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Abstract: In the present investigation, computations based on density functional theory (DFT) were employed to 

scrutinize the molecular configurations of clascosterone. Optimization was achieved using the DFT/B3LYP method 

with the 6-31G (d,p) basis set to thoroughly explore its structural and spectroscopic features. Additionally, molecular 

electrostatic potential (MEP) and Mulliken population analyses were conducted to comprehend the bonding 

characteristics and reactive sites. The Hirshfeld surface highlighted predominant H•••H interactions (71.5%), followed 

by O•••H interactions (25.5%). The stability of the compound was confirmed through the determination of 

hyperconjugative interactions using Natural Bond Orbital (NBO) analysis. Furthermore, molecular docking assessed 

the potential biological significance of clascosterone as an antitumor agent, targeting SMAD proteins like SMAD3 

and SMAD4, resulting in binding energies of -8.22 and -8.57 kcal/mol, respectively. 
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1. Introduction 

In recent decades, acne vulgaris has emerged 

as a predominant dermatological concern globally, 

impacting 85% of individuals aged 12 to 25. It is 

identified by increased skin oil production, inflammation 

of hair follicles, colonization by Cutibacterium, and 

excessive skin cell accumulation [1, 2]. Furthermore, 

certain hormones play a pivotal character in the growth 

of acne vulgaris. Testosterone is an essential hormone 

that undergoes metabolism by the enzyme 5-alpha-

reductase to dihydrotestosterone. This process is critical 

in acne development since dihydrotestosterone binds to 

androgen receptors, thereby modulating signal 

cascades and inducing sebum production and 

sebaceous gland proliferation in both males and females 

[3-7]. In females, acne vulgaris has often been treated 

with combinations of oral contraceptives and 

spironolactone. However, the effectiveness of this 

treatment is limited due to the risk factors associated 

with these medications [8, 9]. 

Clascosterone, identified as cortexolone 17α-

propionate, represents a synthetic steroidal androgen 

receptor antagonist characterized by a molecular 

formula denoted as C24H34O5 and a molecular weight of 

402.5 g/mol. structurally, clascosterone comprises a 

steroidal backbone consisting of four fused rings, and a 

propionate structure stems from the ring structure 

carbon atom [10-12]. Clascoterone, strives with 

dihydrotestosterone for binding to the androgen 

receptor, exerting downstream effects on pathways 

associated with acne development [12-14]. In addition, 

patients treated with clascosterone show improvement 

and experience reduced hair loss compared to those in 

the placebo group, highlighting clascosterone potential 

in treating androgenetic alopecia [15-17]. Furthermore, 

clascosterone is used to treat individuals with 

hidradenitis suppurative by reducing the severity and 

number of nodules [18]. 

Computational methods have become 

increasingly prevalent in the fields of pharmacy, 

pharmacology, and drug design during the last few 

decades, making it easier to investigate the chemical 

characteristics of many compounds. Among the various 

quantum chemical computational methodologies, 

Density Functional Theory (DFT) emerges as the 

foremost computational approach. DFT is distinguished 

by its precision, cost-effectiveness, adaptability, and 
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reliability in guessing the molecular structures of 

compounds [19-20]. Upon reviewing the existing 

literature, it was determined that theoretical 

spectroscopic investigations of clascosterone have not 

been reported yet. To address this gap and align with our 

research objectives, comprehensive spectroscopic and 

structural analyses of clascosterone were conducted, 

utilizing various computational techniques in quantum 

chemistry. 

 

2. Computational Details  

To optimize the structure and simulate 

vibrational frequencies, computational calculations 

employing quantum chemical methods were performed 

on the molecular assembly of clascosterone. These 

calculations involved the assessment of natural bond 

orbital (NBO), Mulliken charge distribution, and 

molecular electrostatic potential (MEP) surface. These 

calculations utilized the DFT with Becke's three 

parameters hybrid functional and Lee-Yang-Parr 

correlation (B3LYP) level of theory, implemented within 

the Gaussian 09 W program. The calculations were 

made utilizing the 6-31G (d,p) basis set without imposing 

any geometric constraints [21-23]. Moreover, the 

Gauge-Invariant Atomic Orbital (GIAO) method was 

employed for the computation of the isotropic chemical 

shifts [24, 25], and the Time-Dependent (TD) DFT 

approach [26, 27] was utilized to predict electronic 

properties using the same basis set. The outputs were 

visually analyzed using the Chemcraft program [28]. 

Crystal Explorer 3.1 was utilized to produce Hirshfeld 

surface and 2D fingerprint plots of clascosterone [29]. 

From the Protein Data Bank (PDB) of the Research 

Collaboratory for Structural Bioinformatics (RCSB), the 

3D structures of target proteins, such as SMAD 3 (PDB 

ID: 1U7F) and SMAD 4 (PDB ID: 1U7V), were obtained. 

Hydrogen atoms and water molecules were removed 

from the structures utilizing the AutoDock software [30] 

in order to employ Kollman charges to the designated 

proteins. Following this step, the interactions between 

the ligands and proteins were established through the 

utilization of PyMOL and LigPlot+ software [31, 32]. 

 

3. Results and Discussion 

3.1. Optimized Geometry 

The optimized structure of clascosterone is 

illustrated in Figure. 1, and its geometrical parameters 

are provided in Table 1. The simulated values were 

correlated with experimental values [33]. The simulated 

optimized bond distances for O1-C10 and O2=C22 are 

1.468 and 1.214 Å, respectively, which agree with 

experimental values of 1.406 and 1.212 Å. The 

calculated bond distance of the hydroxyl (O-H) group is 

0.970 Å, whereas the observed value was 0.819 Å. The 

optimized bond distances of C-H and C-C were 

computed between 1.088 to 1.102 and 1.350 to 1.574 Å, 

respectively, and experimental bond distances are 

between 1.088 to 1.102 and 0.930 to 1.043 Å. The bond 

angles of C10-O1-C27, C26-O3-H60, and O1-C27-O5 

were simulated at 118.9°, 106.3°, and 123.7°, 

respectively, and experimentally observed as 117.6°, 

109.4°, and 123.0°. The O-C-C and O-C-H bond angles 

are between 105.5 to 125.0° and 106.9 to 112.6°, while 

the corresponding experimental values range between 

104.8-125.3° and 108.0-118.0°. Meanwhile, the bond 

angles of H-C-H and C-C-H were computed between 

105.4 to 108.5° and 105.2 to 115.1°, respectively, with 

corresponding experimental values observed between 

105.2-117.8° and 107.1-111.3°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. Optimized molecular structure of clascosterone 
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Table 1. Theoretical and experimental geometrical parameters (bond lengths and bond angles) of 
clascosterone 

