the cyanide anion 10 to 

benzaldehydes 12a,b,c,e,f can be established, R2 = 0.97. This plot shows the dependence 

of the activation energy of polar organic reaction of the GEDT taking place at the TSs [29]; 

the more GEDT at the TSs, i.e., the more polar the reaction, the faster the reaction (see 

Figure 1). 
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Fig. 7. Plot of the activation energies associated with the nucleophilic attack of cyanide anion 10  

to benzaldehydes 12a,b,c,e,f (Eact, in kcal·mol-1) versus the GEDT, in average number of electrons 

e, computed at the TSs. 

 

ELF and QTAIM analyses of the evolution of the C−C bond formation at the TSs associated to 

the nucleophilic attacks of cyanide anion 10 to cyclohexanone 11a and benzaldehyde 12a. 
 

In order to understand the evolution of the C−C bond formation at the TSs associated 

to the nucleophilic attacks of cyanide anion 10 to cyclohexanone 11a and benzaldehyde 

12a an ELF and QTAIM topological analysis of TS-11a and TS-12a was performed. ELF 

basin attractor positions, together with the most relevant valence basin populations at the 

two TSs are shown in Figure 8. 

 

Fig. 8. ELF basin attractor positions and populations of the most relevant valence basins of TS-11a 

and TS-12a. Valence basin populations are given in average number of electrons, e. 

 

The analysis of the ELF in both TSs shows a great similarity between them. They show 

the presence of a V(C3) monosynaptic basin integrating 2.5 e at the cyanide carbon atom. 

The absence of any V(C2,C3) disynaptic basin between the cyanide carbon atom and the 

carbonyl one indicates that at both TSs the formation of the new C2−C3 single bond has not 
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yet started. A comparison of the electron density at the carbonyl group at benzaldehyde 11a 

(see Figure 3) and that at TS-12a shows that along the approach of the cyanide anion 10 

to the carbonyl carbon atom, a strong polarization of the electron density toward the 

carbonyl oxygen atom takes place.  

A comparative QTAIM analysis of the C2C3 interacting regions in TS-11a and TS-

12a shows a high degree of electronic similarity between the two TSs (see Figure 9). The 

critical points (CPs) (3,-1) associated with the C2C3 interacting regions at both TSs present 

the same electron density ρ = 0.08 e (see Table 5). The Laplacian 2(r) at these CPs show 

positive values, indicating the absence of any covalent interaction, 2(r) = 0.03. The 

calculated V(r)/G(r) values at these CPs, 1.77 (TS-11a) and 1.73 (TS-12a) indicate that, 

according to the Espinosa criteria [45], the corresponding C2C3 interactions have a non-

covalent nature with somewhat covalent character 

 

Fig. 9. Representations of B97X-D/6-311+G(d,p) contour line maps of the Laplacian 2(r)  

of the electron density of TS-11a and TS-12a. The CPs (3,-1) CP and the bond path associated  

with the C2C3 interacting region are marked in red. 

Table 5. B97X-D/6-311+G(d,p) QTAIM parameters, in atomic units a.u., of the (3,-1) CPs  

at TS-11a and TS-12a. 

 TS-11a TS-12a 

Density   0.0826   0.0829 

Laplacian   0.0306   0.0381 

G(r)   0.0339   0.0361 

K(r)   0.0262   0.0266 

V(r) –0.0601 –0.0627 

V(r)|/G(r)   1.7741   1.7363 
 

RIAE analysis of the nucleophilic addition of cyanide anion 10 to benzaldehydes 12a,b,f. 

Finally, to determine the electronic effects responsible for the activation energies of the 

nucleophilic addition of cyanide anion 10 to benzaldehydes 12a-f, a RIAE analysis [27] on 

the gas-phase TSs associated with the nucleophilic addition of cyanide 10 anion to 

benzaldehydes 12a (X=H), 12b (X=NO2) and 12f (X=NMe2) was performed. The 
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nucleophilic addition reaction to formaldehyde 16 as the reaction reference is also studied. 

The M06-2X/6-311+G(d,p) 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  total, 𝐸𝑖𝑛𝑡𝑟𝑎

𝑋  intra-atomic and 𝐸𝑖𝑛𝑡𝑒𝑟
𝑋  interatomic energies 

of the benzaldehyde (CHO) and cyanide anion (CNA) frameworks of the TSs with respect to 

the MCs are given in Table 6. 

