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Abstract: In this work, structural analyses of vanillin (Vanl) and eleven of its derivatives based on the 

modification of the aldehyde group were investigated using density functional theory (DFT) 

calculations. In this regard, molecular orbital features and atomic-scale quadrupole coupling constants 

were evaluated for geometrically optimized structures to see the impact of structural modification on 

the whole structure. The results indicated that the main impact of such modification was significant 

only for the modification region, whereas the impact on the rest of the structure was almost negligible. 

However, electronic features indicated a different tendency for Vanl derivatives for involving in 

interaction with enzymatic targets. Because of the importance of innovating medication for COVID-19, 

main protease (MPro) and RNA-dependent RNA polymerase (RdRp) were chosen for the enzymatic 

target of Vanl ligands for the formation of ligand-target complexes through performing molecular 

docking (MD) simulations. The results indicated that among the complexes, Vanl 9 (–NHNH2) and 11 

(–CH2Cl) could work as the best ligands for interacting with each of RdRp and MPro, respectively. 

Consequently, optimization of Vanl derivatives could help innovate new compounds for the possible 

medication of the COVID-19 pandemic. 
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1. Introduction 

The year 2019 has been finished by introducing a serious health problem to the world 

resulting from coronavirus infection as coronavirus disease 2019 (COVID-19) [1]. This 

harmful pandemic has seriously affected all sides of human life worldwide, emerging scientists 

to innovate novel therapeutic protocols against COVID-19 [2-5]. Unfortunately, no certain 

health care protocol has been reported up to now in this issue and the research works are still 

running to examine possible ways to prevent the rapid growth of this pandemic disease after 

about one and half years [6]. In this case, investigating the roles of available compounds for 

inhibiting the activity of the virus might help the purpose of innovating novel protocols for 

health care against COVID-19 [7]. Natural products have always been one of the most 

important choices for providing resources for initiating drug discovery processes for specified 

purposes [8]. Earlier works have shown the importance of employing such natural products 

and derivatives for the purpose of pharmacotherapy of COVID-19, in which vanillin (Vanl) 
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(Figure 1) has been introduced as a lead compound to perform a further investigation on its 

optimization and features evaluation for the targeted purpose [9-12]. Indeed, lead compound 

optimization has always been an important step in discovering a compound analogous with 

better features and functions for pharmacotherapy processes [13]. Therefore, already 

experimentally synthesized available derivatives of Vanl based on a structural modification on 

aldehyde group keeping safe the structural skeleton (Table 1) were investigated in this work 

against two active enzymes of COVID-19. Earlier works indicated that inhibiting the activity 

of each of the main protease (MPro) and RNA-dependent RNA polymerase (RdRp) could help 

to prevent the virus growth in the human body [14-17]. Macromolecular structures of MPro 

and RdRp have been recognized to speed up performing further investigations to innovate 

health care protocols for COVID-19 infected patients [18-20]. As mentioned above, no certain 

protocol has been introduced, unfortunately, for COVID-19 medication. The numbers of 

infected patients are still growing up every day.  

In the current work, structural analyses of original Vanl and eleven of its derivatives 

upon modification of aldehyde group and keeping safe the structural skeleton were investigated 

to evaluate electronic and structural features at the molecular and atomic scales. To achieve the 

optimized structures and corresponding features, density functional theory (DFT) calculations 

were performed. Next, interacting complex formation of each optimized Vanl analogs and each 

MPro and RdRp enzyme were investigated through performing molecular docking (MD) 

simulation to evaluate the efficacy of each Vanl compound for possible inhibition of COVID-

19 enzymatic activity. The major aim of this work was to investigate the benefit of Vanl 

medication for COVID-19 patients based on computer-based structural analysis and ligand-

target interaction screening of molecular systems. All quantitative and graphical results of this 

work were summarized in Tables 1 and 2 and Figures 1-3 for discussion to reach the aim of 

this work.   

 
Figure 1. Original vanillin (Vanl) compound from ChemSpider. 

2. Materials and Methods 

Available 3D molecular structures of original Vanl and eleven derivatives based on the 

modification of the aldehyde group were obtained from ChemSpider structural bank [21]. All 

molecular structures were optimized using the B3LYP/6-31+G** level of DFT calculations 

employing the Gaussian program [22]. Besides obtaining the minimized energy structures, 

energy levels of the highest occupied and the lowest unoccupied molecular orbitals (HOMO 

and LUMO), energy gap (EG), dipole moment (DM) and volume (V) were devalued to 

recognize molecular features of Vanl analogous compounds. Furthermore, atomic-scale 

quadrupole coupling constants (Qcc) were calculated for oxygen atoms of Vanl skeleton to 

recognize atomic features of modified structures [23]. All the obtained quantitative results of 

