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      The study of 4-[(4-methyphenyl) amino]-4-oxobutanoic acid (MPOX) oxidation kinetics by alkaline KMnO4 at constant 0.01 mol dm-3 

ionic strength applied density functional theory (DFT) method using a spectrophotometric method. The manganate displayed first-order 

behavior, while each item of MPOX and media behaved with relation to the power of less than one. The LC-MS method was employed to 

determine the reaction product, while the rate constants for each step of the mechanistic pathway were calculated, and the activation 

parameters from the slow reaction step were determined and presented in a table. A suitable reaction mechanism along with the corresponding 

rate law has been developed for this reaction. The DFT method was used to analyze the HOMO-LUMO of both the starting material and the 

final product. Stepwise reaction processes were determined through the combination of computational results that included thermodynamic 

parameters, density of states analysis, electronic properties, natural bond order information, and Mulliken charge data. Fukui condensed 

functions for MPOX demonstrate the calculations regarding nucleophilic and electrophilic interaction and radical attack, together with the 

acceptor-donor bonding properties of orbital bonds. The stability and reactivity of the reactant and product are compared with various 

calculated electronic parameters. 
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INTRODUCTION 

 

      4-[Amino(4-methylphenyl)]4-oxobutanoic acid 

(MPOX), with the chemical formula of C₁₁H₁₃NO₃, has a 

structure consisting of a butanoic acid backbone with a                

4-methylphenylamino group and a keto group inserted at the  
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fourth carbon. The development of aryl-4-oxobutanoic acid 

amide derivatives aimed to replicate the μ-calpain inhibitory 

properties of chromone and quinolinone derivatives through 

acyclic structure modifications [1]. The application of             

4-oxobutanoic acid derivatives for inflammation treatment 

has received patent approval [2]. The conversion of carvacrol 

and thymol derivatives into alkyl-4-oxobutanoate molecules 

led to better tyrosinase inhibitory activity [3]. Researchers 

have  synthesized  many  derivatives of  4-oxobutanoic acid,  
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and their antitumor and antibacterial properties have been 

studied [4,5]. Chemicals with comparable structures are 

frequently used in medicinal research and organic synthesis. 

They can be used as reference compounds in analytical 

investigations or as intermediates in the production of other 

bioactive chemicals [6].  

      The environmental management strategy of 

permanganate oxidation offers numerous advantages because 

it is cheap to implement and operate and exhibits diverse 

reactivity ranges [7]. The reactivity trends for Permanganate 

compounds are studied throughout various model organic 

compounds together with organic contaminants [8,9]. The 

reaction rate constants between permanganate and aromatic 

rings, as well as alcohols and ether groups, remained low 

[10,11]. Reaction sites in alkenes demonstrated the fastest 

rate constants among all examined organic molecules before 

phenol and aniline groups and benzylic carbon–hydrogen 

bonds [12]. The rate of permanganate reactions is affected by 

electrophilic substitution principles since donating electrons 

accelerates the reaction, but withdrawing electrons slows it 

down [13,14]. The oxidizing power of permanganate ions 

enables them to oxidize multiple types of substrates [15-18], 

which leads to their widespread usage in organic 

manufacturing processes. 

      Due to 4-oxobutanoic acid derivatives wide applications, 

the present work investigates the kinetics, mechanism, and 

computational analysis using density functional theory.  The 

structure of MPOX is represented in Fig. 1. 

 

 

Fig. 1. Structure of 4-[(4-methylphenyl) amino]-4-

oxobutanoic acid. 

 

 

MATERIAL AND METHODS 

 

Materials 

      Sodium Hydroxide, Potassium nitrate, Potassium 

Permanganate were procured from SD Fine chemicals 

company and were of analytical grade quality. Other 

chemicals,  methanol  and  acrylonitrile,  used in the  studies  

 

 

were of analytical grade quality and were purchased from 

Merck. Corning glassware was utilized to make the solutions 

in deionized water. A 0.01 mol dm-3 potassium permanganate 

solution was prepared through the solution of salt in doubly 

distilled water. The solution obtained standardization through 

a Systronics UV-Visible spectrophotometer by assessing its 

absorbance at 525 nm. Additionally, Potassium nitrate, 

Sodium Hydroxide were made in deionized water and 

standardized using accepted techniques. 