Bond lengths (Å) Theoretical Experimental a Bond lengths (Å) Theoretical Experimental a 

O1-C10         1.468 1.459 C15-H39     1.091 0.969 

O1-C27         1.346 1.335 C15-H40        1.092 0.969 

O2-C22         1.214 1.212 C16-C19        1.535 1.518 

O3-C26         1.409 1.406 C16-H41        1.096 0.946 

O3-H60         0.970 0.819 C16-H42        1.099 1.063 

O4-C25         1.224 1.215 C17-H43        1.091 0.960 

O5-C27         1.218 1.210 C17-H44        1.091 0.959 

C6-C7        1.554 1.530 C17-H45        1.094 0.959 

C6-C10         1.574 1.555 C18-C19        1.509 1.511 

C6-C11         1.538 1.525 C18-C24        1.350 1.341 

C6-C17         1.547 1.537 C19-H46        1.100 0.970 

C7-C8          1.535 1.524 C19-H47        1.095 0.970 

C7-C13         1.539 1.519 C20-C23        1.532 1.519 

C7-H30         1.100 0.934 C20-H48        1.098 0.970 

C8-C9        1.555 1.541 C20-H49        1.094 0.970 

C8-C16         1.535 1.521 C21-H50        1.094 0.959 

C8-H31         1.099 0.936 C21-H51        1.094 0.959 

C9-C12         1.577 1.562 C21-H52        1.093 0.960 

C9-C14         1.547 1.545 C22-C26        1.540 1.517 

C9-H32         1.102 1.008 C23-C25       1.519 1.492 

C10-C15        1.551 1.543 C23-H53        1.094 1.043 

C10-C22        1.544 1.538 C23-H54        1.099 0.996 

C11-C14        1.543 1.523 C24-C25        1.473 1.454 

C11-H33        1.095 0.970 C24-H55        1.088 0.930 

C11-H34        1.097 0.970 C26-H56        1.097 1.022 

C12-C18        1.533 1.518 C26-H57        1.099 0.967 

C12-C20        1.553 1.533 C27-C28        1.514 1.487 

C12-C21        1.552 1.540 C28-C29        1.527 1.494 

C13-C15        1.555 1.521 C28-H58        1.098 0.970 

C13-H35        1.093 1.008 C28-H59        1.096 0.970 

C13-H36        1.096 0.856 C29-H61        1.093 0.960 

C14-H37        1.095 0.988 C29-H62        1.093 0.960 

C14-H38        1.094 1.014 C29-H63        1.093 0.960 

Bond angles (◦) Theoretical Experimental a Bond angles (◦) Theoretical Experimental a 

C10-O1-C27      118.9 117.6 C11-C14-H37     109.3 112.0 

O1-C10-C6       105.5 104.8 C11-C14-H38     108.0 108.5 

O1-C10-C15      109.2 110.3 H33-C11-H34     106.9 108.0 

O1-C10-C22      111.1 107.1 C18-C12-C20     109.7 108.9 
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O1-C27-O5     123.7 123.0 C18-C12-C21     108.2 107.4 

O1-C27-C28      111.3 111.5 C12-C18-C19     116.9 116.4 

O2-C22-C10      120.1 119.2 C12-C18-C24     122.9 122.8 

O2-C22-C26      120.1 121.4 C20-C12-C21     109.7 109.8 

C26-O3-H60      106.3 109.4 C12-C20-C23     114.2 114.6 

O3-C26-C22      111.7 111.6 C12-C20-H48     108.3 108.6 

O3-C26-H56      106.9 118.0 C12-C20-H49     109.8 108.5 

O3-C26-H57      112.6 108.0 C12-C21-H50     111.1 109.5 

O4-C25-C23      122.4 121.4 C12-C21-H51     110.7 109.4 

O4-C25-C24      121.9 121.9 C12-C21-H52     112.2 109.4 

O5-C27-C28      125.0 125.3 C15-C13-H35     111.9 109.2 

C7-C6-C10     100.0 100.7 C15-C13-H36     110.8 112.2 

C7-C6-C11       108.4 108.3 C13-C15-H39     112.5 110.3 

C7-C6-C17       112.7 112.1 C13-C15-H40     112.5 110.3 

C6-C7-C8      113.9 113.0 H35-C13-H36     106.8 111.2 

C6-C7-C13       103.9 104.3 H37-C14-H38     106.0 106.7 

C6-C7-H30       105.6 101.7 H39-C15-H40     106.7 108.5 

C10-C6-C11      116.9 116.5 C19-C16-H41     109.6 114.5 

C10-C6-C17      108.4 108.2 C19-C16-H42     109.4 108.4 

C6-C10-C15      103.7 103.7 C16-C19-C18     112.6 112.1 

C6-C10-C22      113.5 111.9 C16-C19-H46     108.4 109.1 

C11-C6-C17      110.2 110.4 C16-C19-H47     110.9 109.1 

C6-C11-C14      111.0 110.8 H41-C16-H42     106.7 104.4 

C6-C11-H33      109.3 109.4 H43-C17-H44     107.7 109.4 

C6-C11-H34      111.2 109.5 H43-C17-H45    107.3 109.4 

C6-C17-H43      111.3 109.4 H44-C17-H45     106.9 109.4 

C6-C17-H44      112.8 109.4 C19-C18-C24     120.1 120.1 

C6-C17-H45      110.7 109.4 C18-C19-H46     108.6 109.1 

C8-C7-C13    119.6 119.9 C18-C19-H47     109.8 109.2 

C8-C7-H30       106.1 110.7 C18-C24-C25     124.4 124.2 

C7-C8-C9      109.1 109.0 C18-C24-H55     120.4 117.8 

C7-C8-C16       111.5 112.9 H46-C19-H47     106.3 107.8 

C7-C8-H31       108.9 107.5 C23-C20-H48     108.3 108.6 

C13-C7-H30      106.7 105.2 C23-C20-H49     109.4 108.6 

C7-C13-C15      104.2 105.2 C20-C23-C25     111.6 111.9 

C7-C13-H35      112.3 109.6 C20-C23-H53     111.7 111.2 

C7-C13-H36      110.9 108.5 C20-C23-H54     110.7 110.5 

C9-C8-C16     110.1 110.0 H48-C20-H49     106.5 107.5 

C9-C8-H31       109.4 107.9 H50-C21-H51     107.6 109.5 

C8-C9-C12       113.8 114.0 H50-C21-H52     107.8 109.3 
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C8-C9-C14       112.0 111.9 H51-C21-H52     107.2 109.4 