Analysis of the 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  energies of the two frameworks in the nucleophilic addition of 

cyanide 10 anion to formaldehyde 16 shows that while the nucleophilic CNA framework is 

destabilized at TS-16, 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝑁𝐴  = 8.34 kcal·mol-1, the electrophilic CHO one is stabilized, 

𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝐻𝑂  = −3.78 kcal·mol-1. Analysis of the 𝐸𝑖𝑛𝑡𝑟𝑎

𝑋  intra-atomic and 𝐸𝑖𝑛𝑡𝑒𝑟
𝑋  interatomic 

energies at the two fragments indicates that while the intramolecular interactions at the CHO 

framework is the more stabilizing factor, 𝐸𝑖𝑛𝑡𝑟𝑎
𝐶𝐻𝑂 = −9.4 kcal·mol-1, the intramolecular 

interactions at the CNA framework is the more destabilizing factor, 𝐸𝑖𝑛𝑡𝑟𝑎
𝐶𝑁𝐴 = 35.87 kcal·mol-1. 

Analysis of the 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  total energies of the TS associated with the nucleophilic addition 

of cyanide anion 10 to benzaldehyde 12a (X = H) shows a similar trend to that associated 

with the addition to formaldehyde 16. While the 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  total energies associated with CHO 

framework are stabilizing, 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝐻𝑂  = −2.40 kcal·mol-1, those associated with the CNA one as 

destabilizing, 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝑁𝐴  = 10.46 kcal·mol-1. In this reaction, the 𝐸𝑖𝑛𝑡𝑒𝑟

𝑋  interatomic energies 

associated with the CHO framework of TS-12 are the more favorable, 𝐸𝑖𝑛𝑡𝑒𝑟
𝑋  = −19.13 

kcal·mol-1. 

Table 6. M06-2X/6-311+G(d,p) gas-phase 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  total, 𝐸𝑖𝑛𝑡𝑟𝑎

𝑋  intra-atomic and 𝐸𝑖𝑛𝑡𝑒𝑟
𝑋  interatomic 

energies, in kcal·mol-1, of the benzaldehyde CHO and cyanide anion CNA frameworks at the TSs with 

respect to those at the MCs. The sum of the of the 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  energies of the two frameworks, i.e.,  

𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝐻𝑂+𝐶𝑁𝐴, yields the RIAE activation energies. 

 ƒ(X) 𝐸𝑖𝑛𝑡𝑟𝑎
𝑋  𝐸𝑖𝑛𝑡𝑒𝑟

𝑋  𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  𝐸𝑡𝑜𝑡𝑎𝑙

𝐶𝐻𝑂+𝐶𝑁𝐴 

TS-16 
CHO –9.41    5.63 –3.78 

4.56 
CNA  35.87 –27.53  8.34 

TS-12a (X=H) 
CHO  16.73 –19.13 –2.40 

8.06  
CNA  25.17 –14.72 10.46 

TS-12b (X=NO2) 
CHO  22.80 –29.85 –7.05 

4.70 
CNA –4.60  16.35 11.75 

TS-12f (X=NMe2) 
CHO –64.48  67.25  2.77 

15.20 
CNA  13.77 –1.35 12.43 

 

The inclusion of a strong EW −NO2 group in the aromatic ring of benzaldehyde causes 

a marked stabilization of the CHO framework of TS-12b (X = NO2), 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝐻𝑂 = −7.05 kcal·mol-

1, while the CNA one is destabilized 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝑁𝐴 = 11.75 kcal·mol-1. The high stabilization of the 

CHO framework resulting from the high GEDT decreases the RIAE activation energy with 

respect to that of TS-12a (X = H) by 3.36 kcal·mol-1. A detailed analysis of the energies 
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given in Table 6 indicates that the 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝐻𝑂  interatomic energies associated with the 

benzaldehyde CHO framework, −29.85 kcal·mol-1, are the more stabilizing factors at the 

most favorable TS-12b, while those associated with the cyanide anion CNA framework are 

destabilizing, 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝑁𝐴  = 16.35 kcal·mol-1. Analysis of the IQA interatomic energies 

contributing to the 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝐻𝑂  interatomic energies shows that the stabilization of the carbonyl 

C2 carbon atom, 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶2 = −41.52 kcal·mol-1, is the main factor contributing to that 

stabilization. 

