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Abstract: The chemical reactivity descriptors have been calculated through Molecular Electron Density 

Theory encompassing Conceptual DFT. The validity of “Koopmans’ theorem in DFT” (KID) has been 

assessed by a comparison between the global descriptors (electronegativity, total hardness, and global 

electrophilicity) calculated through vertical energy values and those arising from the HOMO and 

LUMO values. These results suggest that the KID procedure is valid and may be used, in conjunction 

with the B3LYP/3-611G(d, p) level of theory in further studies of related compounds in the aqueous 

medium. The active sites for nucleophilic and electrophilic attacks have been identified and verified 

using the local reactivity descriptors: the dual descriptor, the electrophilic and nucleophilic Parr 

functions, the local reactivity difference index Rk and MEP maps. Obtained results suggest that the 

antioxidant/antiradical power of investigated compounds may be explained by the highest ambiphilic 

activation of the oxygen atoms of the hydroxyl groups in the ene-diol moiety. 
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1.Introduction 
Dihydroxyfumaric acid (DHF4) has recently attracted attention in the context of the “glyoxylate 

scenario”, which suggested that it might have been one of the central building blocks in the synthesis of 

complex organic macromolecular structures, such as sugars and nucleosides [1]. 

The chemical reactivity of dihydroxyfumaric acid is mainly due to its ene-diol moiety, which is 

readily oxidized or reduced, depending on the environment. The ene-diol fragment has the ability to 

efficiently capture electrons from free radicals, making DHF4 a good radical scavenger, similar to 

ascorbic acid. Previous research showed that DHF and some of its salts and derivatives may be 

successfully used as antioxidants in wines [2, 3], inhibitors of nitrosoamines formation in vitro [4,5] and 

in vivo [6,7], as well as efficient free–radical scavengers [8, 9].  

The ene-diol moiety is of interest from the synthetic point of view, as well. DHF4 is prone to auto-

oxidation and decarboxylation, but its dimethyl ester is stable in solution for days, making it a good 

starting point for further synthesis. The chemical structure of the DHF4 and its dimethyl ester give two 

possible types of bond forming reactivity: through the C atom in the carboxylic acid fragment, which 

favors interactions with nucleophilic reagents, or through the ene-diol moiety, susceptible to electro-

philes. 

A number of new derivatives have been previously synthesized by our group [8, 9] by modifying the 

natural dihydroxyfumaric acid and its dimethyl ester, in the search for new synthons for targeted 

synthesis and to study the “structure-property” relationship. The antioxidant/antiradical activity of the 

compounds has been investigated using the DPPH radical and ABTS radical cation assays, and it was 

found that some of the new derivatives exhibited good antioxidant/antiradical activity, and others didn’t, 

despite the fact that the ene-diol was structurally preserved [8].  

An understanding of the chemical interactions is essential for the synthesis of new derivatives with 

antioxidant/antiradical properties, therefore, this research seeks to obtain chemical reactivity 

information, including global and local reactivity descriptors, by means of the Density Functional 

Theory (DFT) derived concepts. This will allow to explain previously obtained results, and predict the 

active reaction sites for new derivatives.  
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To our knowledge, this is the first DFT study of the investigated compounds to evaluate global and 

local reactivity descriptors. Therefore, we consider that this kind of study will contribute to get a better 

understanding of the chemical behavior, in the gas and aqueous phases, of these molecules, which can 

be of potential utility in the process of designing new antioxidant/antiradical compounds for food 

additives or pharmaceutical drugs. 

 

2.Materials and methods 
2.1. Theoretical background and methods 

Density functional theory (DFT) offers extraordinary tools to qualitatively understand and 

quantitatively predict the global and local chemical reactivity of molecules. 

Global descriptors measure the overall susceptibility of a system to different types of reactions, e.g., 

electrophilic or nucleophilic attacks, and assign a single value to the entire molecule.  

The simplest global reactivity descriptors are the first ionization potential I, defined as the energy 

needed to remove an electron from a molecule, and electron affinity, A, which measures the ability of a 

molecule to accept electrons and form anions. The chemical potential (𝜇) represents the intrinsic Lewis 

acidity/basicity of a system and is always negative; electronegativity (χ) represents the tendency of atoms 

or molecules to attract electrons; the global hardness (η) can be seen as the resistance to charge transfer 

and is always positive, electrophilicity (ω) represents the stabilization energy when the system acquires 

electrons from the environment up to saturation. Although the validity of the “Koopmans’ theorem 

within the DFT” (KID) approximation is controversial [10], the use of the energies of frontier molecular 

orbitals as an approximation to obtain I and A is supported by the Janak’s theorem [11]. In particular, it 

was found that the negative of Hartree-Fock and Kohn-Sham HOMO orbital defined upper and lower 

limits, respectively, for the experimental values of the first ionization potential [12]. Using a finite 

difference approximation and Koopmans’ theorem [13], these descriptors may be expressed by the 

following equations: 

 

 𝐼 =  𝐸𝑁−1 − 𝐸𝑁 ≈ − 𝜖𝐻                                               (1) 

 