C8-C9-H32       105.3 105.9 C22-C26-H56     106.8 106.6 

C16-C8-H31      107.8 109.0 C22-C26-H57     111.2 107.9 

C8-C16-C19      111.4 110.9 C25-C23-H53     108.6 107.2 

C8-C16-H41      110.5 109.1 C25-C23-H54     107.3 108.4 

C8-C16-H42      109.2 108.7 C23-C25-C24     115.6 116.4 

C12-C9-C14      113.1 112.6 H53-C23-H54     106.6 107.1 

C12-C9-H32      105.2 105.6 C25-C24-H55     115.1 117.8 

C9-C12-C18      108.8 110.1 H56-C26-H57     107.3 111.3 

C9-C12-C20      108.6 108.8 C27-C28-C29     113.1 113.9 

C9-C12-C21      111.8 111.5 C27-C28-H58     107.0 108.8 

C14-C9-H32      106.6 105.8 C27-C28-H59    107.8 108.7 

C9-C14-C11      113.5 113.8 C29-C28-H58     111.3 108.8 

C9-C14-H37      109.9 108.1 C29-C28-H59    111.8 108.7 

C9-C14-H38      109.8 107.0 C28-C29-H61     111.0 109.4 

C15-C10-C22     113.4 118.2 C28-C29-H62     110.3 109.4 

C10-C15-C13     107.0 106.8 C28-C29-H63     111.2 109.4 

C10-C15-H39     108.6 110.3 H58-C28-H59     105.4 107.5 

C10-C15-H40     109.5 110.3 H61-C29-H62     108.5 109.4 

C10-C22-C26     119.6 119.2 H61-C29-H63     107.5 109.4 

C14-C11-H33     109.3 109.4 H62-C29-H63     108.2 109.4 

C14-C11-H34     109.0 109.5 - -  

a Taken from Ref. [33] 

 

 

The bond angles of carbon atoms in C-C-C were 

computed between 100 to 124.4°, closely aligning with 

experimental values ranging between 100.7-124.2°. The 

bond angle of C18-C24-C25 is simulated as 124.4° and 

experimentally observed as 124.2°, representing a 

deviation of 4° from the standard value of 120°. This 

discrepancy is attributed to the influence of the highly 

electronegative O4 atom attached to C25, resulting in a 

weaker bond angle compared to other carbon bond 

angles. The simulated values show good agreement 

Figure. 2 (a). Correlation graph for bond lengths of clascosterone, (b) Correlation graph for bond 

angles of clascosterone 
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with experimental results, as indicated by linear 

coefficients (R2) of 0.98852 for bond distances and 

0.82316 for bond angles, as shown in Figure. 2. 

 

3.2. Vibrational Analysis 

Clascosterone is composed of 63 atoms and 

exhibits 183 fundamental modes of vibrations according 

to (3N-6) degrees of freedom while defaulting to the C1 

point group symmetry. In the mid-IR region, the bending 

and stretching vibrations of O-H, C-H, C-O, C-C, C=O, 

CH3, and CH2 groups are observed. The theoretical 

vibrational spectra are illustrated in Figure. 3, with the 

corresponding wavenumbers depicted in Table 2. 

 

3.2.1. Stretching vibrations 

The optimized molecular structure of 

clascosterone, which includes three methyl groups, 

gives rise to both asymmetric and symmetric vibrations. 

These vibrations of the methyl groups occur at 2870 and 

2980 cm-1 [34]. In clascosterone, symmetric modes were 

simulated at 2947, 

2941, 2939, 2934, and 2933 cm-1, while 

asymmetric modes were computed at 3019, 3010, 3006, 

and 3002 cm-1. The C-O and C=O stretching modes 

typically occur between 1260-1000 and 1550-1850 cm-1 

[35], with simulations indicating frequencies at 1737, 

1712, 1705, 1197, and 1186 cm-1 for these modes. The 

ν(O-H) is influenced by chemical and physical 

environments, expected to fall between 3700-3550 cm-1 

[36], with hydroxyl stretching specifically simulated at 

3617 cm-1. Asymmetric and symmetric stretching 

vibrations of methylene groups are observed within the 

ranges of 3100-3000 and 3000-2900 cm-1, respectively 

[37]. The CH2 asymmetric and symmetric stretching 

were simulated between 3032-2049 and 2939-2898 cm-

1, respectively. In clascosterone, CH modes were 

computed between 3048 to 2865 cm-1 [38]. Distinct and 

notable ν(C-C) typically occur within the range of 1200-

1650 cm-1 [39], whereas the present study simulated 

ν(C-C) is within the range of 1613-1453 cm-1. 

 

3.2.2. Bending vibrations 

The optimized molecular structure of 

clascosterone includes a single hydroxyl group (O-H), 

leading to in-plane and out-of-plane deformations. In 

general, O-H in-plane and out-of-plane deformations are 

observed between 1330 to 1420 and 710 to 517 cm-1, 

respectively [40]. The OH in-plane deformations were 

computed at 1335, 1333, and 1185 cm-1, while out-of-

plane deformations were computed between 736 and 

517 cm-1. As for the methyl group, asymmetric and 

symmetric deformations were anticipated to occur within 

the range of 1465-1440 and 1390-1370 cm-1 [41]. 