DFT calculations of Vanl analogous compounds were summarized in Table 1 in addition to 

graphical representations of HOMO and LUMO distribution patterns and electrostatic potential 

(ESP) surfaces of Figure 2. By providing optimized Vanl analogous compounds for playing 
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ligand roles, MD simulations were set up for examining the formation of interacting ligand-

target complexes. To this aim, 3D macromolecular structures of MPro and RdRp were obtained 

from the Protein Data Bank (PDB) with the codes of 6LU7 and 6NUR for playing the roles of 

a target of MD simulations [24-26]. The files of ligand and target for each twelve ligand 

structure and each two target structure, a total of twenty-four models, were submitted to the 

SwissDock web server by assigning a grid box of 70*70*70 for reaching to best interacting 

ligand-target complex formation [27]. The quantitative results of binding energy (BE) of 

interacting ligand-target complexes were summarized in Table 2 in addition to graphical 

representations of ligand and interacting amino acids of the target of Figures 3 and 4. 

Table 1. Model descriptions and optimized features. 
 

 
 

Lig –R HOMO LUMO EG DM V O1 O2 O3 

1 –H -6.671 -1.909 4.762 4.261 115.892 10.922 11.104 9.545 

2 –CH3 -6.531 -1.689 4.842 3.379 131.420 11.029 11.107 9.559 

3 –Cl -6.932 -2.224 4.708 5.616 122.768 8.451 11.156 9.521 

4 –NH2 -6.479 -1.248 5.231 2.891 133.994 9.159 11.052 9.596 

5 –NHCH3 -6.363 -1.017 5.346 2.691 135.225 9.048 11.114 9.608 

6 –CH2CH3 -6.501 -1.643 4.858 3.161 151.202 10.891 11.095 9.563 

7 –OH -6.613 -1.551 5.062 2.839 127.358 8.677 11.161 9.559 

8 –CH3 -6.499 -1.381 5.118 2.134 134.583 8.906 11.149 9.573 

9 –NHNH2 -6.279 -1.091 4.188 1.929 128.323 9.029 11.145 9.578 

10 –CH2OH -6.572 -1.715 4.857 4.426 140.924 11.023 11.069 9.565 

11 –CH2Cl -6.753 -1.985 4.768 5.626 143.321 10.991 11.044 9.552 

12 –CH2NH2 -6.461 -1.792 4.669 4.316 144.964 10.423 11.083 9.557 

Unit for HOMO, LUMO and EG is eV. Unit for DM is Debye and that of V is cm3/mol. 

3. Results and Discussion 

Because of the importance of innovating health care protocols for the medication of 

COVD-19 infected patients, this work was performed to investigate the benefit of Vanl natural 

product analogous for such purpose. To this aim, Vanl analogous compounds were analyzed to 

recognize the structural features first and to investigate their interacting efficacy with each of 

MPro and RdRp enzymatic targets of COVID-19 next. Indeed, this work was performed 

employing the advantage of computer-based works for analyzing the structures at the lowest 

molecular and atomic scales to carefully recognize their role against macromolecular targets' 

activity [28-32]. 

Content of Table 1 described the structural modification details of Vanl compound in 

addition to obtained molecular and atomic-scale features of optimized models. To keep safe 

skeleton of the original structure of Vanl, modifications were performed on the aldehyde group 

by additional of –R groups, including a maximum of two atoms excluding hydrogen atoms. As 

a result, twelve Vanl compounds were chosen to perform structural analysis besides playing 

ligand roles for participating in interactions with each of MPro and RdRp targets. The obtained 

results indicated that such structural modifications could show a meaningful impact on 

molecular orbital levels of each model structure shown by variations of HOMO and LUMO 
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levels in addition to EG. The importance of HOMO and LUMO levels are generally for their 

dominant role of electron-donating and accepting in electron transfer systems. Therefore, such 

variations could mean that the interaction tendency of molecules for participating in complex 

formations with other molecules was changed significantly. Furthermore, values of EG 

indicated that internal energy barriers for such electron transferring were changed in molecular 

systems of Vanl compounds upon structural modifications of additional groups.  

Lig 
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Figure 2. Representation of HOMO and LUMO distribution patterns and ESP surfaces. 