 

Kinetic Measurements 

      Pseudo first-order conditions applied when permanganate 

reacted with 4-[(4-methylphenyl) amino]-4-oxobutanoic acid 

in an alkaline solution maintaining a constant ionic strength 

of 0.01 mol dm-3. A combination of thermally equilibrated 

solutions containing both [MnO4
-] and [MPOX] with their 

required components of KNO3 and NaOH initiated                    

the reaction. The reaction track occurred using 

spectrophotometry to observe the permanganate-triggered 

reduction of absorbance at the 525 nm wavelength. The 

reaction's pseudo-first-order rate constants were determined 

from log[MnO4
-] vs. time plots after reaching more than 80% 

reaction completion point [19]. The measurement of rate 

constants possessed a reproducibility of ±5%. The outcomes 

are tabulated in Table 1. 

 

Product and Stoichiometry Analysis 

      Reactions with different [MnO4
-] and [MPOX] ratios 

were allowed to reach equilibrium during 24 h at 25 °C with 

all other reactants unchanged to evaluate the reaction 

stoichiometry. The spectrophotometric determination proves 

that one mole of MPOX requires four moles of permanganate 

in accordance with the reaction presented in Eq. (1.1). After 

extraction by ether, the substances underwent desiccation 

before analysts performed their evaluation. LC-MS 

evaluation of the product indicated the establishment of                    

4-[(4-carboxyphenyl)amino]-4-oxobutanoic acid, which 

showed an M-1 peak at 236.       
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Determining Reaction Orders 

      A set of experiments analyzed influence of permanganate 

by changing concentrations from 0.5 × 10-4 to 4.5 ×                  

10-3 mol dm-3, throughout which MPOX, KNO3, and  NaOH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stayed constant. The reaction's first-order behavior regarding 

oxidant becomes readily evident from a straight line 

established by plotting logk values against time to 85% of 

reaction completion. 

Table 1. The Influence of Varying Concentrations of [MnO4
-], [MPOX], [NaOH], and [KNO3] on the Oxidation Process of 

4-[(4-Methylphenyl) amino]-4-oxobutanoic Acid by Alkaline KMnO4, while Maintaining a Constant Ionic Strength of         

0.01 mol dm-3 at a Temperature of 298 K 

 

[MnO4
-] × 10-4 

(mol dm-3) 

[MPOX] × 10-3 

 (mol dm-3) 

[NaOH] × 10-2 

(mol dm-3) 

[KNO3] × 10-2 

(mol dm-3) 

kobs × 10-2 (s-1) 

Experimental 

kcal × 10-2 (s-1) 

Calculated 

0.5 2.5 1.0 1.0 2.36 2.42 

1.5 2.5 1.0 1.0 2.38 2.42 

2.5 2.5 1.0 1.0 2.39 2.42 

3.5 2.5 1.0 1.0 2.38 2.42 

4.5 2.5 1.0 1.0 2.41 2.42 

2.5 0.5 1.0 1.0 0.53 0.48 

2.5 1.5 1.0 1.0 1.21 1.32 

2.5 2.5 1.0. 1.0 2.39 2.42 

2.5 3.5 1.0 1.0 3.73 3.52 

2.5 4.5 1.0 1.0 5.94 4.64 

2.5 2.5 0.25 1.0 1.35 1.43 

2.5 2.5 0.5 1.0 1.85 1.78 

2.5 2.5 1.0 1.0 2.39 2.4 

2.5 2.5 2.0 1.0 2.72 2.64 

2.5 2.5 3.0 1.0 3.12 2.94 

2.5 2.5 1.0 0.25 1.32 2.42 

2.5 2.5 1.0 0.5 1.35 2.42 

2.5 2.5 1.0 1.0 1.39 2.42 

2.5 2.5 1.0 2.0 1.28 2.42 

2.5 2.5 1.0 3.0 1.19 2.42 

 

 
Fig. 2. LC-MS revealing the oxidation product 4-[(4-carboxyphenyl)amino]-4-oxobutanoic acid in a basic environment. 
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      The impact of MPOX on the reaction rate was 

investigated by varying its concentration from 0.5 × 10-3 to 

4.5 × 10-3 mol dm-3, while keeping the concentrations of 

KMnO4, KNO3, and NaOH constant. A graph depicting logk 

against log[MPOX] suggests a first-order relationship, as 

shown in Fig. 3.  

      The influence of sodium hydroxide on the rate’s reaction 

was examined by altering its concentration from 0.25 × 10-2 

to 3.0 × 10-2 mol dm-3 while maintaining constant amounts of 

MPOX, KMnO4, and KNO3. The values of rate constants 

exhibit an increase with a rise in [NaOH], indicating a 

dependency characteristic of a fractional order of 0.32. 