𝐴 =  𝐸𝑁 − 𝐸𝑁+1 ≈  −𝜖𝐿                                               (2) 

   

𝜇 =  −𝜒 ≈  −
1

2
(𝐼 + 𝐴) ≈

1

2
(𝜖𝐿 + 𝜖𝐻)                             (3) 

 

𝜂 ≈  
1

2
(𝐼 − 𝐴) ≈

1

2
(𝜖𝐿 − 𝜖𝐻)                                     (4) 

 

𝜔 =
𝜇2

2𝜂
≈

(𝐼+𝐴)2

2(𝐼−𝐴)
≈

(𝜖𝐿+𝜖𝐻)2

2(𝜖𝐻+𝜖𝐿)
                                            (5) 

 

where 𝜖𝐻 and  𝜖𝐿 are the energies of the highest occupied and the lowest unoccupied molecular orbitals, 

HOMO and LUMO, respectively and 𝐸𝑁, 𝐸𝑁−1, and 𝐸𝑁+1 represent the energy of the systems with N, 

N - 1, and N + 1 electrons, respectively. This suggests that the KID procedure can efficiently be used to 

calculate the global descriptors directly from the energies of the frontier orbitals, without resorting to 

the time-consuming calculations of the single point energies of the anion and cation. 

Besides global reactivity descriptors, DFT allows the computation of local descriptors, which assign 

a value to every point in space, providing insight into the reactivity of the molecule at point r in space; 

they are regioselectivity indicators.  

In the frames of DFT, the first local reactivity descriptor that is used to characterize electrostatic 

interactions between molecules is the electronic density 𝜌(𝑟). However, when the chemical reactions 

are due to mainly covalent interactions, a second order local reactivity descriptor is used, the Fukui 
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function, which allows the identification of the most reactive sites of a molecule, those prone to 

electrophilic, nucleophilic or radical attacks.  

The Fukui function is defined in terms of the derivative of 𝜌(𝑟) with respect to 𝑁, given by eq. (6), 

as follows: 

    𝑓(𝑟)  =  (
𝜕𝜌(𝑟)

𝜕𝑁
)

𝜈(𝑟)
                                      (6) 

 

where 𝜌(𝑟), 𝑁 and 𝜈(𝑟) are the electronic density, number of electrons and external potential exerted 

by the nucleus, respectively. The function 𝑓(𝑟) reflects the change of electron density induced by the 

change of absolute electron number with a fixed geometry and potential.  

Depending on total electronic densities, the Fukui functions can be defined in two ways, based on 

the right and left derivatives of 𝜌(𝑟) with respect to 𝑁 (eq. 7 and 8), and the third definition gives the 

radical attack descriptor (eq. 9), in line with Perdew et al.’s [14]  conclusions: 

 

𝑓+(𝑟) = (
𝜕𝜌(𝑟)

𝜕𝑁
)

𝜈(𝑟)

+

=  𝜌𝑁+1(𝑟) − 𝜌𝑁(𝑟)                            (7) 

 

𝑓−(𝑟) = (
𝜕𝜌(𝑟)

𝜕𝑁
)

𝜈(𝑟)

−

=  𝜌𝑁(𝑟) − 𝜌𝑁−1(𝑟)                            (8) 

 

  𝑓0(𝑟) =
1

2
 [𝜌𝑁+1(𝑟) − 𝜌𝑁−1(𝑟)]                                         (9) 

 

where 𝜌(𝑟) is the atomic charge at the rth atomic site, for the neutral (N), anionic (N+1) and cationic (N-

1) chemical species.  

The electrophilic descriptor 𝑓+(𝑟) measures the intramolecular reactivity at the site r toward a 

nucleophilic reagent, and the highest values of 𝑓+(𝑟) will imply the preferred site for a nucleophilic 

atack (by a nucleophile molecule). The nucleophilic Fukui function 𝑓−(𝑟) measures the intramolecular 

reactivity at the site r toward an electrophilic reagent, and the highest value indicates the preferred site 

for an electrophilic attack [15].  

Although the Fukui function is very useful in revealing nucleophilic and electrophilic regions on a 

molecule, a more accurate local reactivity descriptor has been proposed by Morell et al. [16], i.e. the 

dual descriptor, expressed as the derivative of the Fukui function with respect to the electron number: 

 

𝑓(2)(𝑟)  =  (
𝜕𝑓(𝑟)

𝜕𝑁
)

𝜈(𝑟)
≅ 𝑓+(𝑟) − 𝑓−(𝑟)     (10) 

 

Thus, the dual descriptor may be approximated to the difference between the Fukui functions for 

nucleophilic and electrophilic attacks, and therefore it aids in revealing the true preferred sites for 

electrophiclic and nucleophicic attacks simultaneously. The dual descriptor is especially useful in 

ambiguous situations, when no exact information can be derived from 𝑓+(𝑟) and 𝑓−(𝑟), because it is a 

combination of the two. The dual descriptor is positive for locations susceptible to nucleophilic attacks, 

and negative where an electrophilic attack is more probable. 