Very much interestingly, HOMO and LUMO distribution patterns (Figure 2) indicated 

the visual impact of structural modifications on localizing such molecular orbitals features, 

mainly on the region of additional group modification of structures. In this regard, the 

hypothesis of keeping a safe skeleton of the original Vanl was achieved by almost similar 

localization of molecular orbitals at the skeleton of compounds with variations at the region of 
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the additional group. As an important note, the additional groups changed energy levels of 

HOMO and LUMO but remained the distribution patterns unchanged. Moreover, ESP surfaces 

also indicated the main impact of additional groups on electronic features of additional group 

regions but keeping almost safe electronic features of other parts of the skeleton of Vanl 

compounds. As a consequence, the skeleton of Vanl has remained unchanged in almost all 

twelve compounds but with significant variations with the region of additional groups. Further 

analysis of atomic-scale Qcc values indicates that the major impact of the additional group was 

seen for O1 of aldehyde group of original Vanl whereas the impact was almost negligible for 

other O2 and O3 atoms. To recognize atomic features of structures, Qcc values could help very 

well to recognize electronic environments of atomic sites especially in the case of employed 

perturbations to the structures [33-35]. As a concluding remark of structural analysis of Vanl 

analogous compounds, it could be mentioned that additional group modifications could provide 

new structural features for the investigated compounds with expected various tendencies to 

interact with other substances.  

Table 2. Values of binding energy (BE kcal/mol) for interacting ligand-target complexes. 

Lig MPro RdRp Lig MPro RdRp Lig MPro RdRp 

1 -6.337 -6.096 5 -6.725 -6.419 9 -6.659 -6.756 

2 -6.509 -6.265 6 -6.789 -6.579 10 -6.533 -6.405 

3 -6.498 -6.323 7 -6.597 -6.171 11 -6.862 -6.671 

4 -6.229 -6.559 8 -6.609 -6.419 12 -6.860 -6.482 

 

After carefully analyzing structural features of Vanl analogous compounds, their 

interaction tendency with each of MPro and RdRP were examined by MD simulations. Indeed, 

molecular features and atomic-scale properties indicated the electronic environment of Vanl 

structures how to change through additional group modifications. As indicated by such impact 

of the additional group on structural and electronic properties of Vanl analogous compounds, 

various interaction tendencies were expected for ligand-target complex formations. Performing 

MD simulations helped to examine the idea of interacting ligand-target complex formations for 

each of Vanl derivatives with ligand roles and each of MPro and RdRp enzymatic targets. 

Content of Table 2 exhibited obtained values of BE for the interaction of ligand-target 

complexes with different observed strengths even for each ligand versus each of MPro and 

RdRp targets. The results indicate that except for Vanl derivatives 4 and 9, Vanl compounds 

were very much better for interacting with MPro rather than RdRp in all other cases. In this 

regard, various complex strengths were observed as expected before by the evaluated molecular 

features. Among the Vanl ligand compounds, Vanl 11 (–CH2Cl) and Vanl 9 (–NHNH2) were 

found to involve the most effective interaction with each of MPro and RdRp enzyme targets, 

respectively. In each of Figures 3 and 4, interaction types and details of ligand-target complex 

formations were described visually. In this case, the models could be compared regarding the 

involved amino acids in interactions with the centric target structure. Both interaction type, 

including hydrogen bonds and non-hydrogen bond modes, were seen for complexes. In these 

modes, variations in such modes yielded different values of BE for complex formations. 

Structural modification of ligands indeed yields different interacting tendencies for the models 

even with the same skeleton and the only change of aldehyde functional group. Hence, the 

hypothesis of lead optimization could work for reaching a better affinity for ligand versus 

enzyme target. By such processes, two ligands of Vanl 9 and 11 could be proposed for further 

investigation for the medication of COVID-19. It is important to mention here that the 

formation of ligand-target complexes could be compared regarding the obtained values of BE 
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to show the strength of interaction between two counterparts; however, involving amino acids 

are also important regarding the importance of ligand interaction with the active site of the 

enzyme to be analyzed to reach the purpose. 
 

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 

 

11 

 

12 

 
 

 

Figure 3. Interacting ligand-target complexes for Vanl ligands and MPro target. 
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Figure 4. Interacting ligand-target complexes for Vanl ligands and RdRp target. 
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4. Conclusions 

Within this work, DFT calculations were performed first to optimize ligand structures 

of Vanl derivatives to provide information for structural analyzing them. Next, MD simulations 

were performed to recognize details of interacting ligand-target complex formations for the 

already optimized ligands and each of MPro and RdRp enzymes of COVID-19. The results 

indicated that the structural modification of the aldehyde group of Vanl could yield significant 

changes on the modification region's electronic environment but keep safe other parts of the 

skeleton almost unchanged. Further analysis of electronic and structural properties indicated 

that the tendency of Vanl ligand structures for participating in interactions with the enzyme 

targets could be expected different in binding strength. Further analysis based on MD 

simulations also approved such a hypothesis by yielding ligand-target complexes with different 

binding strengths and types. Among twelve Vanl ligand structures, two ligands of Vanl 9 and 

11 could be proposed for strong interaction with RdRp and MPro enzymes, respectively. 

Moreover, Vanl modification could finally be a procedure of lead optimization to reach a better 

medication for COVID-19 by performing further analyses, of course. 
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