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Abstract: Clerodanes constitute an important class of natural products which exist in a various parts of terrestrial plants as well as 

marine sources. In present study, the isolation and purification of clerodin (CLD) from Clerodendrum infortunatum (family 

Verbenaceae), synthesis of deacetyclerodin (DCLD) derivative from clerodin (CLD) and a comparative analysis of CLD and DCLD  

has been performed using density functional theory (DFT) with B3LYP method and 6-311G (d, p) as the basis set. The optimized 

structures of both, natural compound and deacetyl derivative have been obtained. The vibrational spectroscopic analysis has been 

carried out and complete assignments to all possible modes have been offered. The highest occupied molecular orbital (HOMO), 

lowest unoccupied molecular orbital (LUMO) and molecular electrostatic potential (MESP) surfaces are analyzed to discuss the 

chemical reactivity patterns in the compounds. A number of reactivity parameters have also been calculated to further explain their 

chemical reactivity. The thermodymanic and nonlinear optical (NLO) parameters have also been calculated and discussed. For the 

theoretical detection and characterization of intramolocular hydrogen bonding within these compounds, QTAIM calculations have 

been done using AIMALL Program.  
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1. INTRODUCTION  

Clerodanes constitute an important class of natural products isolated from various parts of terrestrial plants as well as marine 

sources.[1] The diterpenoid clerodin (CLD) has been isolated from Clerodendrum infortunatum (family Verbenaceae). In traditional 

medicines, the plant is widely used as blood purifier[2] and to cure common ailments viz. bronchitis, asthma, fever, inflammation [3], 

tuberculosis,  burning sensation, hepatoprotective [4], antiepileptic [5,6,7], colic pain, scorpion sting [8,9], antidote for snakebite[10,11] and 
treatment of tumor[12]. The leaves and roots are also used as antidiabetic[13]. The plant extract also showed antimicrobial[14], 

antioxidant[15] and ant-inflammatory activities[16]. In Unani system it was used against rheumatism and vermifugal.[17] Clerodin (CLD) 

has shown remarkably higher antifeedant activity than the commercially used ingredient azadirachtin when tested on a polyphagous 

pest, Helicoverpa armigera[18]. The comparative data showed that CLD could be an ingredient in the new biopesticides[19]. Further 

clerodin (CLD) has shown to posses growth inhibitory activity[20]. Clerodane diterpenoids have been reported pharmacophagous 

feeding stimulant activity [21].  

The present study describes the theoretical investigations on clerodin (CLD) and deacetylclerodin (DCLD) (prepared by 

deacetylation of clerodin) using density functional theory (DFT) and quantum theory of atoms-in-compound (QTAIM). theory (DFT) 
and quantum theory of atoms-in-compound (QTAIM). Recently, DFT has become a popular tool in computational chemistry and 

physics for evaluating the various chemical, physical, and biological phenomena featuring the realm of chemistry. For medium-sized 

chemical species [22-28] as well as biocompounds [29-31] DFT provides accurate results and a good balance between computational cost 

and perfection. The optimized structures, spectral studies, intra- and/or intermolecular interactions, kinetics and nature of chemical 

reactions can be easily and quickly identified with DFT, a quantum mechanical method. Unlike the wave function, which is a 

mathematical construct and not a physical reality, electron density is a physical diagnostic of all compounds. Our present study is 

based on the DFT (B3LYP functional and 6-31G (d,p) basis set) to successfully estimate a range of molecular properties (structural 

and electronic) and topological parameters based on the QTAIM technique. The investigation of the properties and reactivity of 

molecular structures is done with the help of The Bader[32,33] QTAIM method. The  topological parameters viz. charge density at bond 

critical point (ρBCP), potential energy density (VBCP), kinetic energy density (GBCP) and total energy density(H) etc. are the basis of 

the very famous QTAIM theory.  The aim of this work is to provide a brief description of the isolation of clerodin (CLD) and further 
modification of this compound to convert it in to chemically more reactive deacetylclerodin (DCLD) derivative to enhance its 

hydrophilic properties and biological activities. Along with this the theoretical characterization of weak interamolecular H---H, C---H 

and O---H bonding interactions are also discussed for CLD and  DCLD. All the calculations of both the compound obtained from 

above mentioned theoretical methods are compared and reported. To our knowledge, this is the first report on these two compounds 

that deals with bonding interactions and chemical reactivity calculated from DFT methods and QTAIM analysis. 
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2.0. EXPERIMENTAL 