 

 Figure 3. Simulated IR and Raman spectra of clascosterone 



Vol 6 Iss 4 Year 2024      C. Karnan et al., /2024 

Int. Res. J. Multidiscip. Technovation, 6(4) (2024) 32-53 | 38 

Table 2. Simulated IR and Raman vibrational assignments of clascosterone 

Modes 

 

Theoretical wave numbers (cm-1) Vibrational assignments  

Unscaled Scaled IIR I Raman 

1 3768 3617 49.81 42.48 υ OH 

2 3175 3048 11.35 115.48 υ CH 

3 3158 3032 17.71 50.67 υas CH2 

4 3150 3024 14.87 35.26 υas CH2 

5 3145 3019 16.31 42.01 υas CH3 

6 3137 3012 19.85 72.00 υas CH2 in CH3 

7 3135 3010 17.26 44.53 υas CH3 

8 3131 3006 20.78 42.91 υas CH3 

9 3127 3002 33.90 58.85 υas CH3 

10 3109 2985 22.12 128.47 υas CH2 

11 3107 2983 33.39 46.16 υas CH2 

12 3106 2982 28.49 62.73 υas CH2 

13 3097 2973 7.61 42.73 υas CH2 

14 3095 2971 44.55 93.45 υas CH2 

15 3089 2965 29.44 62.38 υas CH2 

16 3088 2964 4.27 41.21 υas CH2 

17 3085 2962 3.50 53.41 υas CH2 

18 3081 2958 39.55 105.76 υas CH2 

19 3072 2949 29.54 82.23 υas CH2 

20 3070 2947 12.51 124.30 υs CH3 

21 3064 2941 22.98 105.14 υs CH3 

22 3062 2939 18.72 80.33 υs CH3, υs CH2 

23 3056 2934 24.04 63.61 υs CH3, υs CH2 

24 3055 2933 10.86 14.67 υs CH3, υs CH2 

25 3050 2928 11.33 73.81 υs CH2 

26 3039 2917 23.92 25.66 υs CH2 

27 3038 2916 41.66 81.15 υs CH2 

28 3032 2911 40.50 67.41 υs CH2, υ CH 

29 3030 2909 9.05 46.59 υs CH2, υ CH 

30 3021 2900 7.54 9.20 υs CH2, υ CH 

31 3019 2898 47.72 45.02 υs CH2, υ CH 

32 3012 2892 10.26 117.02 υ CH 

33 3009 2889 3.67 31.00 υ CH 

34 2984 2865 7.56 17.74 υ CH 

35 1809 1737 124.06 17.09 υ C=O 
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36 1783 1712 162.99 8.99 υ C=O 