In terms of densities of frontier molecular orbitals (frontier molecular orbital approximation, 

FMOA), eq. (10) turns into eq. (11) as follows: 

 

               𝑓(2)(𝑟)  = 𝜌𝐿𝑈𝑀𝑂(𝑟) − 𝜌𝐻𝑂𝑀𝑂(𝑟)                                     (11) 

 

In this form, this expression implies that the local reactivity of the molecule depends only on the 

electronic densities of frontier molecular orbitals. Thus, the electronic densities of the remaining 
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occupied molecular densities are not involved, and the relaxation effects are excluded, making the dual 

descriptor a more accurate local reactivity descriptor than the 𝑓+(𝑟) and 𝑓−(𝑟) [16]. 

Recently, Luis R. Domingo introduced other local reactivity descriptors, within his concept of 

Molecular Electron Density Theory (MEDT), i.e. the Parr functions [17, 18] that can be considered as 

an alternative to the Fukui functions for describing the areas within the molecules where nucleophilic or 

electrophilic attacks will be favored. The Parr functions can be expressed by the following equations: 

 

                      𝑃−(𝑟)  = 𝜌𝑠
𝑟𝑐(𝑟)                                                              (12) 

𝑃+(𝑟)  = 𝜌𝑠
𝑟𝑎(𝑟)                                                               (13) 

 

where 𝑃−(𝑟)and 𝑃+(𝑟)are the nucleophilic and electrophilic Parr functions, respectively, and 𝜌𝑠
𝑟𝑐(𝑟) 

and 𝜌𝑠
𝑟𝑎(𝑟) are related to the atomic spin density of the radical cation and radical anion, respectively 

[19].  

It should be noted, however, that Fukui and Parr functions may give poor and even contradictory 

results for systems that present hyperconjugation, and this effect is stronger in the charged species than 

in the neutral species [19]. 

In order to overcome this possible shortcoming, the reactivity difference descriptor Rk, proposed by 

Chattaraj et al. [20] was also employed in this research, allowing to identify the centers with electrophilic 

(Rk = + n.nn) or nucleophilic (Rk = - n.nn) behavior as well as the ambiphilic (Rk = ± n.nn) behavior, and 

to eliminate the centers with marginal reactivity [20]: 

 

(a) if (1 < wk/Nk < 2) or (1 < Nk/wk < 2)  

           then Rk ≈ (wk + Nk)/2 → ambiphilic (Rk = ± n.nn) 

 

(b) else Rk ≈ (wk − Nk) 

      for Rk > 0   → electrophilic (Rk = + n.nn) 

      for Rk < 0   → nucleophilic (Rk = − n.nn) 

 

(c) if | Rk | < 0.1, then Rk = 0. 

 

The sign (+, −, ±) in the Rk index indicates the electrophilic or/and nucleophilic character of the 

center k, while the magnitude n.nn provides a measure of the local activation. The local electrophilicity 

(𝜔𝑘) and local nucleophilicity (𝑁𝑘), at the atomic site k are defined in terms of the related condensed 

Fukui functions, 𝑓𝑘
+and 𝑓𝑘

−, according to the following: 

 

        𝜔𝑘 = 𝜔 ∙ 𝑓𝑘
+                                                                     (9) 

and 

       𝑁𝑘 = 𝑁 ∙ 𝑓𝑘
−                                                                     (10) 

 

where 𝑁 is the nucleophilicity defined relative to tetracyanoethylene (TCE) [20]. TCE is used as a 

reference because it presents the lowest HOMO energy in a large series of molecules already 

investigated, allowing the creation of a normalized scale of positive values: 

 

𝑁 = 𝐸𝐻𝑂𝑀𝑂(𝑁𝑢) (𝑒𝑉) − 𝐸𝐻𝑂𝑀𝑂(𝑇𝐶𝐸) (𝑒𝑉)                                           (11) 

 

The Fukui functions condensed at the atomic site k, for the nucleophilic attack (𝑓𝑘
+) and for the 

electrophilic attack (𝑓𝑘
−) are given in terms of the respective population 𝑞𝑘 (N) of the N-electronic system 

of k atomic site, as 13,14 the following: 

 

𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)                                                       (12) 
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and 

𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)                                                       (13) 

 

Another useful predictor of chemical reactivity, employed in this research for verification purposes, 

is the electrostatic potential, which shows negative potential regions, expected to be sites of protonation 

and nucleophilic attack, and positive potential regions, which may indicate electrophilic sites. This is an 

important predictive tool, since electrostatic attraction/repulsion is long-ranged compared to the 

electron−transfer effects characterized by the dual descriptor [21]. A classic molecular electrostatic 

potential (MEP) map indicates the red regions of negative electrostatic potential, the blue sites represent 

the regions of positive electrostatic potential and the parts of green color represent the regions of zero 

potential.    