2.1. General procedures 

The Infrared (IR) spectra were measured on a Perkin-Elmer FTIR spectrophotometer. 1H and 13C NMR spectra (chemical 

shifts in ppm, coupling constants in Hz) were recorded on a Bruker 300 MHz  using CDCl3 as solvent, with TMS as the internal 

reference. The UV spectrum were determined using UV- visible Double-Beam Spectrophotometer (systronic-2203) instrument using 

chloroform as a solvent. Melting points were carried out using an Electrothermal  Ambassador Melting Point apparatus. Column 

chromatographic separations were performed on SiO2 (230-400 mesh). TLC was performed on pre-coated TLC plates with SiO2 60 

F254 (0.2 mm, Merck). The solvent systems used for TLC analyses were n-hexane:EtOAc (60:40, CLD), n-hexane:EtOAc (60:40, 

DCLD). The Thin layer chromatography (TLC) was visualized in an iodine chamber. The compounds were detected by UV 

absorption at λ max 244 and 242 nm followed by spraying with anisaldehyde: H2SO4 reagent and heating at 110 0C for 1–2 min. 

2.2. Plant material 

The floral parts of Clerodendrum infortunatum were collected from Lalpal Pur, Hardoi, Uttar Pradesh India (2.8 kg dry 

weight). The botanical authentication was established with the aid of taxonomists and treaties on regional flora comparison of 

specimens with herbaria by Botanical Survey of India Dehradun (BSD Accession No. 112672). 

 

2.3. Extraction and isolation 

The shade dried powdered floral parts (2.8 kg) were exhaustively extracted with 90% methanol at room temperature. The 
combined methanolic extract was concentrated under reduced pressure at 40o C to yield a dark viscous mass. It was concentrated to 

dryness, added water (100ml), extracted with hexane (3 x 1000 ml) and the hexane layer was washed with H2O, dried 

(anhyd.Na2SO4). Evaporation of the solvent under reduced pressure gave solid residue A (153.4 g). The residue A (153.4 g) was 

subjected to column chromatography over silica gel (459g,230-400 mesh column length 90 cm and radius 2 cm) the column was 

eluted with increasing polarity of solvent (Hexane, Hexane: EtOAc (3:1,1:1,1:3), EtOAc) and  elutes were collected in fraction of 100 

ml each, evaporated to dryness under reduced pressure. The eluant (Hexane: EtOAc) (85:15) fractions exhibiting similar TLC 

behavior were mixed together and recolumned which resulted in the isolation of pure compound as white needle shape crystals (1.5 

gm); m. p. 160-1620C; IR (KBr; ʋmax, cm-1): 3140, 3040, 2956, 2936, 2930, 2931, 1736, 1731, 1625, 1288, 1272, 1238, 1051; 1H 

(CDCl3, 300 MHz; δ, ppm): 1.04-1.90 m  (12H, H1, H2, H3, H7, H8, H10, H12), 4.79  dd (1H, H6), 3.99 dd (1H, H11), 3.58 t (1H, 

H13), 4.91 d (1H, H14),  6.46 d (1H, H15), 5.99 d (1H,H16), 0.84 d (3H, H17), 2.20 d (1H, H18), 2.21 d (1H, H18b), 4.03 d 

(1H,H19a), 4.34 d (1H, H19b), 0.99 s (3H, H20), 1.90(s,3H,OAc), 2.17 (s,3H,OAc); 13C (CDCl3, 75 MHz; δ, ppm):  22.35(C-1), 
25.11(C-2), 31.33(C-3), 65.13(C-4), 45.65(C-5), 72.05(C-6), 32.83(C-7), 36.30(C-8), 40.14(C-9), 48.73(C-10), 84.71(C-11), 

32.83(C-12), 46.12(C-13), 107.80(C-14), 146.97(C-15), 102.03(C-16), 14.24(C-17), 48.55(C-18), 61.83(C-19), 16.52(C-20), 

170.02(OC̠OCH3), 171.12 (OC̠OCH3), 21.43 (OCOC̠H3), 21.39 (OCOC̠H3) Fig S1and S2. The compound was  characterized as 

clerodin, (1R,4aR,5S,6R,8S,8aR)-8-acetoxy-5,6-dimethyl-5-((2S,3aS,6aS)-2,3,3a,6a-tetrahydrofuro[2,3-b]furan-2-yl)octahydro-2H-

spiro[naphthalene-1,2'-oxiran]-8a-yl)methyl acetate) by comparison of the spectral data reported [65].   