 

 

Fig. 3. Order with respect to 4-[(4-methylphenyl) amino]-4-

oxobutanoic acid and NaOH on oxidation of MPOX. 

 

 

Influence of Ionic Strength, Dielectric Constant of 

Medium, and Free Radical Intervention 

      The influence of ionic effect was examined by adjusting 

the concentration of KNO3 from 0.25 × 10-2 to 3.0 ×                         

10-2 mol dm-3, while maintaining the concentrations of                  

all other reactants constant. The investigation revealed                  

that there is no notable impact on the rate.  

The influence of the dielectric constant of the medium on the 

oxidation rate of MPOX was examined [20] through the 

incremental addition of varying volumes of methanol to the 

solution mixture, while maintaining a constant concentration 

of the other reactants, showing no effect on the initial rate.  

      Free radicals' involvement in MPOX oxidation by 

Permanganate was studied through the introduction of 

acrylonitrile, followed by methyl alcohol dilution according 

to [21]. The sequence leads to no precipitate formation, 

which indicates that the pathway contains no radical 

mechanism. The progress of the reaction occurs through ionic 

 

 

components. 

     Effect of Temperature. The evaluation of reaction rates 

occurred under different temperatures when all chemical 

concentrations and other conditions remained stable [22]. 

Temperature elevation directly affected the reaction rate 

positively. The experimental activation energy Ea, alongside 

the frequency factor log A, can be obtained from the linear 

relationship between logk and 1/T. The results featuring 

parameters ΔH#, ΔS#, and ΔG# obtained from the Eyring 

equation analysis were displayed in a table format. 

 

 

Table 2. Temperature Effect on rate Constant and Calculated 

Activation Parameters of Oxidation on MPOX 

 

Temperature 

(K) 

k × 10-2   

(s-1) 

Activation 

parameters 

Values 

298 2.39 Ea (KJ mol-1) 47.03 

303 2.82 ∆H# (KJ mol-1) 44.55 

308 4.15 ∆S# (KJ mol-1) -186.98 

313 5.80 ∆G# (KJ/K/mol) 100.3 

318 7.42 logA 6.6 

 

 

Fig. 4. a) Arrhenius b) Eyring plot showing temperature 

effect for the oxidation Process. 

 

 

Reaction Mechanism 

      The speed of enolization exceeds the rate of oxidation by 

approximately 12.0-15.0 times in this research, and the 

enolization occurs through the enol form of the keto group in 

4-[amino(4-methylphenyl)]4-oxobutanoic acid [23]. Enol 

formation serves as a fast reaction that does not determine the 

rate of reaction; therefore will be considered as the forward 

step. Scheme 2 displays the proposed mechanism for this 

reaction.  

R2 = 0.969 R2 = 0.986

R2 = 0.986 R2 = 0.984
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Fig. 5. Keto and enol forms of 4-[amino(4-methylphenyl)]4-

oxobutanoic acid. 

 

Scheme 1. Schematic representation of oxidation of 4-

[amino(4-methylphenyl)]4-oxobutanoic acid by alkaline 

permanganate 

 

 

      Reactive species of permanganate ion in alkaline medium 

[MnO4.OH]2- formed in the first equilibrium step of the 

mechanism. The formed species forms a complex (C1), 

which further abstracts an electron from MPOX to form a 

cation form of the compound. This intermediate, in 

subsequent rapid steps, combines with the permanganate ion 

complex in the basic medium to yield the final product. The 

rate law for the above mechanism is deduced and provided in 

Scheme 7.3. 

 

 

Scheme 2. Mechanism of oxidation of 4-[amino(4-

methylphenyl)]4-oxobutanoic acid by alkaline permanganate 

 

 

Scheme 3. Rate law derivation for oxidation of 4-[amino(4-

methylphenyl)]4-oxobutanoic acid by alkaline permanganate 

 

 

COMPUTATION DETAILS 

 

      Quantum calculation was carried out using density 

functional theory, within Becke-Lee-Parr hybrid exchange-

correlation three-parameter functional (B3LYP) and using 

the standard 6-311G+(d,p) basis set[24]. An optimized 

structure was used to compute the full geometry optimization 

and the vibrational frequencies up to B3LYP/6-311G+(d,p) 

level. Details of thermodynamic data and electronic 

parameters were retrieved from the frequency optimized log 

file using GaussView, and calculations of different 

parameters were performed using well-acknowledged 

methods. Gaussian 09 software has been used to extract a 

HOMO-LUMO image, a molecular energy potential map 

(MESP). GaussSum software was used to obtain the density 

of state (DOS) spectra of the product and reactant. Fukui 

functions, local philicities data are extracted from UCA-

FUKUI software using the frontier molecular orbital (FMO) 

approximation method. 
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COMPUTATION CALCULATION OF 

MPOX AND ITS PRODUCT 

 

      Density functional theory is a powerful tool to understand 

the reaction mechanism pathway based on its charge 

distribution, electronic structure, bonding, and reactive site. 