 

2.2. Computational methods 

The following molecules have been investigated in this research: dihydroxyfumaric acid, dimethyl 

2,3-dihydroxyfumarate, 2,3-dihydroxy-N1,N4-bis(2-hydroxyethyl)fumaramide and (E)-methyl 2,3-

dihydroxy-4-oxo-4-(phenylamino)but-2-enoate. The molecular structures of investigated molecules 

were optimized at B3LYP/6−311G(d,p) in gas phase and the absence of negative values in the vibrational 

profile confirmed true minima. In order to analyze the effect of water, these structures were further used 

as the starting point for an optimization at B3LYP/6−311G(d, p) in water, employing the SMD solvation 

model. All calculations were performed with the ORCA computational software [22].  

In order to compare the information derived from local reactivity descriptors, Fukui functions and 

Parr functions were computed. Due to the sensitivity of the Fukui function to the type of population 

analysis used, in the present work we calculated the values of the Fukui function by employing the 

Hirshfeld and NBO populations charges of the respective anions and cations. The Parr functions were 

calculated using the Hirshfeld and Mulliken atomic spin densities of the respective radical anions and 

radical cations.  

In order to validate the use of energies of Kohn-Sham frontier molecular orbital to calculate reactivity 

descriptors coming from Conceptual DFT, the global descriptors were calculated using both techniques, 

the ionization potentials I and electron affinities A (in eV), and the HOMO and LUMO energies, in gas 

phase and in aqueous media using the SMD solvation model. 

Cartesian coordinates of optimized molecules, in gas phase and in water, as well as Hirshfeld and 

NBO populations charges and Hirshfeld and Mulliken atomic spin densities are presented in the 

Supplementary material. 

 

3. Results and discussions 
3.1. Global reactivity descriptors and the validity of the KID procedure 

 
Figure 1. The optimized structures of investigated compounds in aqueous phase: (a) dihydroxyfumaric 

acid, (b) dimethyl 2,3-dihydroxyfumarate, (3) 2,3-dihydroxy-N1,N4-bis(2-hydroxyethyl)fumaramide 

and (4) (E)-methyl 2,3-dihydroxy-4-oxo-4-(phenylamino)but-2-enoate 
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Figure 1 shows the optimized structures of investigated compounds in aqueous phase. Compounds 

(a), (b) and (d) are planar, while the fumaramide is twisted, with the dihedral angles ∠(C20C18N12C1) 

= 88°, ∠(C15C13N11C4) = 86°, ∠(O27C20C18N12) = 179.9° and ∠(O23C15C13N11) = 179.8°. Apart 

of this difference, the ene-diol moiety preserves its bonds and angles in the structures of investigated 

molecules at almost equal values.  

Table 1 presents the values of the electronic energies calculated for the investigated compounds with 

the charges +1, 0 and -1, which corresponds to the cationic, neutral and anionic species, respectively. 

The energy difference indicates that water stabilizes the compounds by 25-80 kJ·mol−1.   

 

Table 1. Electronic energies in hartrees of the studied compounds, in gas phase and in water 

Compound Phase 
Charge +1 

(multiplicity = 2) 

Charge 0 

(multiplicity = 1) 

Charge −1 

(multiplicity = 2) 

Dihydroxyfumaric acid 
Gas −605.7484223 −606.088655 −606.1035926 

Water −605.8721992 −606.1047084 −606.1947288 

Dimethyl ester of DHF4 
Gas −684.346181 −684.6495683 −684.6518663 

Water −684.4335329 −684.6597513 −684.7452721 

2,3−dihydroxy−N1,N4−bis(2−h

ydroxyethyl)fumaramide 

Gas −873.64297 −873.9349746 −873.9249985 

Water −873.7486554 −873.9658111 −874.0341436 

(E)−methyl 

2,3−dihydroxy−4−oxo−4−(phen

ylamino)but−2−enoate 

Gas −856.1784784 −856.4595639 −856.4722537 

Water −856.2537816 −856.470400 −856.5552357 

 

The values presented in Table 1 were used to calculate the vertical ionization potentials I and electron 

affinities A (in eV), and global reactivity descriptors (electronegativity 𝜒, total hardness 𝜂, and global 

electrophilicity 𝜔) of the studied molecules. These descriptors, along with the HOMO and LUMO orbital 

energies (in eV), are presented in Table 2.  

 

Table 2. HOMO and LUMO orbital energies (in eV), the HOMO−LUMO gap ΔEHOMO−LUMO (eV), 

ionization potentials I and electron affinities A (in eV), and global electronegativity 𝜒 (in eV), total 

hardness 𝜂 (in eV), and global electrophilicity 𝜔 (in eV) of the studied compounds 
Property Dihydroxyfumaric 