Synthesis of (1R,4aR,5S,6R,8S,8aR) -8a- (hydroxymethyl) -5,6-dimethyl-5- (2S,3aS,6aS)-2,3,3a,6a-tetrahydrofuro- 

[2,3-b]furan-2-yl)octahydro-2H-spiro[naphthalene-1,2'-oxiran]-8-ol [deacetylclerodin (DCLD)] 

In a round bottom flask CLD (100 mg, 4.34 mmol) was taken and added 3% methanolic potassium hydroxide solution (150 

ml).The reaction mixture was stirred for 2 hrs at 0oC. The progress of the reaction was monitored by TLC. After completion of the 

reaction, the reaction mixture was cooled and solvent evaporated under reduced pressure, extracted with chloroform and dried (anhyd. 

Na2SO4). Deacetylclerodin (DCLD) (1R,4aR,5S,6R,8S,8aR)-8a-(hydroxymethyl)-5,6-dimethyl-5-((2S,3aS,6aS)-2,3,3a,6a-

tetrahydrofuro[2,3-b]furan-2-yl)octahydro-2H-spiro[naphthalene-1,2'-oxiran]-8-ol,(DCLD) was obtained as white crystals[66]. yield: 

87.3%; m.p. 170-1720C IR (KBr; ʋmax, cm-1) 3462 (OH), 3364 (OH), 2968, 2942, 1619, 1135, 1103, 1037, 998; 1H (CDCl3, 300 MHz; 

δ, ppm): 1.13-1.97 (12H, H1, H2, H3, H7, H8, H10, H12), 4.07   dd (1H, H6), 3.59 dd (1H, H11), 2.08 t (1H, H13), 4.32 d (1H, H14),  

6.45 d (1H, H15), 6.01 d (1H,H16), 0.97 d (3H, H17), 2.35 d (1H, H18), 2.50 d (1H, H18b), 4.02 d (1H,H19a), 4.10 d (1H, H19b), 

1.09 s (3H, H20), 4.79 s (1H, OH), 3.16 s (1H,OH),  13C (CDCl3, 75 MHz; δ, ppm): 22.94 (C-1), 25.35(C-2), 31.73(C-3), 74.43(C-4), 
59.93(C-5), 75.81(C-6), 34.60(C-7), 36.40(C-8), 51.07(C-9), 47.74(C-10), 85.00(C-11), 31.73(C-12), 46.20(C-13), 102.10(C-14), 

146.05(C-15), 107.94(C-16), 14.74(C-17), 48.31(C-18), 61.73(C-19), 16.99(C-20) Fig S3 and S4.  
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3. Computational details 

The DFT calculations have been done with Gaussian 03 program package [34] and Gaussian 09 program package[35] and all 

theoretical analysis were done with the help of Gaussview 03 molecular visualization program[36] and Gaussview 5.0 molecular 

visualization program.[37] The investigation of optimized structural parameters, thermodynamic properties, vibrational assignments, 

HOMO–LUMO properties etc. were calculated using DFT [38-45] and TDDFT. A hybrid functional B3LYP which is described as 
B3[46] is becke’s three parameter exchange (local, non local, Hartree–Fock) and LYP is Lee–Yang–Parr correlation functional.[47] All 

the calculations were done using 6-31G(d, p) basis set. All predictions of intramoleular hydrogen bonding were done using AIMALL 

program using QTAIM theory. 

