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ARTICLE INFO ABSTRACT

Keywords: Racecadotril (RCL), a sulfur-containing compound, was analyzed through theoretical and experimental tech-
Racecadotril niques to explore its structural, spectroscopic, electronic, and biological properties. C-H bonds primarily
FMO contribute to bond distances, while C-C-H angles are the most dominant among bond angles. The impact of
Isvflfs-()ov-z solvent polarity on the Frontier Molecular Orbitals (FMO), electronic spectra, and Molecular Electrostatic Po-
SMAD tential (MEP) mapping was examined, with a focus on polar solvents such as DMSO, ethanol, methanol, and

water, as well as non-polar solvents like cyclohexane, toluene, and chloroform. Vibrational spectra exhibited
characteristic bands associated with CH3, CHy, CH, NH, CC, CO, and CS stretching and deformation modes.
Excitation wavelengths were identified in polar solvents at approximately 253 nm, 231 nm, and 229 nm, with
corresponding wavenumbers ranging from 39496 cm ™! to 43647 cm ™. In contrast, non-polar solvents caused a
slight red shift, with wavenumbers ranging from 39241 cm™! to 43605 cm™!, indicating solvent-dependent
electronic transitions. Lone pair interactions played a crucial role in molecular stabilization, with nitrogen-to-
oxygen charge transfer contributing 49.21 kJ/mol, oxygen-to-oxygen at 48.04 kJ/mol, and carbon-carbon
delocalization within a conjugated system at 21.45 kJ/mol. Mulliken charge analysis and MEP mapping
further confirmed the presence of nucleophilic nitrogen and oxygen, electrophilic carbonyl carbons, and
electron-withdrawing sulfur, with H33 exhibiting the highest electrophilicity due to nitrogen polarization. A
topological study identified localized, delocalized, and weak interactions, shedding light on its electronic
characteristics. Furthermore, molecular docking conducted against SARS-CoV-2 main proteases, spike glyco-
protein, and oncoproteins from the SMAD family demonstrated the RCL’s potential antiviral and antiproliferative
activity.

Molecular docking

1. Introduction flavoring agents in the food industry [3,4]. Additionally,

sulfur-containing amino acids like cysteine and methionine are crucial

Over the past decades, sulfur-containing heterocyclic compounds
have demonstrated significant biological applications and have been
consistently utilized in the food and pharmaceutical industries [1,2].
Sulfur-containing phytocompounds, which are essential constituents of
brassica vegetables, are highly reactive and volatile, and are used as
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for maintaining the stability of three-dimensional structures of proteins
through disulfide bonds. Sulfur-containing drugs exhibit notable
bioactive properties, including antiproliferative, antimicrobial, antide-
pressant, antiplatelet, and antidiabetic activities [5-10]. Racecadotril
(RCL), chemically known as acetorphan or benzyl 2-(-3
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(acetylthio)-2-benzylpropanamido) acetate, is a sulfur-containing
molecule with the chemical formula of Co1H23NO4S and a molecular
weight of 385.48 g/mol. RCL exists as two stereoisomers (R and S iso-
mers) due to the spatial arrangement around the chiral center, known as
ecadotril and retorphan [11]. As a prodrug, RCL acts as a specific
enkephalinase inhibitor and is converted to the active form thiorphan
upon oral administration. It is prescribed for treating acute diarrhea in
both adults and children [12]. Furthermore, the concentration of thio-
rphan, the active metabolite, in human plasma has been determined
using HPLC and LC methods [13,14].

SARS-CoV, a single-stranded RNA betacoronavirus with a 29.7 kb
genome, triggered a global outbreak in 2003, resulting in around 800
fatalities worldwide. Similarly, the SARS-CoV-2 outbreak in 2019
escalated into a global pandemic, affecting more than 600 million
people. The virus spread mainly through respiratory droplets from
coughing and sneezing [15,16] and exhibited 96 % genetic similarity to
bat coronavirus, while sharing approximately 80 % similarity with
SARS-CoV and 50 % with MERS-CoV [17,18]. The main proteases (MP™)
of these viruses are essential for viral translation and replication, making
them key targets for antiviral drug development. Several FDA-approved
drugs has been designed to inhibit or block the activity of these main
proteases [19]. In 2021, Chiou and colleagues examined a collection of
774 FDA-approved compounds for their potential to act as antagonists
against the SARS-CoV-2 MP™ protein [20]. However, as of now, no
definitive therapeutic solutions for SARS-CoV-2 treatment have been
developed.

Density Functional Theory (DFT) has become an essential tool in
drug discovery, known for its computational precision and ability to
predict the behavior of both natural and synthesized compounds as
repoted in the literature [21-23]. This approach has significantly
advanced our ability to design and evaluate new drugs by providing
detailed insights into their molecular behavior. Several
sulfur-containing FDA-approved drugs, including pioglitazone, clopi-
dogrel, olanzapine, famotidine, and febuxostat, have been characterized
using theoretical and experimental spectroscopic methods [24-28].
However, there is a notable lack of spectroscopic characterization for
RCL in the existing literature. This gap highlights the need to prioritize
RCL in our research efforts. The present work aims to comprehensively
investigate the spectroscopic, structural, biological, electronic, and to-
pological properies of RCL through both theoretical and experimental
methods.

2. Materials and methods
2.1. Sample and experimental procedures

A high-purity sample of RCL was procured from Sigma Aldrich Co.,
USA, and was used directly in experimental studies without any further
processing. The FT-IR spectrum was recorded using an Alpha-Platinum-
ATR-IR module in combination with a Rock-Solid Michelson Interfer-
ometer (Bruker), while the FT-Raman spectrum was recorded using an
Imaging Spectrograph STR 500 mm Focal Length Laser Raman spec-
trometer (Technos Instruments). The UV-Vis spectrum was measured
using a UV-DRS Spectrophotometer (Thermo Fisher).

2.2. Computational methodologies

All computational calculations were conducted using the DFT/
B3LYP/6-31G(d,p) basis set within the Gaussian 16W program pack-
age [29-35]. Time-Dependent Density Functional Theory (TD-DFT)
calculations were conducted with the same basis set to evaluate elec-
tronic properties [36-38]. The Density of States (DOS) in different sol-
vents (polar and non-polar) was determined using the GaussSum
program [39]. Data visualization was carried out using GaussView 6
[40] and Chemcraft software [41]. For Natural Bond Orbital (NBO)
analysis, NBO Version 3.1 [42], integrated into the Gaussian package,
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was utilized. Structural and binding analyses of ligand-protein com-
plexes were conducted using the PyMOL software [43], while AutoDock
[44] was employed to predict ligand-receptor binding affinities. Topo-
logical evaluations, including Electron Localization Function (ELF),
Local Orbital Locator (LOL), Reduced Density Gradient (RDG), and
Non-Covalent Interactions (NCI), were carried out using the Atomistica
online molecular modeling platform and Multiwfn software [45-47],
with visualizations generated using the VMD program [48].

3. Results and discussion
3.1. Optimized geometry

The optimized geometrical parameters for RCL are outlined in
Table 1 and illustrated in Fig. 1. The optimized structure of RCL consists
of 51 bond distances and 86 bond angles, including 19 C-C bonds, 2 S-C
and N-C bonds, 5 O-C bonds, 1 N-H bond, and 22 C-H bond distances.
Similarly, the structure features 19 C-C-C bond angles and one instance
of each of O-C-N, S-C-O, C-S-C, C-O-C, O—C-0, and C-N-C bond
angles. Additionally, it includes two instances of S-C-H, N-C-C, C-N-H,
O-C-H, S-C-C, and N-C-H bond angles, 37 C-C-H bond angles, 7
H-C-H bond angles, and 5 O-C-C bond angles.