acid 

Dimethyl 

2,3−dihydroxy-

fumarate 

2,3−dihydroxy−N1,N4−bis(2

−hydroxyethyl)fumaramide 

(E)−methyl 

2,3−dihydroxy−4−oxo−4−(phenyl-

amino)but−2−enoate 

Vacuum Water Vacuum Water Vacuum Water Vacuum Water 

EHOMO −6.91 −6.70 −6.05 −6.28 −5.90 −6.04 −6.00 −6.09 

ELUMO −2.56 −2.56 −2.05 −2.15 −1.56 −1.76 −2.04 −2.09 

ΔEHOMO−LUMO 4.35 4.14 4.00 4.13 4.34 4.28 3.96 4.00 

𝜒 4.73 4.63 4.05 4.22 3.73 3.90 4.02 4.09 

𝜂 2.17 2.07 2.00 2.07 2.17 2.14 1.98 2.00 

𝜔 10.31 10.36 8.20 8.60 6.41 7.11 8.16 8.36 

I 9.26 6.33 8.26 6.16 7.95 5.91 7.65 5.89 

A 0.41 2.45 0.06 2.33 −0.27 1.86 0.35 2.31 

𝜒 4.83 4.39 4.16 4.24 3.84 3.88 4.00 4.10 

𝜂 4.43 1.94 4.10 1.91 4.11 2.03 3.65 1.79 

𝜔 5.28 9.93 4.22 9.40 3.58 7.45 4.37 9.38 

 

The upper part of the table shows the results derived assuming the validity of Koopmans’ theorem, 

and the lower part shows the results derived from the calculated vertical I and A. As can be seen from 

Table 2, the Koopman’s theorem holds well for the aqueous medium calculations. For the gas phase, the 

electronegativity is predicted surprisingly well, while the total hardness is 2-fold lower and the 
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electrophilicity is 2-fold higher that the data obtained from the data obtained employing the calculated 

vertical I and A. These results suggest that the KID procedure is valid and may be used in further studies 

of related compounds in aqueous media. 

 

3.2.Comparative analysis of the local reactivity indices 

The dual descriptor 𝑓(2)(𝑟), and the electrophilic and nucleophilic Parr functions over the atoms of 

the studied compounds are shown in Tables 3-6. The actual values have been multiplied by 100 for an 

easier comparison. One of the main criticisms regarding the calculation of Fukui functions is the 

arbitrariness in the way of choosing the charges [23]. In this research, the Fukui functions were 

calculated using Hirshfeld [24] and NBO charges [25], and results were similar. Further, only results 

based on Hirshfeld charges are presented. Results for hydrogen atoms are omitted here, and are available 

in supplementary material.  

  

Table 3. The condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic 𝑃𝑘
+ and nucleophilic 𝑃𝑘

− Parr functions, 

and the local reactivity difference index Rk over the atoms of the dihydroxyfumaric acid molecule, 

calculated in vacuo and in water. The actual values of  𝑓(2)(𝑟), 𝑃𝑘
+ and 𝑃𝑘

− have been multiplied by 

100 for an easier comparison 

 

 

 

 

 

 

 

 

 

 

 

 

From Tables 1S-8S (in supplementary materials) note that many values for 𝑓𝑘
+, 𝑓𝑘

− and 𝑓𝑘
0 of the 

investigated compounds are negative, both in gas and water. Basically this means that in the cationic 

state, the electron density increases and in the anionic state, the electron density decreases on all atoms. 

Ayres et al., has previously suggested the relation of this behavior with the reduction and oxidation of 

atomic centers in the molecule [26]. 

Thus, in the case of the investigated compounds, no conclusions can be accurately obtained from the 

electrophilic and nucleophilic Fukui function alone. Instead, the sign of the dual descriptor can describe 

unambiguously nucleophilic and electrophilic sites within the molecule, as previously mentioned. 

Specifically, if 𝑓(2)(𝑟) > 0, then the site is favored for a nucleophilic attack, whereas if 𝑓(2)(𝑟) < 0, then 

the site may be favored for an electrophilic attack [16,27]. 

For DHF4 acid, the data presented in Table 3 shows that in the gas phase, according to the value of 

the dual descriptor, the preferred sites for the nucleophilic attack are the O8 and O10 (𝑓𝑘
(2)

 = 8.6) 

followed by C2 and C3 (𝑓𝑘
(2)

 = 3.8), while the most susceptible sites for an electrophilic attack are C1 

and C4 (𝑓𝑘
(2)

 = −7.1). The calculated Parr functions indicate that the C1 and C4 (𝑃𝑘
+ = 16.8), and C2 

and C3 (𝑃𝑘
+ = 15.9) sites will be preferred for a nucleophilic attack, while C2 and C3 (𝑃𝑘

− = 24.3) and 

O8 and O10 (𝑃𝑘
− = 23.3) will be the most prone sites for an electrophilic attack.  

These results may seem controversial at first sight, but this may be explained by the fact that 

dihydroxyfumaric acid is a hyperconjugated system, stabilized by the interactions between the C=C and 

C=O double bonds, and the lone pairs of oxygen electrons, and therefore some of the groups may behave 

ambiphilic. 