 

4. Results and Discussion 

   4.1 Molecular Structures 

The optimized geometries of both the compounds at B3LYP /6-31G (d, p) level of theory are shown in Fig. 1. Both the compounds 

contain four ring system. Both rings R1 and R2 have same furan skeleton except that in CLD R1 ring has C=C bond between C21 

and C22 whereas in derivative DCLD R1 has C=C bond between C25 and C26. In ring 4 i.e. R4 in CLD and DCLD compounds, 

oxirane ring are attached with the C7 and C3 positions respectively. In CLD two acetyl groups are attached at C3 and C11 (R3) 

positions while in its derivative DCLD these acetyl groups are replaced by two hydroxy groups (R3). In compound CLD R3 contains 

two methyl groups at C1 and C6 positions while in DCLD R3 contains two methyl groups at C9 and C10 positions. The calculated 

bond lengths and bond angles of both optimized structures are given in Table 1.  
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Table 1.Geometrical parameters of optimized geometries of CLD and DCLD at B3LYP/6-31G (d, p) level 

CLD  DCLD 

    Bond -length (A)         Bond –angle (o)      Bond -length (A)         Bond –angle (o) 

R(1-2) 1.458 A(2-1-6) 104.3816  R(1-2) 1.5402 A(2-1-6) 109.4182 

R(1-6) 1.5229 A(2-1-24) 110.7035  R(1-6) 1.5366 A(2-1-32) 109.5327 

R(1-24) 1.523 A(2-1-29) 112.4165  R(1-32) 1.07 A(2-1-33) 109.4421 

R(1-29) 1.113 A(6-1-24) 110.7099  R(1-33) 1.0699 A(6-1-32) 109.374 

R(2-3) 1.523 A(6-1-29) 112.4258  R(2-3) 1.5428 A(6-1-33) 109.5966 

R(2-30) 1.113 A(24-1-29) 106.301  R(2-34) 1.07 A(32-1-33) 109.4637 

R(2-31) 1.113 A(1-2-3) 104.3798  R(2-35) 1.07 A(1-2-3) 109.7585 

R(3-4) 1.523 A(1-2-30) 110.708  R(3-4) 1.5435 A(1-2-34) 109.4924 

R(3-28) 1.402 A(1-2-31) 112.4244  R(3-18) 1.5127 A(1-2-35) 109.2856 

R(3-32) 1.1131 A(3-2-30) 110.7071  R(3-19) 1.424 A(3-2-34) 109.5266 

R(4-5) 1.5229 A(3-2-31) 112.4215  R(4-5) 1.5398 A(3-2-35) 109.2523 

R(4-7) 1.505 A(30-2-31) 106.2976  R(4-7) 1.5398 A(34-2-35) 109.5114 

R(4-11) 1.523 A(2-3-4) 109.4727  R(4-16) 1.54 A(2-3-4) 107.788 

R(5-6) 1.5229 A(2-3-28) 109.4503  R(5-6) 1.5372 A(2-3-18) 116.0626 

R(5-10) 1.523 A(2-3-32) 109.4826  R(5-10) 1.5396 A(2-3-19) 119.2656 

R(5-33) 1.113 A(4-3-28) 109.4494  R(5-15) 1.07 A(4-3-18) 122.9992 

R(6-13) 1.523 A(4-3-32) 109.4768  R(6-36) 1.07 A(4-3-19) 121.4307 

R(6-27) 1.523 A(28-3-32) 109.4955  R(6-37) 1.07 A(3-4-5) 109.7998 

R(7-8) 1.505 A(3-4-5) 109.4689  R(7-8) 1.5406 A(3-4-7) 109.6142 

R(7-25) 1.435 A(3-4-7) 112.4016  R(7-30) 1.43 A(3-4-16) 109.1818 

R(7-26) 1.467 A(3-4-11) 108.5112  R(7-31) 1.07 A(5-4-7) 109.3446 

R(8-9) 1.5942 A(5-4-7) 112.4017  R(8-9) 1.5401 A(5-4-16) 109.409 

R(8-34) 1.113 A(5-4-11) 108.5139  R(8-38) 1.07 A(7-4-16) 109.4776 

R(8-35) 1.113 A(7-4-11) 105.3332  R(8-39) 1.07 A(4-5-6) 109.3891 