The bond distances of S;—Cgy and S;—C; ¢ in the acetylthio group were
calculated to be 1.836 and 1.804 A, respectively. The RCL structure
encompasses three double-bonded oxygen atoms (O3, O4, and Os) stem
from carbon atoms Cq1, Cig, and Cqg, forming O;—Cy1, 04—Cig, and
0O5—Cq9 with bond distances of 1.227 A, 1.210 A, and 1.213 A,
respectively. Single-bonded O3-C;g and O3-Cyo distances were calcu-
lated to be 1.480 A and 1.455 A. In the benzyl propenamide structure,
the bond distances of Ng- H33, Ng—C11, and Ng-Cq4 were found to be
1.009 A, 1.369 A, and 1.448 A, respectively. The bond distances of C-H
and C-C in the benzyl structure ranged between 1.086 and 1.087 A and
1.393-1.403 A. The bond distances of Coo-Hys, Coo—-Hyg, and Coo—Hys in
the methyl group of the acetylthio group were calculated as 1.095 A,
1.092 A, and 1.093 A. Conversely, the bond distances of C-H in the CH;
groups ranged between 1.093 and 1.095 A. The bond distances of C-C in
the chain structure varied between 1.504 and 1.547 A.

The bond angles of C-C-H and C-C-C in the benzyl structure were
found to be between 119.3-120.4° and 118.4-120.5°, respectively. The
bond angles of Cg—S1—C19, S1—C19-Os, S—-C-C, and S-C-H were measured
at 99.90°, 123.8°,113.2°-116.2°, and 104.8°-106.6°, respectively. The
bond angles of 02:C117C7, 04:C1g7C14, and 05:C197C22 were 122.3°,
123.4°, and 123.1°, respectively. In contrast, the bond angles of
03-C13-C14 and O3-Cyp—Cy; were 112° and 108.1°, respectively. The
bond angles involving double-bonded oxygen atoms are larger
compared to those single-bonded oxygen atoms due to sp? and sp° hy-
bridizations. The bond angles of 03-C11-Ng, C18-03-Cz0, O3-C;18-04,
and O-C-H were 122.6°, 116°, 124.5°, and 107.8°~108.9°, respectively.
The bond angles of H-C-H in methylene (CH3) and methyl (CH3) groups
ranged from 107° to 108.9° and 107.8°-110.1°, respectively. The
C11-Ng—C14, C-N-H, N-C-H and N-C-C bond angles were simulated
within 121.4°, 117.2°-118.7°, 107.7°-111.6°, and 111.6°-115°,
respectively. Similarly, the bond angles of C-C-C and C-C-H were
simulated between 110.3° to 121.1° and 105.2°-112.7°, respectively.

3.2. Vibrational properties

The RCL compound, consisting of 50 atoms, exhibits 144 vibrational
modes, adhering to the (3N-6) rule and C; point group symmetry. The
theoretical vibrational spectra were generated using Chemcraft soft-
ware, employing a Lorentzian line shape together with a full width at
half maximum (FWHM) of 54 cm™. Experimentally observed vibra-
tional frequencies were found to be slightly higher than theoretical
predictions due to anharmonicity in real systems. To mitigate this
discrepancy, the computed wavenumbers were scaled by a factor of
0.96, which is standard practice in computational chemistry. A
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Table 1
Optimized geometrical parameters of RCL.

Bond lengths (A) Theoretical Bond lengths A) Theoretical Bond lengths A) Theoretical
$1-Co 1.836 Co-Hg: 1.093 C20-C21 1.504
$1-C1o 1.804 Co-Ha, 1.094 Coo-Hap 1.094
0,-Cqp 1.227 C10-Ci2 1.402 Co0—Haz 1.094
03-Cys 1.348 C10-Ci3 1.403 C21-Co3 1.398
03-Cao 1.455 Ci12-Cis 1.396 C1-Coy 1.402
04—Cys 1.210 Ci2-Hsy 1.088 Coo—Hys 1.095
0O5-Cyo 1.213 Ci13Cie 1.396 Cox-Haa 1.092
Ne—C11 1.369 Ci3-Hss 1.086 Ca2-Hys 1.093
Ne-Ci4 1.448 C14-Cig 1.524 Ca3-Cos 1.396
Ne—Hss 1.009 C14-Hse 1.098 Ca3—Hye 1.087
C;—Cg 1.545 Cy14-Hzy 1.092 C24—Ca6 1.393
C—Co 1.547 Ci5-C17 1.396 Cos-Hyy 1.086
C;—C11 1.534 Cy5-Hsg 1.087 Co5—Co7 1.395
Cy-Hog 1.099 C16-C17 1.397 Cos—Hayg 1.086
Cs-Cio 1.515 Cie-Hso 1.086 Ca6-Ca7 1.398
Cg-Hag 1.093 C17-Hao 1.086 Co6—Hag 1.086
Cg-Hso 1.095 C19-Ca2 1.515 Co7-Hso 1.086
Bond angles (o) Theoretical Bond angles (o) Theoretical Bond angles (o) Theoretical
Co9-$1-Cio 99.90 Co-Cy—C11 110.3 C16-C17-Hao 120.3
$1-Co-C7 116.2 Co-C7—Hag 105.2 C19-Coo—Hys 108.4
$1-Co-H3, 106.6 C;—Co-Hgz; 110.3 C19-Coo—Hyg 112.7
S1-Co-Hsy 104.8 Cy~Co-Hsy 109.7 C19-Cap-Has 108.8
$1-C19-Os 123.8 C11-C7—Hag 108.7 C21—Co0-Ha41 112.4
S1—C19-Coa 113.2 C10-Cs—Hag 110.2 C21—Co0—Haz 112.0
02-C11-Ng 122.6 C10-Cs—Hso 109.7 C20-C21—Ca3 120.5
02-C11-C7 122.3 Cg—C10-Ci2 120.5 C20—C21—Ca4 120.3
C15-03-Cyo 116.0 Cg—C10-Ci3 121.1 H41-Co0—Hya 107.6
03-C15-04 124.5 Hy9-Cg—H3o 107.6 Ca3-C21—Cas 119.2
03-C15-Ci4 112.0 H3-Co-Hap 108.9 C21-Ca3-Cos 120.5
03-C20-C21 108.1 C12-C10-Ci3 118.4 C21—Co3-Hye 119.6
0O3-Ca0-Hay 107.8 C10-C12-Ci5 121.0 C21—C24—Cas 120.3
03-Coo-Hap 108.9 C10-Ci2-Hss 119.3 Cg1-Coy—Hay 119.9
04-C15-Ci4 123.4 C10-Ci13Cie 120.7 H43-Co2-Hag 108.9
0O5-C19-Co2 123.1 C10-Ci13-Hss 119.1 Hy3—Coo—Hys 107.8
C11-Ng—C14 121.4 Cy5-C12-Hsg 119.6 Has~Cap—Hys 110.1
C11-Ng-Hss 118.7 C12-C15-Cq7 120.1 Cos-Cas—Hag 119.8
Ne—C11-C7 115.0 C12-Cy5-Hsg 119.8 C23—Co5—Coy 120.0
C14-Ng-Hs3 117.2 C16-C13-Hss 120.2 Ca3-Cas—Hug 119.8
Ne-C14-Cis 114.9 C15-C16-C17 120.3 Co6-Cay—Hay 119.8
Ne—Ci14-Hse 111.6 C13-C16-Hsg 119.7 C24—Co6—Co7 120.2
Ne—Ci14-Hs7 107.7 C18-Ci14-H3e 106.8 C24—Co6—Hag 119.4
Cg-C7-Co 112.8 C15—C14-H37 108.5 Cga7—Cos—Hag 120.2
Cg-Cr—Ci1 111.1 Hse-C14-Ha, 107.0 Cas5-Coy—Cog 119.8
Cg—C7-Hag 108.5 C17—Cy5-Hsg 120.1 Co5—-Co7-Hsg 120.1
C7-Cs—Cyo 113.5 C15-C17-Ci6 119.5 Co7—Co6—Hag 120.4
Cy—Cg-Hao 107.6 Ci15-C17—Hao 120.3 Ca6—Cor—Hspo 120.1
C,—Cg-Hao 108.1 C17-C16-Hao 120.0 - -