Atom 
𝑓𝑘

(2)
 𝑃𝑘

+ 𝑃𝑘
− 𝑅𝑘 

Gas Water Gas Water Gas Water Gas Water 

1  C −7.1 −7.1 16.8 17.6 −3.5 −2.7 −0.47 −1.02 

2  C 3.8 4.2 15.9 15.0 24.3 24.7 ±0.37 −0.66 

3  C 3.8 3.9 15.9 15.5 24.3 22.3 ±0.37 −0.68 

4  C −7.1 −7.4 16.8 18.2 −3.5 −2.5 −0.47 −1.04 

5 O −3.4 −4.6 12.4 11.4 7.3 5.0 −0.41 −0.94 

6 O −2.0 −3.2 2.7 3.1 −0.8 −0.1 −0.28 −0.57 

8  O 8.6 10.5 2.6 2.8 23.3 25.5 ±0.34 ±0.51 

10  O 8.6 9.7 2.6 2.7 23.3 23.8 ±0.34 ±0.48 

12  O −3.4 −4.3 12.4 11.4 7.3 5.5 −0.41 −0.94 

13  O −2.0 −2.9 2.7 3.0 −0.8 −0.2 −0.28 −0.58 
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The MEP map of DFH4 (Figure 2a) confirms that the region over C1 and C4 is positively charged, 

so an electrophile would be repelled, favoring these sites for a nucleophilic attack, as suggested by the 

Parr function, and confirmed by organic chemistry experiments, while the electrostatic potential over 

C2, C3 and O8, O10 is very close to neutral, suggesting that these sites could, indeed, be approached by 

(neutral or positive) electrophiles and (neutral or negative) nucleophiles. 

To verify this statement, the local reactivity difference 𝑅𝑘 index was computed (Table 3). The results 

confirm that C2, C3 and O8, O10 are ambiphilic sites that can act as electrophiles and nucleophiles in 

the gas phase. In the aqueous media, the reactivity descriptors slightly increase and the trend remains 

the same, with the only difference that O8 and O10 are shown as the only ambiphilic reactive sites, with 

𝑅𝑘 of ±0.48 and ± 0.51. 

Table 4 presents the condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic𝑃𝑘
+and nucleophilic 𝑃𝑘

− Parr 

functions, and the local reactivity difference index Rk over the atoms of the dimethyl 2,3-dihydroxy-

fumarate molecule, calculated in the gas phase and in water. In general, the data shows a similar picture 

to the case of the DHF4 acid, with the difference that there are a lot more ambiphilic sites in the gas 

phase. In water, however, the atomic sites O8 and O10 are the only ambiphilic sites, with 𝑅𝑘 of ± 0.49, 

equivalent to the value obtained in the case of DHF4 in aqueous media.  

These data offer a good explanation of the high antioxidant/antiradical activity of DHF4 and dimethyl 

2,3−dihydroxyfumarate, reported previously for the DPPH radical and ABTS radical cation. The 

ambiphilic nature of the ene-diol moiety, with the highest reactivity on the hydroxyl oxygen atoms 

ensures the accepting of electrons from the reactive radical species and, at the same time, an efficient 

transfer of hydrogen atoms during radical quenching.  

 

Table 4. The condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic 𝑃𝑘
+ and nucleophilic 

 𝑃𝑘
− Parr functions, and the local reactivity difference index Rk over the atoms of the dimethyl 

2,3−dihydroxyfumarate molecule, calculated in vacuo and in water. The actual values of 

  𝑓𝑘
(2)

, 𝑃𝑘
+ and 𝑃𝑘

− have been multiplied by 100 for an easier comparison 

Atom 
𝑓𝑘

(2)
 𝑃𝑘

+ 𝑃𝑘
− 𝑅𝑘 

Gas Water Gas Water Gas Water Gas Water 

1 C −7.4 −7.1 19.4 18.3 −2.8 −2.5 −0.34 −0.91 

2 C 4.2 4.3 12.6 14.5 23.1 23.7 ±0.35 −0.57 

3 C 4.2 4.2 12.6 14.5 23.1 23.6 ±0.35 −0.57 

4 C −7.4 −7.1 19.4 18.2 −2.8 −2.5 −0.34 −0.91 

5 O −4.1 −4.6 12.7 11.4 4.4 4.2 −0.23 −0.83 

6 O −1.6 −2.5 2.6 3.4 0.6 0.5 ±0.15 −0.43 

7 C −0.4 −0.7 −0.3 −0.4 0.0 0.0 ±0.09 −0.15 

8 O 9.2 10.3 2.8 2.7 25.2 24.7 ±0.38 ±0.49 

10 O 9.2 10.3 2.8 2.6 25.2 24.7 ±0.38 ±0.49 

12 O −4.1 −4.6 12.7 11.4 4.4 4.2 −0.23 −0.82 

13 O −1.6 −2.5 2.6 3.4 0.6 0.5 ±0.15 −0.43 

14 C −0.4 −0.7 −0.3 −0.4 0.0 0.0 ±0.09 −0.15 

 

The following two new derivatives of DHF4 were previously synthesized and characterized by our 

group: 2,3−dihydroxy−N1,N4−bis(2−hydroxyethyl)fumaramide and (E)−methyl 2,3−dihydroxy−4−oxo 

−4−(phenylamino)but−2−enoate [8,9]. The antioxidant/antiradical activity of these compounds was 

investigated [8, 9], and it was found that while the enoate exhibited a similar antiradical activity for the 

ABTS and a slightly lower antiradical activity towards DPPH, compared to the dimethyl ester, the 

fumaramide didn’t exhibit any antiradical activity in these assays. This suggests that, although the 

ene−diol moiety was structurally preserved, its reactivity was altered by the incorporation of two 

monoethanolamine fragments.  