Becke, 3-parameter, Lee-Yang-Parr [25,26], a hybrid 

functional tool, is widely used method to analyse a variety of 

organic molecular structures. To understand the chemical and 

electrical nature of MPOX and its oxidation product, the 

Gaussian 09 program was utilized.  The thermodynamic data 

obtained from the frequency optimized structures are given 

in Table 3.  

      The electrical energy data is utilised to determine the 

stability of molecules [27], in the above data even though          

4-[(4-carboxyphenyl)amino]-4-oxobutanoic acid is lowered 

in -[(4-methylphenyl) amino]-4-oxobutanoic acid, the 

stability of product may due to more decrease in thermal 

energy and is also supported by more degree of randomness 

due to more entropy. This extra stability of the product is 

further supported by lesser thermal correlation to free energy. 

      HOMO (Highest Occupied Molecular Orbital) and 

LUMO (Lowest Unoccupied Molecular Orbital) give 

valuable information on the stability and reactivity of 

molecules. By knowing the HOMO-LUMO energy gap, one 

can ascertain its characteristics [28,29]. The HOMO-LUMO 

can be calculated as 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      In our study, the observed HOMO-LUMO energy gap of 

MPOX and its products were calculated as 5.71 eV and            

4.92 eV, which can explain the oxidation product 4-[(4-

carboxyphenyl)amino]-4-oxobutanoic acid still may further 

degrade into simple parts due to its reactivity. A small 

HOMO-LUMO energy gap indicates it can easily accept or 

donate electrons [30]. 

      The molecule electrostatic potential (MESP) is the 

surface diagram of the molecules by which the nature of the 

molecule with electrophilic or nucleophilic attacking sites 

can be predicted [31]. The red region shows highly negative 

potential, these are the nucleophilic sites which can readily 

attached by the electrophile.  

 

 

 

Fig. 5. HOMO-LUMO of a) -[(4-methylphenyl) amino]-4-

oxobutanoic acid and b) 4-[(4-carboxyphenyl) amino]-4-

oxobutanoic acid with HOMO-LUMO energy gap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LUMO

HUMO

Egap = 5.71 e.V Egap = 4.92 e.V

a) b)

Table 3. Thermodynamic Data Generated from DFT Using the B3LYP/6-311G++(d,p) Method without Solvation 

 

Thermodynamic data 

4-Oxo-4(p-tolylamino) 

butanoic acid 

4-[(4-Carboxyphenyl)amino]-4-oxobutanoic 

acid 

Electronic energy (EE) (eV) -19248.67 -23309.83 

Zero-point energy correction (eV) 6.13 5.80 

Thermal correction to energy (eV) 6.53 6.23 

Thermal correction to enthalpy (eV) 6.56 6.26 

Thermal correction to Free energy (eV) 4.88 4.53 

EE + Zero-point energy (eV) -19242.54 -23304.02 

E (Thermal) kJ mol-1 631.02 602.22 

Heat capacity (Cv) J mol-1K-1 226.86 243.51 

Entropy (S) J mol-1 K-1 542.96 561.32 
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      Blue regions have highly positive potential sites, as they 

are electrophilic sites that readily react with nucleophiles. 

Green or yellow regions are neutral potential regions that 

have intermediate polarity, generally non-reactive in nature. 

Figure 6 a) shows blue region on the methyl group, which is 

more susceptible to attack by the anionic nucleophile 

[MnO4.OH]2- generated by Permanganate ion. 

 

 

Fig. 6. Electrostatic potential map with total density state of 

a) -[(4-methylphenyl) amino]-4-oxobutanoic acid and b) 4-

[(4-carboxyphenyl)amino]-4-oxobutanoic acid with HOMO-

LUMO energy gap. 

 

 

 

Fig. 7. Density of state (DOS) spectrum of a) -[(4-

methylphenyl) amino]-4-oxobutanoic acid and b) 4-[(4-

carboxyphenyl)amino]-4-oxobutanoic acid. 