H:

Fig. 1. Optimized molecular structure of RCL.

comparison of theoretical and experimental vibrational wavenumbers is
presented in Table 2, with the corresponding spectra depicted in Figs. 2
and 3. The vibrational spectra reveal prominent peaks corresponding to
CHs, CH,, CH, NH, CO, CC, and CS stretching and deformation modes.

The electronic structure of RCL includes a single methyl (CHs) group,
which gives rise to asymmetric and symmetric stretching modes. Liter-
ature values place these bands at 2980 cm™! and 2870 cm ™!, respec-
tively [49]. For RCL, a single symmetric band was theoretically
predicted at 2937 cm™! and experimentally recorded at 2938 cm™!
(FT-Raman). The asymmetric stretching bands were computed at 3032
em~! and 3008 em™! and observed at 3031 em™! (FT-IR). The C-S
stretching modes arise due to the sulfur atom’s linkage with carbonyl
(C=0) and methylene (CHj) groups. Typically, these vibrations occur
between 730 and 660 cm™'. For RCL, the C-S stretching bands were
simulated at 681 cm ™! and 614 cm ™!, while experimental measurements
recorded them at 626 cm™' (FT-IR) and 621 cm™' (FT-Raman). The
C=O0 (carbonyl) stretching vibrations result from the oxygen atoms
bonded to carbon via double bonds. Theoretically, these modes were
identified at 1759 cm™! (C18-04), 1714 cm™' (C19-05), and 1697
cm™! (C11-02). Experimentally, corresponding bands were observed at
1727 cm ™! and 1685 cm ™! (FT-IR) and 1726 cm ™! (FT-Raman). The CH,
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Table 2
Experimental (FT-IR and FT-Raman) and theoretical wavenumbers (ecm™!) and vibrational assignments of RCL.
Modes Experimental wavenumbers (cm 1) Theoretical wave numbers (cm ™) Vibrational assignments
FT-IR FT-Raman Unscaled Scaled I I Raman
1. - - 3644 3498 38.51 41.14 v NH
2. 3282, 3087 3290 3209 3081 12.19 322.94 v CH
3. - - 3206 3078 10.33 179.91 v CH
4. - - 3200 3072 23.14 35.42 v CH
5. - - 3198 3070 19.95 69.95 v CH
6. - - 3192 3064 12.07 120.17 v CH
7. 3061 - 3187 3060 21.79 64.03 v CH
8. - 3058 3184 3057 2.99 76.09 v CH
9. - - 3178 3051 0.86 81.14 v CH
10. - - 3175 3048 4.81 47.04 v CH
11. - - 3168 3041 6.24 34.66 v CH
12. 3031 - 3158 3032 5.53 69.06 0 55 CH3
13. - - 3134 3009 9.44 42.80 0 a5 CHy
14. - - 3133 3008 4.28 88.41 0 o5 CH3
15. - - 3132 3007 4.79 45.52 0 55 CHy
16. - - 3122 2997 2.74 21.26 0 a5 CHy
17. - 2990 3117 2992 13.22 41.42 0 a5 CHy
18. - - 3072 2949 14.83 94.95 v s CHy
19. - - 3069 2946 14.62 85.78 v s CHy
20. - - 3067 2944 17.59 55.51 v s CHy
21. - 2938 3059 2937 1.24 178.90 v ¢ CHs
22. 2917 - 3040 2918 29.43 151.08 v s CHy
23. 2898, 2850 2840 3024 2903 17.57 61.44 v CH
24. - - 1832 1759 287.04 5.52 v C=0
25. 1727 1726 1785 1714 190.12 3.56 vC=0
26. 1685 - 1768 1697 153.10 13.40 v C=0, § NH
27. 1643 1604 1665 1598 0.38 34.87 v CC, p CH
28. 1603 - 1661 1595 7.61 32.92 v CC, p CH
29. - 1565 1644 1578 0.47 6.72 v CC, f CH, t CH,
30. 1549 1534 1637 1572 1.60 6.79 v CC, f CH, © CHy
31. 1497 - 1544 1482 259.85 1.70 8 NH, t CH,
32. - - 1543 1481 8.03 1.78 v CC, 8 CH, 6 NH
33. - - 1539 1477 24.75 0.27 p CH, 6§ NH
34. 1455 - 1514 1453 4.74 8.51 X CHy
35. - - 1503 1443 6.72 5.70 X CHy
36. - - 1496 1436 10.54 0.58 p CH, p CHy
37. - - 1495 1435 5.71 1.11 p CH, p CHy
38. 1426 1428 1488 1428 11.49 19.74 85 CH3
39. - - 1484 1425 7.07 11.89 X CHy
40. - - 1480 1421 7.29 15.11 s CHs
41. 1401 - 1474 1415 13.22 19.00 x CHy
42. 1378 1381 1414 1357 7.61 16.94 B CH, o CHy
43. - 1377 1407 1351 1.76 5.95 ® CHy, p CH, 8 NH
44. 1343 1349 1399 1343 16.46 9.24 8as CH3
45. - - 1371 1316 3.89 22.65 B CH, o CH,
46. - - 1366 1311 0.31 0.28 p CH, o CHy
47. - - 1364 1309 2.04 0.88 p CH
48. - - 1361 1307 0.80 2.99 p CH, o CHy
49. - - 1354 1300 0.78 1.20 B CH, o CHy
50. 1290 - 1350 1296 1.95 2.72 p CH, o CHy
51. 1248 1261 1329 1276 20.07 7.80 p CH, w CHy
52. 1235 1221 1281 1230 419.88 5.07 T CHy, 8 NH, § C—0
53. 1221 - 1259 1209 3.02 11.67 T CHy, 8 NH, p CH
54. - - 1256 1206 26.98 5.12 T CHy
55. 1202 - 1252 1202 145.48 4.86 7 CHy, f CH
56. - - 1243 1193 0.79 9.33 T CHy, f CH
57. - 1189 1237 1188 3.53 24.94 T CH,, f CH
58. - 1181 1230 1181 36.34 9.79 T CHy, 8 NH, p CH
59. - - 1228 1179 51.02 3.83 ® CHy, p CH, & NH,
60. - - 1210 1162 0.92 6.71 p CH
61. - - 1208 1160 0.47 14.70 p CH
62. - - 1196 1148 35.64 8.09 T CHy, 8 NH, p CH
63. - - 1187 1140 0.36 9.71 p CH
64. 1133 - 1186 1139 0.29 4.54 p CH
65. 1099 1136 1091 212.12 0.80 8 C=0, §,s CH3
66. 1081 - 1127 1082 3.60 2.92 T CHy, 8 NH, p CH
67. - - 1117 1072 2.48 1.19 p CH, p CHy
68. 1055 - 1108 1064 7.25 1.42 p CH
69. 1028 1034 1072 1029 7.27 4.50 7 CHy, 8 NH, p CH
70. 1017 - 1056 1014 5.87 6.49 p CH
71. - - 1055 1013 0.36 15.31 p CH
72. - 1001 1053 1011 6.40 4.60 T CHy, 8 NH, p CH
73. 980 - 1024 983 8.22 1.70 8,5 CH3