Table 5 presents the condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic𝑃𝑘
+and nucleophilic 𝑃𝑘

− Parr 

functions, and the local reactivity difference index Rk over the atoms of the 2,3−dihydroxy-N1,N4- 

bis(2−hydroxyethyl)fumaramide molecule, calculated in vacuo and in water. In general, the results show 
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the same reactive sites as for the previous investigated molecules. There is however, a very significant 

difference, i.e. the increased reactivity of the C2 and C3 sites, that is higher than that for the two oxygen 

atoms of the hydroxylic groups attached to the C2=C3 double bond. According to the reactivity 

difference index, C2 and C3 are the most preferred sites for nucleophilic and electrophilic attacks in gas 

phase. In contrast to the data obtained for DHF4 and its dimethyl ester, in the aqueous phase, the 

reactivity difference index Rk of the fumaramide confirms the ambiphilicity of the C2, C3 (Rk = ±0.55) 

and its value is higher than that of the O7 and O9 sites (Rk = ±0.42). The MEP map of the fumaramide 

(Figure 2c) confirms that C2 and C3 sites are a strong region for nucleophilic and electrophilic attacks. 

 
 

 
 

 

 

a) dihydrofyfumaric acid 

 

 
 

 
 

b) dimethyl 2,3−dihydroxyfumarate 

 

 

 
 

 

 

c) dimethyl 2,3−dihydroxyfumarate 

 

 

 
 

 

 

d) (E)−methyl 2,3−dihydroxy−4−oxo−4−(phenylamino)but−2−enoate 

 

  

Figure 2. The MEP maps (on the left) and the ambiphilic 𝑅𝑘 index (on the right) 

of the investigated molecules, in water 
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Table 5. The condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic 𝑃𝑘
+ and nucleophilic 𝑃𝑘

− Parr functions, 

and the local reactivity difference index Rk over the atoms of the 2,3-dihydroxy-N1,N4-bis(2-hydroxy-

ethyl)fumaramide molecule, calculated in vacuo and in water. The actual values of  𝑓𝑘
(2)

, 𝑃𝑘
+ and 𝑃𝑘

− 

have been multiplied by 100 for an easier comparison 

Atom 
𝑓𝑘

(2)
 𝑃𝑘

+ 𝑃𝑘
− 𝑅𝑘 

Gas Water Gas Water Gas Water Gas Water 

1 C −6.77 −6.26 18.19 16.82 −2.99 −2.80 −0.25 −0.60 

2 C 3.34 4.21 14.27 16.03 23.04 24.98 ±0.32 ±0.55 

3 C 3.34 4.21 14.27 15.98 23.04 24.96 ±0.32 ±0.55 

4 C −6.77 −6.27 18.18 16.87 −2.99 −2.81 −0.25 −0.61 

5 O −4.32 −4.22 10.57 8.57 0.73 1.55 −0.16 −0.53 

6 O −4.32 −4.21 10.57 8.55 0.73 1.56 −0.16 −0.53 

7 O 7.33 9.71 2.40 2.34 20.34 22.84 0.24 ±0.42 

9 O 7.33 9.71 2.40 2.34 20.34 22.83 ±0.31 ±0.42 

11 N −0.90 −2.01 3.86 6.11 5.35 3.80 ±0.15 −0.31 

12 N −0.90 −2.01 3.86 6.10 5.34 3.78 ±0.15 −0.31 

13 C −0.13 −0.45 −0.13 −0.39 −0.01 −0.19 ±0.05 −0.08 

15 C 0.18 −0.25 0.25 0.51 0.56 0.36 ±0.04 −0.04 

18 C −0.13 −0.45 −0.13 −0.39 −0.01 −0.19 ±0.05 −0.08 

20 C 0.18 −0.24 0.25 0.52 0.56 0.36 ±0.04 −0.04 

23 O 1.17 −0.17 0.05 0.04 2.70 0.02 ±0.08 −0.03 

27 O 1.17 −0.17 0.05 0.04 2.70 0.02 ±0.08 −0.03 

 

Table 6 shows the condensed dual descriptor 𝑓𝑘
(2)

, the electrophilic𝑃𝑘
+and nucleophilic 𝑃𝑘

− Parr 

functions, and the local reactivity difference index Rk over the atoms of the (E)-methyl 2,3-dihydroxy -

4-oxo-4-(phenylamino)but-2-enoate molecule, calculated in gas phase and in water. Although the dual 

descriptor suggests that C1 and C4 will be the preferred sites for an electrophilic attack, the 𝑃𝑘
+ function 

indicates that C1 and C4 will be the preferred sites for a nucleophilic attack, while the 𝑃𝑘
− descriptor 

indicates that C3 is most prone to an electrophilic attack, followed by O8 and N13.  