37 1776 1705 341.95 106.53 υ C=O 

38 1680 1613 54.48 130.31 υ CC, β CH 

39 1530 1469 5.08 4.65 υ CC, χ CH2, δs CH3 

40 1527 1466 2.05 5.00 υ CC, χ CH2, δs CH3 

41 1520 1459 3.76 7.54 υ CC, χ CH2, δs CH3 

42 1516 1455 12.19 8.88 υ CC, χ CH2, δs CH3 

43 1515 1454 1.77 2.91 υ CC, χ CH2, δs CH3 

44 1514 1453 3.31 12.59 υ CC, χ CH2, δs CH3 

45 1513 1452 1.77 7.21 χ CH2, δs CH3 

46 1511 1451 1.51 13.37 χ CH2, δs CH3 

47 1509 1449 6.86 20.39 δs CH3 

48 1508 1448 1.98 7.05 χ CH2 

49 1505 1445 1.71 8.63 υ CC, χ CH2, δs CH3 

50 1504 1444 5.42 3.87 υ CC, χ CH2 

51 1493 1433 1.15 21.71 υ CC, χ CH2, δs CH3 

52 1488 1428 11.03 11.45 υ CC, χ CH2, δs CH3 

53 1473 1414 6.83 21.92 χ CH2 

54 1471 1412 9.70 10.86 χ CH2 

55 1439 1381 16.02 3.62 υ CC, β CH, δas CH3 

56 1435 1378 43.85 3.81 υ CC, ω CH2 

57 1434 1377 15.47 5.69 υ CC, ω CH2, δas CH3  

58 1425 1368 3.45 4.13 υ CC, β CH, ω CH2, δas 

CH3 

59 1417 1360 4.92 7.54 υ CC, β CH, ω CH2, δas 

CH3 

60 1399 1343 1.32 2.82 υ CC, β CH, ω CH2 

61 1396 1340 88.39 1.05 υ CC, ω CH2, δas CH3 

62 1392 1336 0.95 3.46 ω CH2, β CH 

63 1391 1335 2.45 3.27 ω CH2, β CH, β OH  

64 1389 1333 37.56 8.27 υ CC, ω CH2, β CH, β OH 

65 1385 1329 8.10 2.92 ω CH2, β CH 

66 1376 1321 6.73 10.20 ω CH2, β CH 

67 1375 1320 1.93 8.26 υ CC, τ CH2, β CH 

68 1367 1312 2.50 3.74 υ CC, τ CH2, β CH 

69 1364 1309 13.78 5.06 τ CH2 

70 1363 1308 1.41 10.37 υ CC, τ CH2, β CH 

71 1343 1289 1.12 2.96 υ CC, τ CH2, β CH 

72 1339 1285 6.12 2.59 υ CC, ω CH2, β CH 



Vol 6 Iss 4 Year 2024      C. Karnan et al., /2024 

Int. Res. J. Multidiscip. Technovation, 6(4) (2024) 32-53 | 40 

73 1323 1270 0.67 5.94 ω CH2, β CH 

74 1315 1262 0.93 2.64 ω CH2, β CH 

75 1302 1250 1.52 7.40 τ CH2, β CH 

76 1293 1241 20.72 3.50 τ CH2, β CH 

77 1288 1236 1.94 4.93 τ CH2, β CH 

78 1283 1232 1.49 8.91 τ CH2, δas CH3 

79 1271 1220 2.96 3.04 τ CH2 

80 1270 1219 4.33 7.30 τ CH2, β CH 

81 1259 1209 43.12 25.32 τ CH2, β CH 

82 1247 1197 98.13 10.49 τ CH2, β CH, δas CH3, υ C-

O 

83 1235 1186 63.04 4.88 τ CH2, β CH, δas CH3, υ C-

O 

84 1234 1185 169.52 4.34 τ CH2, β CH, δas CH3, β OH 

85 1220 1171 19.63 8.66 τ CH2, β OH 

86 1214 1165 71.34 5.14 τ CH2, β CH 

87 1211 1163 26.02 5.27 τ CH2 

88 1204 1156 62.02 2.13 τ CH2 

89 1193 1145 29.15 3.57 τ CH2 

90 1175 1128 10.82 25.20 τ CH2, δas CH3 

91 1160 1114 14.48 2.65 τ CH2, β CH 

92 1150 1104 4.69 10.01 τ CH2, β CH 

93 1145 1099 7.44 5.03 τ CH2, β CH 

94 1134 1089 28.29 9.57 τ CH2, β CH 

95 1128 1083 7.17 4.04 τ CH2, β CH 

96 1119 1074 5.73 1.47 τ CH2, β CH 

97 1110 1066 2.81 0.62 τ CH2, δas CH3 

98 1106 1062 14.96 1.05 δas CH3 

99 1101 1057 64.44 13.32 τ CH2, δas CH3, β CH 

100 1093 1049 4.08 1.61 τ CH2, β CH 

101 1083 1040 7.81 1.94 τ CH2, β CH 

102 1067 1024 7.52 1.19 ρ CH2, β CH 

103 1052 1010 14.01 2.98 ρ CH2, β CH 

104 1046 1004 44.80 0.58 ρ CH2, β CH 

105 1037 996 13.39 7.86 ρ CH2, γ CH 

106 1031 990 13.65 0.67 ρ CH2, γ CH, δas CH3 

107 1027 986 23.66 2.38 ρ CH2, γ CH, δas CH3 

108 1020 979 9.93 4.50 ρ CH2, δas CH3 

109 1016 975 4.43 20.66 ω CH2, γ CH 
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110 996 956 2.41 2.14 ρ CH2, γ CH 

111 991 951 4.42 6.68 ρ CH2, γ CH 

112 977 938 3.39 3.25 ρ CH2, γ CH 

113 972 933 13.49 0.58 ρ CH2, γ CH, δas CH3 

114 958 920 10.01 13.72 γ CH, δas CH3 

115 944 906 2.91 2.12 γ CH, δas CH3 

116 940 902 24.56 10.93 γ CH, δas CH3 

117 928 891 3.11 3.98 ρ CH2, δ CH, δas CH3 

118 924 887 3.91 3.21 τ CH2, γ CH 

119 908 872 3.52 3.68 τ CH2, γ CH 

120 898 862 13.96 2.75 ρ CH2, γ CH 

121 879 844 12.37 4.16 ρ CH2, γ CH, δas CH3 

122 867 832 2.27 3.58 τ CH2, δas CH3 

123 847 813 3.01 1.84 τ CH2, δas CH3 

124 836 803 0.93 1.64 τ CH2 

125 818 785 1.03 1.53 ρ CH2 

126 817 784 8.10 0.63 ρ CH2, δas CH3 

127 807 775 4.63 2.04 ρ CH2, δas CH3 

128 787 756 3.98 1.57 τ CH2, γ CH 

129 767 736 7.73 3.36 τ CH2, γ OH 

130 750 720 2.45 0.65 τ CH2, γ CH 

131 704 676 2.41 3.50 ρ CH2, γ CH 

132 693 665 4.69 3.24 τ CH2, γ CH, δas CH3 

133 679 652 3.73 5.65 ρ CH2, δas CH3 

134 663 636 0.05 3.14 ρ CH2, γ OH 

135 638 612 1.41 5.47 ρ CH2, δ CH 

136 317 304 8.71 1.42 ρ CH2, δ CH 

137 578 555 5.16 2.81 ρ CH2, δ CH, γ OH  

138 574 539 5.51 3.20 ρ CH2, δ CH, γ OH 

139 566 543 0.87 2.55 ρ CH2, δ CH, γ OH 

140 540 518 0.83 0.22 ρ CH2, δas CH3 

141 539 517 0.37 2.53 ρ CH2, δ CH, γ OH 

142 524 503 10.54 1.38 ρ CH2, δ CH 

143 514 493 3.80 0.47 ρ CH2, δ CH 

144 489 469 0.93 2.21 ρ CH2 

145 463 444 10.00 0.76 ρ CH2 

146 462 443 79.80 2.03 δ OH 

147 443 425 3.17 0.88 ρ CH2 
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148 439 421 0.34 0.66 ρ CH2, δ CH 

149 419 402 0.02 0.99 ρ CH2, δ CH, δas CH3 

150 399 383 2.08 2.58 ρ CH2, δ CH 

151 383 367 1.14 0.90 ρ CH2 

152 374 359 10.67 2.83 ρ CH2, δ CH 

153 359 344 2.09 2.13 ρ CH2 

154 349 335 2.61 2.51 ρ CH2, δ CH, δ OH, δas CH3 

155 328 315 3.20 1.13 ρ CH2 

156 325 312 2.19 1.03 ρ CH2 

157 297 285 7.87 0.80 ρ CH2, δ CH, δ OH 

158 290 278 5.53 0.58 ρ CH2, δ OH 

159 283 272 0.74 1.46 ρ CH2, δ OH 

160 278 267 4.10 0.78 ρ CH2, δ CH, δ OH, δas CH3 

161 272 261 0.21 0.64 δ OH, δas CH3 

162 253 243 2.02 0.82 ρ CH2, δ CH, δ OH, δas CH3 

163 246 236 4.54 1.59 ρ CH2, δ CH, δ OH, δas CH3 

164 236 227 0.10 0.91 ρ CH2, δas CH3 

165 226 217 0.16 0.48 δs CH3 

166 215 206 0.37 0.71 δs CH3 

167 208 200 0.12 0.56 δs CH3 

168 201 193 0.16 0.66 δs CH3 

169 177 170 1.49 0.46 δs CH3, ρ CH2  

170 170 163 1.58 1.55 δs CH3, ρ CH2, δ CO  

171 156 150 1.41 0.60 δs CH3, ρ CH2, δ CO, δ CH 

172 148 142 0.51 1.17 δs CH3, ρ CH2, δ CH 

173 142 136 0.99 0.56 δs CH3, ρ CH2, δ CH, δ OH  

174 114 109 2.88 0.31 δs CH3, ρ CH2, δ CH, δ CO 

175 110 106 4.60 0.24 ρ CH2, δ OH 

176 95 91 0.69 0.37 ρ CH2, δ CO 

177 80 77 0.02 0.28 Ring vibration 

178 69 66 0.07 0.71 Ring vibration 

179 53 51 1.06 0.50 Ring vibration 

180 47 45 0.32 0.09 Ring vibration 

181 42 40 1.92 0.21 Ring vibration 

182 33 32 0.79 0.87 Ring vibration 

183 25 24 2.60 2.21 Ring vibration 

υs - symmetric stretching; υas - asymmetric stretching; δ - bending / deformation; β – in-plane 
bending; γ – out-of-plane bending;  χ - scissoring; ω - wagging; τ - twist; ρ – rocking 