(continued on next page)
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Table 2 (continued)

Modes Experimental wavenumbers (cm ') Theoretical wave numbers (cm ™) Vibrational assignments
FT-IR FT-Raman Unscaled Scaled Ig I Raman

74. - - 1018 977 1.01 17.99 y CH, p CH,

75. - - 1016 975 1.52 29.30 vy CH

76. - - 1013 972 52.94 4.11 p CHa, 8 NH, y CH, 8,5 CH3

77. - - 1007 967 7.37 2.67 y CH, p CH,

78. 960 - 1001 961 43.82 3.70 y CH, p CH,

79. - - 1000 960 40.92 6.73 y CH, p CH,

80. - - 999 959 3.57 0.73 y CH, p CH,

81. - - 985 946 48.44 4.57 vy CH, p CHy, 8,5 CHs

82. 940 - 981 942 2.03 0.11 vy CH

83. - 934 978 939 0.12 0.27 y CH

84. - - 965 926 6.37 6.13 v CH, p CHy

85. 912 - 945 907 18.16 17.04 y CH, p CH,

86. 899 897 931 894 3.33 1.12 y CH

87. 875 - 924 887 9.01 7.73 vy CH

88. 855 851 890 854 0.62 2.64 p CHz

89. - - 880 845 4.76 3.76 p CHy,  NH, y CH

90. - 830 869 834 0.60 3.01 y CH

91. 820 - 865 830 0.07 4.52 vy CH

92. 803 - 841 807 0.82 4.19 p CHa, y CH

93. - - 826 793 2.78 5.90 p CHy, y CH

94. 750 749 773 742 34.35 1.65 vy CH

95. - - 766 735 26.17 4.81 vy CH

96. 719 - 765 734 15.09 2.92 y CH, 8§ C=0

97. 694 711 720 691 26.86 1.15 y CH

98. - - 714 685 16.72 0.99 vy CH

99. - - 709 681 2.81 6.87 8 C=0, p CHy, 8 NH, v CS

100. - - 667 640 11.34 1.36 ® CHy, 8 NH

101. 626 621 640 614 1.98 1.98 8 C=O0, p CHy, 8 NH, v CS

102. - - 636 611 0.21 3.45 8 CH

103. - - 632 606 0.23 5.03 , 8 NH

104. 597 - 617 592 70.80 19.50 8 C=0, 8,5 CH3

105. - - 605 581 10.10 1.90 8 CH, 8§ C=0, p CHy, 8§ NH

106. 578 - 603 579 6.29 1.75 8 CH, 8 C=0, p CHy, 8 NH

107. 553 - 581 557 6.04 1.22 8 CH, 8§ C=0, p CH,, § NH

108. - - 569 546 5.14 1.54 8 CH, 8§ C=0, p CH,, 8 NH

109. 529 530 535 514 1.03 2.11 8 C=0, 8,5 CH3

110. 507 - 517 496 62.3 1.62 8 NH

111. - - 508 488 40.13 0.57 8 NH, 8 CH

112. - - 493 473 9.11 3.26 8 CH, 8§ C=0, p CHy, 8§ NH

113. - - 489 469 3.19 2.86 8 CH, 8 C=0, p CHy, 8 NH

114. - - 442 424 12.28 1.40 8 CH, 8 C=0, p CHj, 8 NH

115. - - 420 403 0.24 0.17 8 CH

116. - - 416 399 0.53 0.15 8 CH

117. - - 389 373 8.81 0.53 8 CH, p CHp, 6 NH

118. - - 373 358 6.39 1.05 8,5 CHs, p CHy, 8 NH, & CH

119. - - 356 342 8.85 1.62 8,5 CHs, p CHy, 8 NH, & CH

120. - - 348 334 3.92 0.53 8,5 CHs, p CHp, 8 NH, 8 CH

121. - - 296 284 8.02 0.98 p CHy, 8 NH, 8 CH

122. - - 294 282 15.02 1.02 8 CH, 8§ C=0, p CHy, § NH

123. - - 282 271 1.98 0.60 8 CH, p CH,

124. - - 244 234 4.04 2.75 8 CH, 8 C—=0, 5 NH

125. - - 226 217 3.31 4.02 8 CH, 8§ C=0, p CHy, § NH

126. - - 195 187 1.43 1.19 8 CH, 8 C=0, p CHy, 8 NH

127. - - 189 181 2.69 2.36 8 CH, 8 C=O0, p CHyp, 8 NH

128. - - 157 151 1.10 1.14 8 CH, 8 C=0, p CH,, 8 NH

129. - - 150 144 1.96 0.64 8 CH, p CH,

130. - - 127 122 3.66 1.98 8 CH, 8 C=0, p CHj, 8 NH

131. - - 95 91 7.06 1.32 8 C=0, d,s CH3

132. - - 94 90 2.75 3.06 8 C=0, 8,5 CH3

133. - - 70 67 3.41 2.75 8 CH, 8 C=0, p CHy, 8 NH, 8,5 CH3

134 - - 59 57 1.58 2.71 8,5 CHs, 8§ CH

135. - - 51 49 0.98 3.83 8 CH, 8§ C=0, p CHa, 8 NH, 8,5 CH3

136. - - 41 39 1.77 0.44 8 C=0, 8,5 CH3

137. - - 37 36 0.33 5.08 8 CH

138. - - 36 35 2.34 0.25 8 C=0, 8,5 CHs

139. - - 32 31 0.52 1.96 8,5 CHs

140. - - 30 29 0.20 4.86 8 C=0, 8,5 CH3

141. - - 26 25 0.07 4.62 8 C=0, 8,5 CH3

142. - - 23 22 0.53 1.14 8 C=0, 8,5 CH3

143. - - 17 16 0.27 3.79 Ring vibration

144. - - 11 10 0.47 2.52 Ring vibration

v - symmetric stretching; v, - asymmetric stretching; § - bending/deformation; p — in-plane bending; y — out-of-plane bending; - scissoring; o - wagging; 7 - twist; p —
rocking, Scaling factor 0.96 for all vibrations.
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Fig. 2. Theoretical and experimental FT-IR spectra of RCL.

Experimental
3058 1001

— Theoretical
3198

Absorbance

3063

3644 1662 1237 1014

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 3. Theoretical and experimental FT-Raman spectra of RCL.

symmetric and asymmetric modes are reported to span between
3000-2900 and 3000-3100 cm ™! [50]. In this finding, the asymmetric
CH, modes were simulated at 3009, 3007, 2997, and 2992 cm™! for
C14-Hze,37, Co-H31,32, Cg—H29,30, and Cazo-Hai,42, respectively, and
recorded at 2990 cm ™! in the FT-Raman spectrum. Similarly, the sym-
metric CHy stretching was calculated at 2949, 2946, 2944, and 2918
cm™ L, with experimental peak at 2917 cm ™! (FT-IR). In the literature,
the CH bands are characteristic modes in the heteroaromatic structure
spanning 3100-3000 cm! [51-54]. In RCL, these modes were computed
between 3081 and 3041 cm ™! region, and were experimentally observed
at 3282, 3087, 3061 cm ™! (FT-IR) and 3290, 3058 cm™! (FT- Raman).
For sulfonamide derivatives, literature suggests N-H stretching bands
occur around 3474, 3372, and 3379 cm™! [55,56]. In line with this
observation, the Ng—Hj33 stretching mode was theoretically predicted to
be 3498 cm 1.