 

 

Table 6. The condensed dual descriptor 𝑓𝑘
(2), the electrophilic 𝑃𝑘

+ and nucleophilic 𝑃𝑘
− Parr functions, 

and the local reactivity difference index Rk over the atoms of the (E)-methyl 2,3-dihydroxy-4−oxo- 4-

(phenylamino)but-2-enoate molecule, calculated in vacuo and in water. The actual values of  𝑓𝑘
(2), 𝑃𝑘

+ 

and 𝑃𝑘
− have been multiplied by 100 for an easier comparison 

Atom 
𝑓𝑘

(2)
 𝑃𝑘

+ 𝑃𝑘
− 𝑅𝑘 

Gas Water Gas Water Gas Water Gas Water 

1 C −6.11 −6.40 18.35 17.87 −3.80 −4.11 −0.28 −0.76 

2 C −0.20 −0.68 8.20 12.90 10.45 10.33 ±0.23 −0.61 

3 C 1.11 0.65 12.97 13.68 16.54 20.43 ±0.26 −0.57 

4 C −6.44 −7.28 16.25 17.17 −1.76 −1.83 −0.30 −0.86 

5 O −4.25 −5.50 10.91 10.65 3.21 3.65 −0.23 −0.78 

6 O −2.10 −3.03 2.39 3.15 0.42 0.56 −0.11 −0.41 

7 C −0.70 −0.92 −0.30 −0.33 −0.02 −0.05 ±0.07 −0.14 

8 O 4.83 5.66 3.06 2.58 16.88 17.68 ±0.28 ±0.41 

10 O 1.36 2.24 1.79 2.29 7.62 8.78 ±0.20 −0.30 

12 O −4.83 −5.31 13.22 11.02 −3.77 −3.69 −0.24 −0.72 

13 N 2.58 1.95 −1.90 1.49 17.13 17.05 ±0.15 −0.22 

14 C 3.11 3.31 3.46 −0.21 9.69 7.03 −0.09 ±0.11 

19 C 2.11 2.15 3.40 3.55 8.70 8.10 ±0.11 ±0.16 

20 C 1.13 1.86 −1.21 −1.79 −4.53 −4.09 ±0.12 ±0.10 

21 C 2.86 3.93 8.46 5.13 21.96 18.95 ±0.24 ±0.21 

22 C 1.16 1.70 −1.64 −1.61 −4.07 −4.72 ±0.13 ±0.10 

23 C 1.67 2.37 3.63 3.21 8.42 8.83 ±0.13 ±0.15 
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The MEP map (Figure 2d) shows a slightly positive region over C1 and C4, and a slightly negative 

region over C3, O8 and N13, thus supporting the conclusions based on the values of Parr functions. The 

local reactivity difference index Rk indicates that there are two almost equivalent ambiphilic sites in the 

gas phase, O8 (Rk = ±0.28) and C3 (Rk = ±0.26), and the most ambiphilic reactive site in the aqueous 

medium is O8 (Rk = ±0.41).  

 

4. Conclusions 
Conceptual DFT descriptors that predict and explain the chemical reactivity of molecular systems 

may be calculated with accuracy directly from the energies of the frontier orbitals only if the validity of 

the Koopman’s theorem is ensured. The present research investigated the goodness of the B3LYP 

density functional together with the 3-611G(d,p) basis set in predicting and explaining the chemical 

reactivity of DHF4 and its three derivatives, by checking how well it follows the KID procedure. It was 

found that the Koopman’s theorem holds well for the aqueous medium calculations. For the gas phase, 

however, the total hardness is 2-fold lower and the electrophilicity is 2-fold higher that the data obtained 

from the data obtained employing the calculated vertical I and A. These results suggest that the KID 

procedure is valid and may be used, in conjunction with the B3LYP/3-611G(d,p) level of theory in 

further studies of related compounds in aqueous media. 

Global chemical reactivity descriptors show that the investigated molecules have comparable 

HOMO-LUMO gaps, in the range of 4.00-4.28 eV. The electronegativity and electrophilicity are the 

highest for DHF4 acid, and decrease in the order DFH4 > dimethyl 2,3-dihydroxyfumarate > (E)-methyl 

2,3-dihydroxy-4-oxo-4-(phenylamino)but-2-enoate>2,3-dihydroxy-N1,N4-bis(2-hydroxyethyl)fumar- 

amide. It should be noted that this is the exact order of the decrease of the antioxidant/antiradical activity 

previously studied for these compounds [8, 9]. 

Local reactivity descriptors and the MEP maps of investigated compounds have been computed in 

order to identify the atomic sites most prone to nucleophilic and electrophilic attacks. Obtained results 

suggest that the previously obtained antioxidant/antiradical power of investigated compounds towards 

DPPH radical and ABTS radical cation may be explained by the highest ambiphilic activation of the 

oxygen atoms of the hydroxyl groups in the ene-diol moiety. The fumaramide, with the highest 

ambiphilic activation index for the C2 and C3 sites, did not exhibit any antiradical activity in the 

mentioned assays, confirming the above conclusion. 

The present research confirms the importance of understanding the chemical interactions for the 

synthesis of new derivatives with antioxidant/antiradical properties and shows the importance of Density 

Functional Theory derived concepts in predicting the active reaction sites for the design of useful new 

derivatives.  
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