Scaling factor 0.96 for all vibrations 
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The asymmetric and symmetric deformations 

were computed within the range of 1469-1428 and 1381-

1340 cm-1. Out-of-plane and in-plane deformations of C-

H typically occur between 1000-750 and 1450-1000 cm-

1 [42]. The calculated C-H in-plane and out-of-plane 

deformations are observed between 1613-1004 and 

996-665 cm-1. CH2 deformations out-of-plane (twisting 

and wagging) and in-plane (rocking and scissoring) were 

simulated below 1500 cm-1. 

 

3.3. Chemical Shift 

The simulated chemical shifts of hydrogen and 

carbon atoms are presented in Table 3, while the atom 

numbering is arranged as per Figure. 1. In general, 

aliphatic compounds were detected up to 70 ppm for 

carbon atoms and 4 ppm for hydrogen atoms [43]. In this 

study, the chemical shifts of methyl (CH3) carbons C17, 

C29, and C21 were calculated as 7.83, 1.59, and 9.68 

ppm, respectively. Methyl group carbons exhibit a lower 

chemical shift than other carbons due to electron-

donating hydrogens, resulting in more substantial 

shielding of the nuclear spins. The chemical shifts of C22, 

C25, and C27 of C=O were computed at 198.19, 183.09, 

and 168.50 ppm, respectively. These carbons 

demonstrate higher chemical shifts than other functional 

group carbons due to the effect of highly electronegative 

oxygen. This decreased electron density around the 

carbon nucleus weakens the shielding of the nuclear 

spins, causing the carbon atoms in the keto group to 

experience a higher effective magnetic field. The C26 

attached with the O-H group was also simulated at 54.64 

ppm. Methylene and methine group carbons were 

simulated between 15.33-30.59 ppm and 29.99-112.14 

ppm, respectively. Within clascosterone, the chemical 

shifts of the hydroxyl (O-H) proton H60 are observed at 

3.14 ppm and the methine (C-H) protons H55, H31, H32, 

and H30 are simulated within the range of 5.81, 1.94, 1.12 

and 2.11 ppm, respectively. Notably, the methine proton 

H55 experiences an increased chemical shift related to 

the other methine protons due to the neighbouring high 

electronegative O4, which deshielding the electrons from 

H55. The protons attached to methylene groups are 

theoretically simulated between 1.28 to 3.78 ppm. 

 

3.4. Electronic Properties 

Table 4 displays the simulated excitation 

energies, wavelengths, oscillator strengths, and major 

contributions of clascosterone, while the corresponding 

electronic spectrum in the gas phase is depicted in Fig. 

4. The simulated electronic spectrum reveals three 

bands, ranging from sharp to weak, observed at 252, 

317, and 354 nm. For the transition with a wavelength of 

354 nm and an excitation energy of 3.49 eV, the 

oscillator strength is 0.0002. 98% of this transition is 

made up of the largest contribution, which comes from 

the lowest unoccupied molecular orbital (LUMO) to the 

highest occupied molecular orbital (HOMO).  

 

Table 3. Simulated chemical shift values (all values in ppm) of clascosterone 

Atoms Chemical shifts Atoms Chemical shifts Atoms Chemical shifts 

Carbon chemical shifts 

C6 42.88 C14 15.33 C22 198.19 

C7 46.80 C15 27.12 C23 26.28 

C8 29.99 C16 26.28 C24 112.14 

C9 48.13 C17 7.83 C25 183.09 

C10 95.73 C18 152.57 C26 54.64 

C11 25.64 C19 26.80 C27 168.50 

C12 34.55 C20 30.59 C28 20.68 

C13 18.72 C21 9.68 C29 1.59 

Proton chemical shifts 

H30 2.11 H42 1.28 H53 2.16 

H31 1.94 H43 1.33 H54 2.55 

H32 1.12 H44 1.11 H55 5.81 

H33 2.20 H45 0.20 H56 3.65 

H34 1.42 H46 2.64 H57 4.24 

H35 1.84 H47 2.23 H58 2.53 
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H36 1.58 H48 1.78 H59 2.71 

H37 1.64 H49 2.03 H60 3.14 

H38 1.72 H50 1.18 H61 1.52 

H39 3.78 H51 1.43 H62 0.98 

H40 1.67 H52 1.57 H63 1.33 

H41 1.97 - - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transition with a wavelength of 317 nm and 

an oscillator strength of 0.0006 has an excitation energy 

of 3.90 eV. Here, the significant contribution is from the 

HOMO-1 to the LUMO+1, which constitutes 92% of the 

transition. Also, a minor contribution of 4% is from the 

HOMO-3 to the LUMO+1. Lastly, the transition with a 

wavelength of 252 nm and an excitation energy of 4.91 

eV exhibits an oscillator strength of 0.0063. The major 

contribution arises from the HOMO-1 to the LUMO, 

accounting for 99% of the transition. The frontier 

molecular orbital (FMO) map distinguishes positive and 

negative regions within the molecule using red and 

green, respectively. Energy gap values and other 

parameters in the gas phase are listed in Table 5 and 

graphically depicted in Figure 5. Additionally, Figure 6 

displays a density of states (DOS) spectrum 

representing the energy gap of clascosterone, measured 

at 5.018 eV, with occupied and unoccupied orbitals 

represented in green and red. 