The vibrational modes for symmetric and asymmetric deformations
of CHj are reported to span between 1465-1440 and 1390-1370 cm™*
[57]. In RCL, these symmetric and asymmetric deformation modes were
simulated at 1428, 1421, and 1343 cm~! and observed at 1426 cm ™!
(FT-IR), 1428 cm™! (FT-Raman), 1343 cm ™! (FT-IR), and 1349 cm™!
(FT-Raman). Similarly, the methylene (CHy) deformations, such as
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rocking, wagging, twisting, and scissoring were observed below 1500
cm™! for RCL. The C-H deformations are typically observed within the
ranges of 1450-1000 cm™! for in-plane deformations and 1000-750
em~! for out-of-plane deformations [58]. Theoretical calculations for
RCL estimated in-plane deformations within 1598-1011 cm™}, while
out-of-plane deformations ranged from 977 to 685 cm™'. Experimental
results showed in-plane modes at 1643-1017 em™! (FT-IR) and
1604-1001 cm™! (FT-Raman), while out-of-plane modes appeared at
960-694 cm ™! (FT-IR) and 934-711 cm ™! (FT-Raman).

3.3. Influence of solvents on electronic properties

3.3.1. Electronic spectra

The calculated electronic spectral properties of RCL in different
solvent environments, both polar and non-polar, are summarized in
Table 3, and visualized in Fig. 4, while the experimental spectrum in
ethanol is presented in Fig. 5. In polar solvents like dimethyl sulfoxide
(DMSO), ethanol, methanol, and water, the excitation wavelengths are
approximately 253 nm, 231 nm, and 229 nm, with corresponding
wavenumbers ranging from 39496 cm ™! to 43647 cm ™. The oscillator
strengths in these cases are generally low, indicating weak electronic
transitions. The major contributors to these transitions involve transi-
tions from the Highest Occupied Molecular Orbital (HOMO) to the
Lowest Unoccupied Molecular Orbital (LUMO) and other nearby or-
bitals. For instance, in DMSO, the first excitation at 253.13 nm (4.898
eV, 39505 cm 1) shows significant contributions from H-7-L (39 %)
and H-6—L (50 %), with an oscillator strength of 0.0002. The second
excitation at 230.63 nm (5.375 eV, 43359 em™!) shows a slight increase
in oscillator strength of 0.0027, with H-2—L+4 (22 %) and H—L+2 (30
%) major contributions. Similarly, in ethanol, methanol, and water,
these transitions were consistently significant. In contrast, for non-polar
solvents like cyclohexane, toluene, and chloroform, the wavelengths are
marginally red-shifted compared to those observed in polar solvents,
with wavenumbers ranging from 39241 cm™! to 43605 cm™l. The
oscillator strengths are slightly higher, suggesting stronger transitions in
non-polar environments. For example, in chloroform, the first excitation
at 253.89 nm (4.883 eV, 39387 cm’l) shows significant contributions
from H-7-L (41 %) and H-6—-L (46 %), with an oscillator strength of
0.0002. The second excitation at 230.74 nm (5.373 eV, 43338 cm ) has
an oscillator strength of 0.0027, with H—L+3 (46 %) and H-1-L+4 (21
%) contributions. Similar trends were observed in cyclohexane and
toluene, where the H-7—L and H-6—L transitions remained significant.

Experimentally, a prominent peak was observed at 306 nm, which
appears to be red-shifted compared to the theoretical predictions. The
calculated excitation energies (E) and wavenumbers provide insight into
the energy levels and transitions within the molecule. For instance, the
excitation energies for the peak at 253 nm were approximately 4.89 eV
across all solvents, indicating a stable electronic excitation behavior.
The oscillator strengths, though relatively low, suggest that the transi-
tions are allowed but not highly probable, consistent with the nature of
1—-7* or n—n* transitions typically observed in Ultraviolet-Visible
(UV-Vis) spectroscopy. Notably, while there are variations in wave-
numbers due to differing solvent environments, the overall excitation
wavelengths, energies, oscillator strengths, and major contributions
remain remarkably consistent across both polar and non-polar solvents.
This uniformity suggests that the electronic structure of RCL is resilient
and not substantially affected by the surrounding solvent environment,
thus maintaining consistent excitation properties. The variations in
wavenumbers are primarily attributed to the differing solvent polarities,
which can slightly affect the energy levels but not enough to cause
substantial changes in other properties.

3.3.2. Reactivity, stability and molecular orbitals

In computational chemistry, the Frontier Molecular Orbitals (FMO)
are essential for assessing the stability and chemical reactivity of mo-
lecular structures [59]. Figs. S1 and S2 (Supplementary Material)
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Table 3

Calculated wavelengths (1), excitation energies (E), oscillator strengths (f), and major contributions of RCL in various solvent.
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Solvents A (nm) Wavenumber (cm ™) E (eV) f Major contributions Minor contributions
Polar Solvents
DMSO 253.13 39505 4.898 0.0002 H-7-L (39 %) H-5-L (9 %)
H-6-L (50 %)
230.63 43359 5.375 0.0027 H-2-L+4 (22 %) H-L+3 (16 %)
H-L+2 (30 %) H-2-1+2 (3 %)
H-1-L+2 (2 %)
H-1-L+4 (6 %)
H-L+4 (4 %)
H-L (8 %)
229.15 43639 5.410 0.0019 H-4-L+1 (47 %) H-3-L+3 (2 %)
H-3-L+1 (2 %)
H-2-L+1 (2 %)
H-1-L+3 (20 %) H-2-L+2 (3 %)
H-2-143 (7 %)
H-1-L+2 (8 %)
Ethanol 253.19 39496 4.896 0.0002 H-7-L (39 %) H-5-L (9 %)
H-6-L (49 %)
230.62 43361 5.376 0.0026 H-2-L+4 (20 %) H—-L+3 (26 %)
H-2-1+2 (2 %)
H-1-L+2 (2 %)
H-L+2 (21 %) H-1-L+4 (8 %)
H-L+4 (4 %)
H-L (8 %)
229.15 43639 5.410 0.0018 H-4-L+1 (48 %) H-1-L+3 (12 %)
H-2-1L+1 (2 %)
H-1-L+3 (12 %) H-2-L+2 (7 %)
H-2-L+3 (6 %)
Methanol 253.14 39503 4.897 0.0002 H-7-L (39 %), H-5-L (9 %)
H-6-L (50 %)
230.61 43363 5.376 0.0025 H-2-L+4 (21 %), H-L+3 (21 %)
H-2-1+2 (3 %)
H-1-1L+2 (2 %)
H-L+2 (26 %) H-1-L+4 (7 %)
H-L+4 (4 %)
H-L (8 %)
229.13 43643 5.411 0.0018 H-4-L+1 (48 %), H-1-L+3 (10 %)
H-2-L+1 (2 %)
H-1-L+3 (16 %) H-2-1+42 (5 %)
H-2-1L43 (7 %)
Water 253.07 39514 4.899 0.0002 H-7-L (39 %), H-5-L (9 %)
H-6-L (50 %)
230.59 43367 5.376 0.0025 H-2-L+4 (23 %), H-L+3 (13 %)
H-2-1+42 (3 %)
H-1-L+2 (2 %)
H-L+2 (34 %) H-1-L+4 (5 %)
H-L+4 (4 %)
H-L (8 %)
229.11 43647 5.411 0.0018 H-4-L+1 (47 %), H-1-L+3 (2 %)
H-2-L+1 (3 %)
H-1-L+3 (23 %) H-2-L+2 (2 %)
H-2—-143 (2 %)
Non-polar solvents
Chloroform 253.89 39387 4.883 0.0002 H-7-L (41 %), H-5-L (11 %)
H-6-L (46 %)
230.74 43338 5.373 0.0027 H-L+3 (46 %), H-3-L+4 (2 %)
H-2—L+4 (8 %)
H-1-L+4 (21 %) H-1-L+3 (4 %)
H-L (7 %)
H-L+4 (4 %)
229.33 43605 5.460 0.0018 H-4-L+1 (50 %) H-5-L+2 (4 %)
H-2-L+2 (28 %) H-3-L+2 (6 %)
H-1-1+2 (6 %)
Cyclohexane 254.83 39241 4.865 0.0002 H-7-L (41 %) H-5-L (13 %)
H-6-L (43 %)
230.82 43323 5.371 0.0024 H-L+3 (46 %) H-2-L+4 (10 %)
H-1-1L+3 (5 %)
H-1-L+4 (20 %) H-L (6 %)
H-L+4 (4 %)
229.5 43572 5.402 0.0017 H-4-L+1 (49 %) H-5-1+2 (6 %)
H-2-L+2 (19 %) H-3-L+2 (17 %)
H-1-L+2 (3 %)
Toluene 254.62 39274 4.869 0.0002 H-7-L (41 %) H-5-L (13 %)