The inclusion of a strong ER −NMe2 group in the aromatic ring of benzaldehyde causes 

a marked destabilization of the two interacting CHO and CNA frameworks of TS-12f (X = 

NMe2), 𝐸𝑡𝑜𝑡𝑎𝑙
𝑋  = 2.77 (CHO) and 12.43 (CNA) kcal·mol-1. Although the 𝐸𝑖𝑛𝑡𝑟𝑎

𝐶𝐻𝑂  intra-atomic 

energies are strongly stabilizing, −64.48 kcal·mol-1, the 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝐻𝑂  interatomic energies are more 

strongly destabilizing, 67.25 kcal·mol-1. As a consequence, the RIAE activation energies 

arises to 15.20 kcal·mol-1. 

As expected in polar reactions, while the 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝑁𝐴  total energies associated with the 

nucleophilic cyanide anion 10 are positive and unfavorable, the 𝐸𝑡𝑜𝑡𝑎𝑙
𝐶𝐻𝑂  total energies 

associated with the electrophilic aldehydes 16 and 12a,b are negative and favorable (see 

Table 6) [29]. This result is a consequence of the GEDT taking place at the polar TSs which 

stabilize the electrophilic CHO frameworks, a behavior anticipated by analysis of the Parr’s 

electrophilicity  index [15,37]. 

Table 7. IQA 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶2𝐶3 interatomic energies, in a.u., between the C2 and C3 interacting carbons  

at the TSs. 

 
𝐸𝑖𝑛𝑡𝑒𝑟

𝐶2𝐶3 𝑉𝑒𝑛
𝐶2𝐶3 𝑉𝑛𝑒

𝐶2𝐶3 𝑉𝑒𝑒
𝐶2𝐶3 𝑉𝑛𝑛

𝐶2𝐶3 

TS-16 0.0253 –7.9136 –8.6634 7.1362 9.4661 

TS-12a 0.0350 –7.6286 –8.4010 6.9139 9.1507 

TS-12b 0.0404 –7.1886 –7.9842 6.5784 8.6348 

TS-12f 0.0329 –7.7499 –8.5156 7.0061 9.2923 
 

In order to understand the electronic interactions taking place between the pair of C2 

and C3 interacting carbon atoms at the aforementioned TSs, an IQA analysis of the 

Vinter(A,B) interatomic energies between the C2 and C3 carbons at the four TSs was 

performed (see Table 7). Three interesting conclusions can be drawn from a detailed energy 

analysis of the data given in Table 7: i) in the four TSs, the sum of the 𝑉𝑒𝑛
𝐶2𝐶3 and 𝑉𝑛𝑒

𝐶2𝐶3 

attractive energies is lower than the 𝑉𝑒𝑒
𝐶2𝐶3 and 𝑉𝑛𝑛

𝐶2𝐶3 repulsive ones by between 15.89 (TS-

16) and 25.26 (TS-12b) kcal·mol-1; ii) the repulsive nuclei-nuclei 𝑉𝑛𝑛
𝐶2𝐶3 interatomic 

interactions are the main factor responsible of these unfavorable interactions, and iii) these 
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repulsive interactions decrease in the order TS-12f > TS-12a > TS-12b, as the C2−C3 

distance increase. 

Consequently, this RIAE analysis rejects the main conclusions of Bickelhaupt and 

Fernández’s manuscript obtained through the ASM analysis that “electrophilicity is mainly 

determined by the electrostatic attractions between the carbonyl compound and the 

nucleophile (cyanide) along the entire reaction coordinate” [30], since the increase of the 

favorable 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝐻𝑂  interatomic energies associated with the electrophilic benzaldehyde CHO 

framework, resulting from the GEDT taking place at the polar TSs, are the main factor 

responsible for the acceleration of these polar reactions. In addition, the IQA analysis of the 

C2 and C3 electrostatic interactions taking place at the TSs of these nucleophilic additions 

indicates that they are repulsive and consequently unfavorable. 