Table 4. Calculated wavelengths (λ), excitation energies (E), oscillator strengths (f) and significant 
contributions of clascosterone in the gas phase 

λ (nm) E (eV) f Major contributions Minor contributions 

354 3.49 0.0002 HOMO→LUMO (98%) - 

317 3.90 0.0006 HOMO-1→LUMO+1 (92%) HOMO-3→LUMO+1 (4%) 

252 4.91 0.0063 HOMO-1→LUMO (99%) - 

Figure 4. Theoretical electronic spectra of clascosterone 
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Figure 5. Simulated HOMO-LUMO energy gap of clascosterone in the gas phase 

Figure 6. Simulated DOS spectrum of clascosterone in the gas phase 
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3.5. Hirshfeld Analysis  

Hirshfeld surface (HS) analysis enables the 

examination of inter and intramolecular interactions, 

hydrogen bonds, and compound surfaces. HS studies 

were conducted and 2D fingerprint images were 

generated for clascosterone, as depicted in Figure. 7. 

These studies were based on the Crystallographic 

Information File (CIF) deposited by Fiorella Meneghetti 

[44] in the Cambridge Crystallographic Data Centre 

(CCDC). The dnorm indicates that red and blue regions 

denote shorter and larger van der Waals radii, 

respectively, with surface values from -0.6446 (red) to 

1.6460 (blue), while the dark red surfaces represent 

visible hydrogen bonding contacts. Additionally, the 

colors blue and red in the shape index represent "π-π" 

interactions, offering insights into curvature. The 2D 

fingerprint plots indicate that the strong interaction 

primarily stems from H•••H (71.5%), with other 

significant contributions from O•••H / H•••O (25.5%), and 

weak interactions from H•••C / C•••H (2.7%) and O•••O 

(0.3%). 

 

3.6. Natural Bond Orbital (NBO) 

The natural bond orbital (NBO) analysis of 

clascosterone, including intermolecular and 

intramolecular interactions, charge transfers, and 

contributions to stabilization, is presented in Table 6. 

The electron donation process from O1 to the anti-

bonding O5–C27 via the L(2)→π* transition accounts for 

the majority of the interaction energy in the current study, 

yielding an intramolecular stabilisation energy of 46.53 

kJ/mol. This is followed by the second maximum 

contribution, arising from O5 to the anti-bonding O1–C27, 

with the transition of L(2)→σ*, which is 29.52 kJ/mol. 

L(2)→σ* interactions were observed between electron 

donor oxygen atoms O5, O4, and O2, and acceptor atoms 

C27-C28, C24-C25, C25-C23, C22-C26, and C10-C22, resulting 

in stabilizing energies of 17.43, 18.22, 20.12, 19.76, and 

19.85 kJ/mol, respectively. Additionally, a π→π* 

transition from C18-C24 to the natural bond O4-C25 was 

identified, with a stabilizing energy of 21.77 kJ/mol. 

 

3.7. Mulliken Population Analysis 

Mulliken charges play a vital role in quantum 

chemical calculations, providing insights into molecular 

properties like dipole moment, charge displacement, 

polarizability, and identifying electrophilic and 

nucleophilic sites [45]. In this study, the Mulliken charge 

distributions of clascosterone were presented in Table 7 

and visually depicted in Figure. 8. In clascosterone, all 

hydrogen and oxygen atoms have net negative and 

positive charges, respectively. Carbon atoms C6 

(0.003544e), C10 (0.206161e), C18 (0.149161e), C25 

(0.42383e), C26 (0.040861e), and C27 (0.638068e) 

exhibit net positive charges, with carbon atom C27 

showing a higher positive value due to electronegative 

atoms on both adjacent sides. On the other hand, carbon 

atoms C7 (-0.04823e), C8 (-0.06939e), C9 (-0.05355e), 

C11 (-0.18447e), C12 (-0.01108e), C13 (-0.2103e), C14 (-

0.19973e), C15 (-0.19778e), C16 (-0.18031e), C17 (-

0.3299e), C19 (-0.24344e), C20 (-0.19738e), and C21 (-

0.31777e) have net negative charges. Notably, carbon 

atom C17 exhibits higher negativity due to the influence 

of the adjacent keto group (C=O).  

 

3.8. Molecular Electrostatic Potential Surface  

Molecular electrostatic potential (MEP) surface 

is employed to differentiate electron-deficient and 

electron-rich regions in molecular structures, depicted 

through various colors on the map ranging from -6.175 x 

10-2 e.s.u to 6.175 x 10-2 e.s.u (Figure. 9). The regions 

with high electron density (electrophilic reactivity), low 

electron density (nucleophilic reactivity), and neutral 

Table 5. Frontier molecular orbital parameters of clascosterone in the gas phase 

Parameters Formula Gas 

EHOMO (eV) - -6.38116 

ELUMO(eV) - -1.36249 

EHOMO-LUMO gap(eV) - 5.01867 

Ionization potential (I)  -EHOMO 6.38116 

Electron affinity (A)  -ELUMO 1.36249 

Electronegativity (χ) (I+A)/2 3.87182 

Chemical potential (μ) -χ -3.87182 

Chemical hardness (ɳ) I-A 5.01867 

Chemical softness (s) 1/2η 0.09962 

Global Electrophilicity (ω) μ2/2η 1.49352 

Maximum electron charge (ΔNmax) −(μ/η) 0.77148 
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potential, respectively, are the susceptible colour 

regions, which include red, blue, and green. In both the 

hydroxyl (OH) and carbonyl (C=O) groups, 

clascosterone displays a red zone above the oxygen 

atom, which suggests electron electron-rich site and 

possible locations for electrophilic attack, according to 

the MEP map. On the other hand, low electron density 

and possible locations for nucleophilic reactivity are 

indicated by the blue zone around the hydrogen in the 

cyclic ring, as well as in the methyl (CH3) and methylene 

(CH2) groups. These findings are consistent with the 

Mulliken population analysis results that were previously 

discussed.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 7. Curvedness, shape index and dnorm maps and 2D fingerprint plot for clascosterone 
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Table 6. Second order perturbation theory of Fock matrix in selected NBO basis for clascosterone 

Donor (i) Type Acceptor (j) Type Type of transition E(2)a  (KJ/mol) E(j)-E(i)b (a.u) F(i,j)c (a.u) 