H-6-L (44 %)

(continued on next page)
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Table 3 (continued)
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Solvents A (nm) Wavenumber (cm™!)

E (eV)

f Major contributions Minor contributions

230.82 43323

229.48 43576

5.371

5.402

0.0026 H-L+3 (46 %) H-3-L+4 (2 %)
H-2-L+4 (8 %)
H-1-L+3 (5 %)
H-L (6 %)
H-L+4 (4 %)
H-5-L+2 (5 %)
H-3-L+2 (14 %)
H-1-L+2 (3 %)

H-1-L+4 (21 %)

0.0018 H-4-L+1 (50 %)

H-2-L+2 (22 %)
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Fig. 4. Simulated electronic spectra of RCL in polar and non-polar solvents for (a) 227 — 233 nm and (b) 250-258 nm.
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Fig. 5. Experimental electronic spectrum of RCL.

display the FMO plots for RCL in both polar and non-polar solvents,
where the negative and positive regions are shown by black and green,
respectively. The corresponding FMO energy gap values along with
other parameters summarized in Table S1 (Supplementay material). The
HOMO values range from —6.54434 eV in cyclohexane to —6.59958 eV
in water, while LUMO values vary from —0.55756 eV in cyclohexane to
—0.63158 eV in water. The energy gap of RCL was simulated to be
5.96827 eV in DMSO, 5.96882 eV in ethanol, 5.96854 eV in methanol,
5.96800 eV in water, 5.97535 eV in chloroform, 5.98678 eV in cyclo-
hexane, and 5.98378 eV in toluene. Despite minor numerical

differences, these variations are not prominently reflected in the orbital
plots due to limited solvation effects and similar electronic environ-
ments among solvents. The larger energy gaps observed in non-polar
solvents suggest that RCL demonstrates enhanced stability in these
media compared to polar environments.

The electron affinity (A) and ionization potential (I), derived from
the FMO energies, exhibit slight variations across solvents. The ioniza-
tion potential ranges from 6.54434 eV in cyclohexane to 6.59958 eV in
water, while the electron affinity varies from 0.55756 eV in cyclohexane
to 0.63158 eV in water. These differences influence RCL’s ability to gain
or lose electrons, impacting its reactivity. Electronegativity () is slightly
higher in polar solvents, ranging from 3.55095 eV in cyclohexane to
3.61558 eV in water, suggesting an increased tendency to attract elec-
trons in polar environments. Chemical hardness (1) remains relatively
stable, with a slight decrease in polar solvents (2.9840 eV in water
compared to 2.99339 eV in cyclohexane), while chemical softness (s)
varies slightly, from 0.16703 ev'!in cyclohexane (lowest) to 0.16756
eV'! in water (highest), confirming greater reactivity in polar media. The
global electrophilicity index (o) and maximum electron charge transfer
(ANmax) are larger in water and smaller in cyclohexane, reinforcing the
enhanced electrophilic nature of RCL in polar solvents. These results
indicate that RCL is more stable in non-polar environments and more
reactive in polar environments due to increased electron transfer po-
tential. The Density of States (DOS) spectra for RCL in different solvents,
shown in Figs. S3 and S4 (Supplementary Material), remain consistent
across solvents, in agreement with the FMO analysis.

3.4. Natural Bond Orbital (NBO)

NBO analysis was employed to examine charger transfer and mo-
lecular interactions in the RCL structure. The computed results in
Table 4, highlights the roles of lone pair (LP) interactions, n-n* conju-
gation, and heteroatom-mediated charge transfer in stabilizing the
molecular system. LP interactions play a important role in stabilizing the
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Table 4
Second order perturbation theory of Fock matrix in selected NBO basis for RCL.
Donor Type  Acceptor Type  Transition  E(2)" EQG)- F@,j)°
® ® (ky/ E®”  (aw
mol) (a.u)

C10-Ci2 n C13-Cie ¥ n- ¥ 19.64 0.28 0.067
C10-Ci2 n Ci15-Cy7 ¥ n- ¥ 21.45 0.28 0.069
C13Ci6 ks C10-Ci2 n* - T 20.76 0.28 0.069
C13-Cie n Ci5-Cy17 b n- ¥ 20.36 0.28 0.067
Ci5-Cy7 n C10-Ci2 b n- ¥ 19.38 0.29 0.067
Ci5-Cy7 m Ci13Cis n* n- ¥ 20.00 0.28 0.067
Co1-Coz Coa—Cog T -t 1952 029  0.067
C21-Ca3 n Ca3-Cyy ¥ n- ¥ 19.87 0.28 0.067
C24—Ca6 m C21—Cas n* - ¥ 20.66 0.28 0.068
CosCog T Co3-Coy T -t 2040 028  0.068
Ca5—Ca7 n C21-Cas ¥ n- ¥ 20.35 0.28 0.068
Co5—Ca7 m C24—Ca¢ n* n- ¥ 19.55 0.28 0.067
S L(2) 0s5-Ci9 n* L(2)-n* 12.85 0.23 0.079
(023 L(2) Ne—C11 o* L(2)-0* 25.18 0.71 0.122
0O, L2 C;—C11 o* L(2)-0* 20.20 0.61 0.101
O3 L2 04—Cis ¥ L(2)-n* 48.04 0.34 0.115
O4 L) 03-Cis o* L(2)-n* 34.31 0.63 0.133
Oy L2 C14Cis o* L(2)-0* 19.90 0.63 0.102
Os L2 $1-Cio [ L(2)-0* 33.84 0.43 0.109
Os L2) C19-Co2 o* L(2)-0* 17.89 0.64 0.099
Ne L) 0>-C1p n* L(2)- n* 49.21 0.32 0.112

@ E(2) — Mean energy of hyper-conjugative interactions (stabilization energy).

b E(j)-E(i) — Energy difference between donor (i) and acceptor (j) natural
bonding orbitals.