 

 

      The generated DOS spectrum energy gap estimation of 4-

[(4-carboxyphenyl)amino]-4-oxobutanoic acid (Fig. 7 b) 

from the GaussSum program shows larger energy gap, hence 

it requires more energy to promote an electron from the 

occupied state to the unoccupied state. It shows reasonable 

stability and less reactivity compared to the reactant MPOX. 

      Fukui condensed functions were widely applied to study 

the reactivity indexes [32,33,34] Fukui condensed functions 

(f+, f-, f0)   obtained   based  on   Frontier   molecular  orbital  

 

 

method provides valuable information regarding active sites 

for electrophilic, nucleophilic and radical attack of reactant 

MPOX (Table 4), according to this computational study 

potential electrophilic attacking sites are atom 25 (carbon) 

and 26 (oxygen) which has a value of 0.62 and 0.35. The 

potential nucleophilic site atom 18 (oxygen) with the highest 

value of 0.97, the dominant radical attack sites in MPOX are 

atom 18 (oxygen), 25 (carbon), and 26 (oxygen) with high 

values of 0.48, 0.31, 0.17, respectively, as shown in Fig. 8.  

      The Mulliken charges are computed employing Natural 

Bond Order analysis, which shows the carbon atom of the 

methyl group attached to the aromatic ring has a more 

negative charge value of 0.66 e, indicating a more 

electronegative nature, and the hydrogen attached to it has 

lower occupancy of electrons and is acidic in nature [35]. 

This explains the stability of the cationic form of MPOX 

formed during our proposed mechanism.    

 

 

Fig. 8. Condensed Fukui analysis for electrophilic, 

nucleophilic, and radical attack sites of MPOX. 

 

 

Fig. 9. Geometry optimized structure showing atomic labels 

of MPOX for NBO analysis. 

-5.843×10-2 5.843×10-2

a) b)
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      Further NBO analysis for Donor acceptor orbital 

interaction [36,37] on C11 carbon atom shows that C11-H12, 

and C11-H13 bonding orbitals (Table 6) have very good 

stabilization energy with antibonding orbitals of C1-C6 and 

C1-C2, which indicates the stronger donor-acceptor 

interaction. These interactions are also supported by high 

Fock Matrix element F(i,j) values showing the 

hyperconjugation effect of hydrogens present in the methyl 

group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stability Comparison of [(4-Methylphenyl) amino]-

4-Oxobutanoic Acid and 4-[(4-

Carboxyphenyl)amino]-4-oxobutanoic Acid 

      Ionization Potential, Electron Affinity, Electronegativity, 

Hardness, and HOMO-LUMO energy gap provide valuable 

information regarding the stability and reactivity of 

compounds [38,39,40]. The [(4-methylphenyl) amino]-4-

oxobutanoic acid has a larger HOMO-LUMO energy gap of 

5.68 eV  (Table 6)  indicating  more stability compared to its 

Table 4. Fukui Functions, Local Philicities, and Mulliken Charges Computed for MPOX from DFT Using NBO Analysis 

 

Atom 

label atom 

Fukui condensed 

function f+ 

Fukui condensed 

function f- 

Fukui condensed function 

(f, raricalary attack) 

Local philicities 

w+ (eV) 

Local philicities 

w- (eV) 

Mulliken 

charges 

1 C 0 0 0 0 0 0.45 

2 C 0 0 0 0 0 -0.28 

3 C 0.0003 0 0.0001 0.0002 0 0.25 

4 C 0.0003 0.0003 0.0003 0.0002 0.0002 -0.49 

5 C 0.0002 0 0.0001 0.0001 0 -0.13 

6 C 0 0 0 0 0 -0.27 

7 H 0 0 0 0 0 0.18 

8 H 0 0 0 0 0 0.18 

9 H 0 0 0 0 0 0.18 

10 H 0 0 0 0 0 0.17 

11 C 0 0 0 0 0 -0.67 

12 H 0 0 0 0 0 0.15 

13 H 0 0 0 0 0 0.17 

14 H 0 0 0 0 0 0.14 

15 N 0.0012 0.0026 0.0019 0.0009 0.0018 -0.08 

16 H 0 0.0001 0 0 0 0.30 

17 C 0.0039 0.013 0.0084 0.0028 0.0092 -0.17 

18 O 0.0001 0.9746 0.4874 0.0001 0.6868 -0.29 

19 C 0.0023 0.0071 0.0047 0.0016 0.005 0.02 

20 H 0 0.0002 0.0001 0 0.0002 0.16 

21 H 0.0001 0 0.0001 0.0001 0 0.22 

22 C 0.0046 0.0016 0.0031 0.0032 0.0012 -0.51 

23 H 0.001 0.0001 0.0005 0.0007 0 0.19 

24 H 0.0008 0.0002 0.0005 0.0005 0.0001 0.25 

25 C 0.6275 0.0002 0.3139 0.4422 0.0001 -0.01 

26 O 0.3504 0 0.1752 0.2469 0 -0.26 

27 O 0.0072 0 0.0036 0.0051 0 -0.16 

28 H 0 0 0 0 0 0.28 
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oxidation product with energy gap of 4.93 eV indicating the 