C18-C24 π O4-C25 π* π- π* 21.77 0.29 0.072 

O1 L(2) O5-C27 π* L(2)- π* 45.53 0.32 0.109 

O2 L(2) C10-C22 σ* L(2)- σ* 19.85 0.63 0.101 

O2 L(2) C22-C26 σ* L(2)- σ* 19.76 0.63 0.101 

O4 L(2) C25-C23 σ* L(2)- σ* 20.12 0.64 0.102 

O4 L(2) C24-C25 σ* L(2)- σ* 18.22 0.71 0.103 

O5 L(2) O1-C27 σ* L(2)- σ* 29.52 0.62 0.122 

O5 L(2) C27-C28 σ* L(2)- σ* 17.43 0.66 0.098 

 

 

Table 7. Mulliken population analysis of clascosterone in the gas phase 

Atom Charges (e) Atom Charges (e) Atom Charges (e) 

O1 -0.50843 C22 0.399064 H43 0.106015 

O2 -0.44678 C23 -0.26853 H44 0.126133 

O3 -0.54004 C24 -0.18158 H45 0.112552 

O4 -0.4816 C25 0.42383 H46 0.114522 

O5 -0.49809 C26 0.040861 H47 0.10626 

C6 0.003544 C27 0.638068 H48 0.101446 

C7 -0.04823 C28 -0.27309 H49 0.097718 

C8 -0.06939 C29 -0.3121 H50 0.109673 

C9 -0.05355 H30 0.091486 H51 0.111488 

C10 0.206161 H31 0.078723 H52 0.105116 

C11 -0.18447 H32 0.079891 H53 0.122279 

C12 -0.01108 H33 0.105615 H54 0.124084 

C13 -0.2103 H34 0.088255 H55 0.090975 

C14 -0.19973 H35 0.098384 H56 0.123189 

C15 -0.19778 H36 0.101519 H57 0.080502 

C16 -0.18031 H37 0.099338 H58 0.140226 
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Mulliken polulation analysis

Figure 8. Mulliken population analysis of clascosterone 
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C17 -0.3299 H38 0.098846 H59 0.138766 

C18 0.149161 H39 0.143693 H60 0.327364 

C19 -0.24344 H40 0.112622 H61 0.129524 

C20 -0.19738 H41 0.099146 H62 0.108083 

C21 -0.31777 H42 0.095365 H63 0.124056 

 

 

 

 

 

 

 

 

 

Figure 9. Total electron density and the contour map with molecular electrostatic potential surface of 

clascosterone 

Figure 10. Molecular docking of clascosterone against SMAD3 protein 

Figure 11. Molecular docking of clascosterone against SMAD4 protein 
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Table 8. Molecular docking studies of clascosterone against SMAD proteins 

Proteins Binding energy 

(Kcal/mol) 

No. of hydrogen 

bonding 

Amino acids Bond 

length (Å) 

Hydrophobic 

interaction 

SMAD 3 -8.22 1 

Glutamic 

acid 321 

 

2.75 

Phenylalanine 269, 248 

Cystine 270 

Leucine 273, 274 

Aspartic acid 262 

Proline 263 

Arginine 268 

Asparagine 265 

Histidine 249 

Serine 264, 266 

Tyrosine 322 

SMAD 4 -8.57 3 

Alanine 457 

Valine 492 

Glycine 301 

2.79 

3.09 

3.15 

Alanine 454, 457, 458 

Proline 544 

Aspartic acid 547 

Isoleucine 490, 545 

Methionine 543 

Leucine 540 

Phenylalanine 302 

Arginine 330 

Glycine 333 

 

3.9. Molecular docking 

Molecular docking aids drug discovery by 

predicting the affinity between small molecules and 

target proteins before experimental testing [46-48]. The 

resolutions of the target proteins, labeled 1U7F and 

1U7V in the Protein Data Bank (PDB), were 2.60 and 

2.70 Å, respectively. Upon examining the interactions 

between the ligand clascosterone and the SMAD 

proteins (1U7F and 1U7V), nine conformations were 

produced, from which the conformation with the lowest 

binding energy was selected. The results of this 

investigation reveal binding energies of -8.22 and -8.57 

kcal/mol for the interactions between clascosterone and 

SMAD3 and SMAD4, respectively. Additionally, the two-

dimensional and three-dimensional interaction diagrams 

between the proteins and ligands are depicted in Figures 

10 and 11, with an emphasis on significant polar 

(hydrophobic) and nonpolar (hydrogen bonding) 

interactions. The corresponding binding scores are 

provided in Table 8. 

 

4. Conclusion  

Computational methods were utilized to 

investigate various aspects of the molecular structure of 

clascosterone, including geometrical parameters, 

spectroscopic features, donor-acceptor interactions, 

Hirshfeld surfaces, and ligand-protein interactions. 

Optimized geometric parameters closely align with 

experimental observations, and vibrational frequencies 

confirm the existence of CC, CH, C-O, C=O, CH2, and 

CH3 groups, providing evidence for the stable structure 

of clascosterone. The transition at 252 nm exhibits an 

excitation energy of 4.91 eV, while the DOS spectrum 

reveals an energy gap of 5.018 eV, with occupied 

orbitals shown in green and empty orbitals in red. 

Methine proton H55 experiences a higher chemical shift 

than other methine protons due to the neighbouring 

electronegative oxygen atom (O4), which deshields the 

electrons from H55. NBO analysis identifies the primary 

interaction energy originating from electron donation 

from O1 to O5–C27 via the L(2)→π* transition, 

stabilizing at 46.53 kJ/mol. Additionally, the Hirshfeld 

surface indicates that H•••H interactions (71.5%) 

predominate, followed by O•••H interactions (25.5%). 

The MEP map reveals red zones over OH and C=O 

groups, indicating an electron-rich site and suitable for 

electrophilic reactivity, while blue zones around 

hydrogen atoms in the ring and CH3/CH2 groups suggest 

low electron density and potential nucleophilic reactivity, 

consistent with Mulliken charge distribution. Lastly, 
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molecular docking of clascosterone against SMAD 

proteins SMAD 3 and SMAD 4 revealed substantial 

binding energies of -8.22 kcal/mol and -8.57 kcal/mol, 

respectively, suggesting its potential as an antitumor 

agent. 
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