¢ F(i,j) - Fock matrix element between i and j natural bonding orbital.

electronic structure of RCL. Among these, the Ng (L1) —» 02-Cy; (n¥)
interaction exhibits the highest stabilization energy of 49.21 kJ/mol,
indicating a strong intramolecular charge transfer, where nitrogen acts
as a key electron donor. Similarly, the Og (L2) - 04—C;g (n*) interaction,
with a stabilization energy of 48.04 kJ/mol, highlights efficient electron
delocalization between oxygen atoms, further contributing to molecular
stability. Sulfur and oxygen also participate in stabilization through LP-
n* and LP-o* interactions, as observed in S; (L2) - O5-C;9 (n*) (12.85
kJ/mol) and Os (L2) — S1-Cj9 (6*) (33.84 kJ/mol). Additionally, n-n*
interactions between conjugated carbon-carbon bonds contribute to
electronic stabilization, with energies ranging from 19.38 to 21.45 kJ/
mol. The highest stabilization is observed in the C19-C12 — C15-Cy7
through n-n* interaction with an energy of 21.45 kJ/mol, suggesting
strong electron delocalization within the conjugated system. The energy
differences E(j)-E(i) range from 0.23 to 0.71 a.u, with lower values
signifying more efficient charge transfer. Furthermore, the Fock matrix
elements F(i,j) reveal the strongest electronic coupling in the O4 (L1) —
03-C1g (6*) (0.133 a.u) and Oy (L2) — Ne-Cip; (6*) (0.122 a.u)
interactions.

Journal of the Indian Chemical Society 102 (2025) 101702
3.5. Mulliken charges

Mulliken population analysis is a quantum chemistry technique that
helps elucidate the distribution of electrons among atoms in molecular
structures. It provides valuable insights into charge distribution and
bonding properties [60]. The charge distribution of RCL is listed in
Table S2 (Supplementary Material) and illustrated in Fig. 6. This anal-
ysis reveals that heteroatoms, particularly sulfur (S;), oxygen (O, Os,
04, and Os), and nitrogen (Ng), carry significant partial charges, indi-
cating their strong electronegativity and involvement in intramolecular
charge transfer. Among these, nitrogen (Ng) exhibits the highest nega-
tive charge (—0.53009e). It is connected to Hss, the carbonyl carbon
(Cy1) through C;;=—=0,, and the methylene carbon (C14) carrying H3g and
Hsy, suggesting its role as a key electron donor in stabilizing the mo-
lecular system. Similarly, oxygen atoms display substantial negative
charges, with O3 (—0.52258e) having the highest electron density, fol-
lowed by O3 (—0.47655e), O4 (—0.47008e), and Os (—0.42466¢). Car-
bon atoms exhibit a diverse range of partial charges, with carbonyl
carbons Cqg (0.24568e), C11 (0.61265e), and Cy5 (0.61966¢€) carrying
the highest positive charges. Atoms with high negative charges, such as
oxygen (O3, O3, O4, Os) and nitrogen (Ng), have high electron density,
making them strong nucleophilic centers. These atoms can participate in
nucleophilic interactions by donating their lone pairs of electrons to
electrophilic centers, such as carbonyl carbons (C;1, Cig, and Cy9), which
have high positive charges and are more likely to accept electrons.
Additionally, several methyl and methylene carbon atoms, such as Cg
(—0.25099¢), Cg (—0.36664¢), and Cy, (—0.3737¢), exhibit considerable
negative charges. In contrast, sulfur (S;), bonded to a carbonyl group
and a methylene group, carries a low positive charge (0.14006e), indi-
cating moderate electron-withdrawing behavior. The carbonyl oxygen
withdraws electron density from sulfur, increasing its electron defi-
ciency, while the methylene group donates some electron density back,
partially couteracting this effect and preventing excessive positive
charge buildup. All hydrogen atoms exhibit positive charges, with Hss
(0.27385e) carrying the highest due to strong polarization from its
attachment to nitrogen (Ne).

3.6. Influence of solvents on Molecular Electrostatic Potential (MEP)

In computational chemistry, the MEP correlated with electron den-
sity is key for identifying nucleophilic and electrophilic reactive sites
and visualizing molecular charge distribution [61]. The calculated MEP
values for RCL in different solvents (polar and non-polar) are as follows;
—6.751 x 107210 6.751 x 10~ 2 e.s.u. (DMSO), —6.703 x 10~ to 6.703
x 1072 e.s.u. (ethanol), —6.727 x 1072 to 6.727 x 1072 e.s.u. (meth-
anol), —6.773 x 1072 t0 6.773 x 102 e.s.u. (water), and —6.363 x 1072
t0 6.363 x 1072 e.s.u. (chloroform), —6.006 x 1072 t0 6.006 x 10 2 e.s.
u. (cyclohexane), and —6.085 x 1072 to 6.085 x 1072 e.s.u. (toluene).
The MEP map highlights key reactive sites: the oxygen atoms in the

0.8

Charges

-0.6

Atoms

Fig. 6. Mulliken charge distributions of RCL.
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cabonyl (C=0) groups appear as red regions, indicating high electron
density and susceptibility to electrophilic attack. The cyclic structure is
represented in green, signifying neutral potential. Meanwhile, blue re-
gions appear over hydrogen atoms at the molecular boundaries, marking
sites for nucleophilic interactions. The MEP color maps of RCL in
different solvents are depicted in Figs. S5 and S6 (Supplementary Ma-
terial). Despite varying MEP values, the color map remains consistent
across solvents, most likely as a result of minor solvation effects and
electrostatic shifts. The Mulliken charge distribution confirms the
reactive sites identified by MEP.

3.7. Topological analysis

3.7.1. ELF and LOL

The ELF and LOL are essential simulation methods used to under-
stand the chemical bonding, orbitals distribution, and delocalized and
localized regions within the molecular structures. The color-filled,
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contour, and shaded map with a projection of ELF and LOL for RCL
were shown in Figs. 7 and 8. In the color-filled map, red (localized) and
blue (delocalized) signify higher and lower LOL values. Electrons exhibit
significant delocalization in the highest value range of 0-1, suggesting
the presence of lone pairs or covalent bonds. On the other hand, elec-
trons that should be delocalized show lower values below 0.5. In the
present findings, the red hue over the hydrogens Hsg, Hs, and Hyq
signifies the prominent electron-localized regions. Similarly, the blue
hues around the nitrogen (Ng) and carbon atoms C;, Cgp, and Coy4
highlight the electron depletion region. The LOL and ELF maps confirm
the intra and intermolecular delocalization of charges within the mo-
lecular structure of RCL.

3.7.2. RDG and NCI

RDG and NCI are powerful tools for analyzing non-covalent in-
teractions (steric repulsions, hydrogen bonding, and van der Walls
forces) within chemical structures [62,63]. The color and iso-surface
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Fig. 7. (a) ELF diagram with numbering, (b) contour map, and (c) ELF diagram with projection scheme of RCL.
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Fig. 8. (a) LOL diagram with numbering, (b) contour map, and (c) ELF diagram with projection scheme of RCL.

maps of RDG and NCI of RCL have been presented in Fig. 9. In NCI, the
color map represents the repulsive and attractive interactions of RCL,
while the RDG color map indicates its solidity and reactivity. The find-
ings highlight the hydrogen bonding, van der Walls interaction, and
steric effect between —0.05 and —0.023 a.u (blue), —0.01 to —0.018
(green), and 0.013 to 0.05 a.u. (red), respectively. In the NCI iso-surface
map, the red colors at the center of the aromatic rings and neighboring
oxygen and nitrogen atoms confirms the solid repulsion. In the same
way, the green colors between the ring structures and near the acetylthio
group signify the van der Walls interaction in the molecular structure of
RCL.