 

Computational Details 

This MEDT study has been carried out by performing quantum chemical calculations 

within DFT. The B97X-D functional [46], together with the standard 6-311+G(d,p) basis set 

[35], which includes diffuses and d-type polarization for second-row elements and p-type 

polarization functions for hydrogens, were used throughout this MEDT study. The TSs were 

characterized by the presence of only one imaginary frequency. The Berny method was used 

in optimizations [47,48]. The intrinsic reaction coordinate [49] (IRC) calculations were 

performed to establish the unique connection given between the TSs and the corresponding 

minima [50,51]. Solvent effects were considered by full optimization of the gas phase 

structures at the same computational level using the polarizable continuum model [52,53] 

(PCM) in the framework of the self-consistent reaction field [54-56] (SCRF), and water as 

solvent. The GEDT [8] values were computed using the equation GEDT(f) = Σqf, where q are 

the natural charges [57,58] of the atoms belonging to one of the two frameworks (f) at the 

TS geometries. Reactivity indices [13,25] were calculated using the equations in reference 

[25]. 

The Gaussian 16 suite of programs [59] was used to perform the calculations. ELF 

analyses of the B97X-D /6-311+G(d,p) monodeterminantal wavefunctions were done by 

using the TopMod [60] package with a cubical grid of step size of 0.1 Bohr. The Bader’s 

QTAIM [32,33] analyses were conducted using Multiwfn 3.7 software packages [61]. 

Molecular geometries and ELF basin attractors were visualized by using the GaussView 

program [62]. 

The IQA analysis was performed with the AIMAll package [63] using the corresponding 
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M06-2X/6-311+G(d,p) monodeterminantal pseudo-wavefunctions. Note that the AIMAll 

package only allows the use of the B3LYP and the M06-2X functionals. 

 

Conclusions 

In 1933, Ingold introduced the terms electrophile and nucleophile to refer to the 

species involved in polar organic reactions [1]. In 1999, Parr proposed the electrophilicity  

index into the CDFT as a measure of the electronic stabilization of a molecule when it 

acquires an additional amount of electron density [15]. Since 1999, a strong correlation has 

been established between the GEDT occurring at the TSs of polar reactions and the 

activation energies. Finally, in 2024, a RIAE analysis of polar DA reactions experimentally 

studied by Sustman in 1964 [9] has allowed to establish the decisive role of the electron 

density transferred to the electrophilic framework in reducing the activation energies of polar 

reactions [27-29], thus supporting the Parr's electrophilicity  index as a quantitative 

measure of the electrophilic character of a species. [15,37]. 

Recently, the electrophilicity  index in the study of a series of 4-subtituted 

cyclohexanones has been questioned in a manuscript entitled What defines electrophilicity in 

carbonyl compounds [29]. The present MEDT study shows that 4-subtituted cyclohexanones 

with  < 1.07 eV are poor electrophiles that undergo nucleophilic addition reactions only 

with supernucleophiles such as the cyanide anion 10, in the called basic catalysis. 

Consequently, 4-subtituted cyclohexanones are not adequate models of electrophilic species. 

In addition, the 4-position of cyclohexanone 11a is not conjugated to the carbonyl group. 

Therefore, the electronic behavior of the substitution in the non-conjugated C4 carbon of 

cyclohexanone 11a has little effect on both the electrophilicity  index and the activation 

energies. 

A different behavior is found in the nucleophilic addition of cyanide anion 10 to p-

substituted benzaldehydes, since the para position is conjugated to the carbonyl group. 

Here, both the electrophilic  index as well as the activation energies associated with the 

nucleophilic attack on the carbonyl group account for the electronic effects of the groups 

present in the para position of the benzaldehyde 12a. 

The present MEDT study rejects the main conclusions of Bickelhaupt and Fernández 

manuscript that “electrophilicity is mainly determined by the electrostatic attractions between 

the carbonyl compound and the nucleophile (cyanide) along the entire reaction coordinate” 

[30]. The RIAE analysis of these nucleophilic additions suggests that the increase of the 

favorable 𝐸𝑖𝑛𝑡𝑒𝑟
𝐶𝐻𝑂  interatomic energies associated with the electrophilic benzaldehyde CHO 
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framework, resulting from the GEDT taking place at the polar TSs, is the main factor 

responsible for the acceleration of these polar reactions [29]. Finally, the IQA analysis 

between the two interacting carbon atoms at the TSs, i.e. the carbonyl carbon atom and the 

cyanide carbon atom, indicates that the corresponding electrostatic interactions are 

repulsive. 

This study emphasizes the relevance of Parr's electrophilicity  index as a quantitative 

measure of the electrophilic character of the species involved in a polar reaction. 
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