product 4-[(4-carboxyphenyl)amino]-4-oxobutanoic acid 

may susceptible for more interactions, but higher value of 

ionization potential (8,74 eV) making it more resistant to 

oxidation compared to reactant.  A higher electron affinity of 

0.49 eV, the product shows more reactiveness towards 

electron-donating species, more electronegative nature of the 

product indicates its stability in polar environments. The 

reactant MPOX with less chemical potential suggests its 

instability in our experimental conditions. 

 

CONCLUSIONS 

 

      The methodology of DFT was utilised to study the 

oxidation     of     4-[(4-methylphenyl) amino]-4-oxobutanoic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acid, utilizing alkaline potassium permanganate. The reaction 

yielded a product identified as 4-[(4-carboxyphenyl) amino]-

4-oxobutanoic acid. The geometric configurations of both 

reactants and products are meticulously optimized utilizing 

the Gaussian 09 program, employing the B3LYP/6-311 

G++(d,p) basis set method. The diverse energy parameters 

are studied for both the reactant and product, while the likely 

structure of the formed complex is anticipated using the             

DFT method. The reaction order concerning MPOX, 

permanganate, and NaOH is established, and the influence of 

ionic strength and dielectric constants is examined. A suitable 

scheme, mechanism, and rate law have been established 

based on the experimental data. The parameters for activation 

were meticulously calculated and subsequently organized 

into a table. 

Table 5. NBO Analysis for the Acceptor Donor Site, along with Stabilization Energy 

 

Bonding donor 

orbital Acceptor orbital Acceptor orbital type 

Stabilization energy 

(kcal mol-1) 
E(j) - E(i) (eV) F(i,j) (a.u.) 

C11 - H12 C1 RY* 0.51 1.73 0.026 

C11 - H12 C1 - C2 BD* 0.81 0.54 0.021 

C11 - H12 C1 - C6 BD* 3.89 1.08 0.058 

C11 - H13 C1 RY* 0.94 1.22 0.03 

C11 - H13 C1 - C2 BD* 0.6 1.08 0.023 

C11 - H13 C1 - C2 BD* 4.5 0.54 0.048 

C11 - H14 C1 - C2 BD* 3.76 1.08 0.057 

C11 - H14 C1 - C2 BD* 1.17 0.54 0.025 

 
 

Table 6. Electronic Parameters of Reactant and Product in the Gas Phase 

 

Molecular Parameters (eV) 

[(4-Methylphenyl) amino]-4-

oxobutanoic acid 

4-[(4-Carboxyphenyl)amino]-4-oxobutanoic 

acid 

EHOMO (eV) -6.57 -7.03 

ELUMO (eV) -0.89 -2.11 

Ionization Potential (IP) 8.27 8.74 

Electron Affinity (EA) -0.25 0.49 

HOMO-LUMO Energy gap (eV) 5.69 4.93 

Electronegativity (χ) 4.02 4.62 

Chemical Potential (μ) -4.26 -4.13 

Chemical Hardness (ɳ) 4.26 4.13 

Chemical Softness (σ) 0.24 0.24 

Electrophilicity Index (ω) 2.13 2.06 

Nucleophilicity index (N) 2.53 2.08 

Electron Donor Power (ώ+) 4.43 5.4 

Electron Acceptor Power (ώ) 0.41 0.79 
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      Computational thermodynamic parameters were 

analysed for the reactant and product. HOMO-LUMO of the 

reactant are compared for the stability, along with molecular 

electrostatic potential map, density of states, Fukui 

condensed functions were utilized to determine electrophilic, 

nucleophilic, and radical attack site of the reactant. The 

hyperconjugation effect studied using natural bond order 

analysis for donor-acceptor sites, Mulliken charges on atoms 

further support our proposed mechanism. Various electronic 

parameters were analyzed for the stability of the reactant and 

product.  
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