3.8. Drug-likeness

The ADME (Absorption, Distribution, Metabolism, and Excretion)
characteristics of RCL were evaluated using the online SwissADME tool
to simulate its pharmacokinetic parameters. Lipinski’s rule of five out-
lines key criteria for drug-like properties, stating that a compound
should have no more than 10 hydrogen bond acceptors and 5 hydrogen
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bond donors, a molecular weight below 500 Da, and TPSA and logP
values under 140 A2 and 5, respectively [64]. The simulated ADME
radar and boiled egg view of RCL are presented in Figs. S7 and S8
(Supplementay material), and the corresponding numerical findings are
tabulated in Table S3 (Supplementay material). The estimated molecu-
lar weight of RCL is 385.48 g/mol, with four hydrogen bond acceptors
and a single hydrogen bond donor. The logP value was simulated at 2.60
mg/ml, and the TPSA value was 97.77 A2, indicating high gastrointes-
tinal absorption (GI) and limited blood-brain barrier (BBB) perme-
ability. These findings confirm RCL’s drug-likeness and provide insights
into its potential pharmacokinetic behavior.

3.9. Molecular docking

Molecular docking is a computational approach widely applied in
drug design, and structural biology to evaluate the binding energy be-
tween a receptor (such as a protein or DNA) and a ligand at the atomic
level, facilitating the formation of a stable complex [65,66]. The X-ray
diffraction (XRD) crystal structures of SARS-CoV-2 main proteases and
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spike glycoprotein (PDB IDs: 6LU7 and 6VXX) with resolutions of 2.16 A
and 2.80 10\, along with SMAD proteins (PDB IDs: 1U7F and 1U7V) with
resolutions of 2.60 A and 2.70 }D\, were obtained from the Protein Data
Bank (PDB). The water molecules and unnecessary coordinates were
removed from the crystal structure of the main proteases, and the files
were converted to PDBQT format. The ligand structure RCL was opti-
mized employing the GaussView 6 program and kept in PDBQT format.
In the present assessment, the RCL (ligand) was docked with 6LU7,
6VXX, IU7F, and 1U7V proteins (macromolecule), with the results
summarized in Table 5 and visualized in Fig. 10. From the findings, RCL
shows a binding affinity (kcal mol Hof —8.08 (6LU7), —3.34 (6VXX),
—6.51 (1U7F), and —6.62 (1U7V) by forming hydrophobic interactions
and hydrogen bondings with active side amino acids. The target proteins
(6LU7 and 6VXX) are responsible for viral replication by forming a
stable complex, a key target for COVID-19 treatment. Additionally,
SMAD proteins (1U7F and 1U7V) serve as intracellular transcriptional
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regulators and signal transducers in the TGF-p signaling pathway, which
regulates essential cellular processes such as apoptosis, differentiation,
migration, and proliferation. These functions align with RCL’s antiviral
and antiproliferative properties, underscoring its role in regulating viral
responses and cell growth.

3.10. Thermodynamical properties

The thermodynamical parameters of RCL are interconnected and
provide a comprehensive understanding of its stability and behavior.
From Table S4 (Supplementay material), the Self-Consistent Field (SCF)
energy of —1567.986 Hartree reflects a stable electronic structure,
contributing to the molecule’s overall stability. This stability influences
other thermodynamic properties, including the total thermal energy
(270.855 kcal mol ) and vibrational energy (269.078 kcal mol’l),
which describe the molecule’s vibrational motions. The zero-point
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Table 5
Ligand - protein interactions of RCL.
Ligand Protein  Binding Hydrogen Bond Hydrophobic
score bonding distance interactions
(keal A
mol 1)
Racecadotril ~ 6LU7 —8.08 Lysine 137 2.2 Tyrosine 126
Serine 139
Glycine 138
Lysine 5 2.82, Glutamine 127
3.02 Glutamic acid
290
1U7F —6.51 Asparagine 3.24 Asparagine
265 401
Leucine 273
Phenylaniline
269, 231, 248
Serine 234
Proline 263
Histidine 249
Glutamine 246
Threonine 247
Arginine 268
Aspartic acid
262
Cysteine 270
1u7v —6.62 Glutamine 2.91 Valine 333,
334 335
Histidine 371
Arginine 3.02 Asparagine
285 369, 318
Glutamine 284
Arginine 3.15 Valine 319,
285 286
Serine 317
6VXX —3.34 Threonine 3.30 Asparagine
768 764
Threonine 761
Glutamine 2.83 Glycine 769
314 Leucine 303
Arginine 2.98 Tyrosine 313
765

vibrational energy (ZPVE) of 253.970 kcal mol’l, representing the en-
ergy at the lowest vibrational state, further indicates inherent stability.
The specific heat capacity (Cv) of 98.003 cal mol 'K™! reveals how
much heat the molecule can absorb before its temperature changes
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significantly, related to its vibrational and rotational motions. The en-
tropy value of 195.611 cal mol 'K ™! measures the degree of disorder or
randomness, influenced by the molecule’s vibrational, rotational, and
translational motions. The dipole moment of 3.3014 Debye, with com-
ponents jy = —1.2008 Debye, y, = 1.2422 Debye, and p, = 2.8132
Debye, highlights the asymmetric charge distribution and its effects on
molecular interactions and solubility. Finally, the rotational constants
(X = 0.2463 GHz, Y = 0.0964 GHz, Z = 0.0839 GHz) describe the
rotational frequencies about the molecule’s principal axes, influencing
its rotational dynamics and interactions with external fields.

4. Conclusion

The sulfur-containing compound racecadotril (RCL) has been
extensively studied through theoretical and experimental approaches. In
the optimized geometry, 51 bond distances and 86 bond angles were
identified, with the maximum bond distance from C-H (22 bonds) and
the maximum bond angle from C-C-H (37 angles). Vibrational wave-
numbers affirm the occurrence of NH, CH, CH,, CH3, CO, CC, and CS
groups. Non-polar solvents exhibit a higher FMO energy gap
(5.9753-5.9867 eV), indicating greater stability, whereas polar solvents
have a lower energy gap (5.9680-5.9688 eV), resulting in increased
chemical reactivity. In the NBO analysis, the Ng (L1) - 02-C;1 (n¥)
interaction shows the highest stabilization energy (49.21 kJ/mol),
indicating strong intramolecular charge transfer with nitrogen as the key
electron donor. Similarly, the O3 (L) —» 04—Cyg (n*) interaction (48.04
kJ/mol) enhances electron delocalization between oxygens, boosting
molecular stability. Mulliken charge distribution analysis reveals that
nitrogen (Ng) and oxygen (Og, O3, O4, Os) act as nucleophilic centers due
to their high negative charges, while carbonyl carbons (Ci1, Cis, C19)
serve as electrophilic centers with high positive charges. Sulfur (S;)
shows moderate electron-withdrawing behavior, and Hsz carries the
highest positive charge due to nitrogen polarization, consistent with
MEP analysis. Localized, delocalized, and weak interactions were
detected within the molecule using topological analysis. The thermo-
dynamic analysis confirms molecular stability with an SCF energy of
—1567.986 Hartree and a dipole moment of 3.3014 Debye. The drug-
likeness of RCL is supported by ADME analysis, while molecular dock-
ing revealed binding energies (kcal mol™) of —8.08 (6LU7), —3.34
(6VXX), —6.51 (1U7F), and —6.62 (1U7V), indicating its potential
antiviral and antiproliferative activity. These findings provide a

e,

Tha768(C)

Fig. 10 (b). The 3D PyMOL and 2D LigPlot * view of RCL against 6VXX protein.
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Fig. 10 (d). The 3D PyMOL and 2D LigPlot * view of RCL against 1U7F protein.

foundation for developing new treatments for viral infections and anti-
proliferative therapies.
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