R(9-10) 1.523 A(4-5-6) 109.4725  R(9-10) 1.5401 A(4-5-10) 109.5169 

R(9-36) 1.113 A(4-5-10) 109.471  R(9-13) 1.54 A(4-5-15) 109.4483 

R(9-37) 1.113 A(4-5-33) 109.4741  R(9-14) 1.07 A(6-5-10) 109.2678 

R(10-38) 1.113 A(6-5-10) 109.4679  R(10-11) 1.5401 A(6-5-15) 109.6655 

R(10-39) 1.113 A(6-5-33) 109.4735  R(10-12) 1.54 A(10-5-15) 109.5396 

R(11-12) 1.402 A(10-5-33) 109.4682  R(11-20) 1.5644 A(1-6-5) 109.4377 

R(11-40) 1.113 A(1-6-5) 109.4729  R(11-23) 1.5065 A(1-6-36) 109.5693 

R(11-41) 1.1129 A(1-6-13) 109.4497  R(11-24) 1.07 A(1-6-37) 109.3939 

R(12-14) 1.338 A(1-6-27) 109.4775  R(12-40) 1.07 A(5-6-36) 109.5595 

R(13-17) 1.5229 A(5-6-13) 109.4528  R(12-41) 1.07 A(5-6-37) 109.4018 

R(13-20) 1.3767 A(5-6-27) 109.4783  R(12-42) 1.07 A(36-6-37) 109.465 

R(13-42) 1.113 A(13-6-27) 109.4961  R(13-43) 1.07 A(4-7-8) 109.4162 

R(14-15) 1.208 A(4-7-8) 119.9998  R(13-44) 1.07 A(4-7-30) 109.4879 

R(14-16) 1.5091 A(4-7-25) 115.0015  R(13-45) 1.07 A(4-7-31) 109.486 
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R(16-43) 1.113 A(4-7-26) 118.2002  R(16-17) 1.43 A(8-7-30) 109.5307 

R(16-44) 1.113 A(8-7-25) 114.9954  R(16-46) 1.07 A(8-7-31) 109.4438 

R(16-45) 1.113 A(8-7-26) 118.2018  R(16-47) 1.07 A(30-7-31) 109.4627 

R(17-18) 1.523 A(7-8-9) 117.0201  R(17-48) 0.96 A(7-8-9) 109.5331 

R(17-46) 1.113 A(7-8-34) 107.5305  R(18-19) 1.5615 A(7-8-38) 109.4404 

R(17-47) 1.113 A(7-8-35) 105.0537  R(19-49) 1.07 A(7-8-39) 109.4679 

R(18-19) 1.5231 A(9-8-34) 107.5297  R(19-50) 1.07 A(9-8-38) 109.4426 

R(18-21) 1.497 A(9-8-35) 105.0502  R(20-21) 1.4602 A(9-8-39) 109.4629 

R(18-48) 1.113 A(34-8-35) 114.9727  R(20-51) 1.07 A(38-8-39) 109.4805 

R(19-20) 1.402 A(8-9-10) 115.3074  R(20-52) 1.07 A(8-9-10) 109.4985 

R(19-23) 1.414 A(8-9-36) 107.9759  R(21-22) 1.4556 A(8-9-13) 109.4728 

R(19-49) 1.1129 A(8-9-37) 106.0557  R(21-25) 1.4863 A(8-9-14) 109.4522 

R(21-22) 1.337 A(10-9-36) 107.969  R(21-28) 1.07 A(10-9-13) 109.4712 

R(21-50) 1.1 A(10-9-37) 106.0579  R(22-23) 1.4353 A(10-9-14) 109.4517 

R(22-23) 1.4202 A(36-9-37) 113.6522  R(22-27) 1.4344 A(13-9-14) 109.4809 

R(22-51) 1.0999 A(5-10-9) 109.4701  R(22-29) 1.07 A(5-10-9) 109.3562 

R(24-52) 1.113 A(5-10-38) 109.4525  R(25-26) 1.3885 A(5-10-11) 109.5197 

R(24-53) 1.1129 A(5-10-39) 109.4813  R(25-53) 1.07 A(5-10-12) 109.5096 

R(24-54) 1.113 A(9-10-38) 109.445  R(26-27) 1.5004 A(9-10-11) 109.4618 

R(25-26) 1.2583 A(9-10-39) 109.4758  R(26-54) 1.07 A(9-10-12) 109.53 

R(26-55) 1.087 A(38-10-39) 109.502  R(30-55) 0.96 A(11-10-12) 109.4501 

R(26-56) 1.087 A(4-11-12) 109.5001    A(10-11-20) 108.2425 

R(27-57) 1.113 A(4-11-40) 109.4401    A(10-11-23) 114.8595 

R(27-58) 1.1131 A(4-11-41) 109.4614    A(10-11-24) 108.9919 

R(27-59) 1.113 A(12-11-40) 109.4415    A(20-11-23) 105.2409 

R(28-60) 1.338 A(12-11-41) 109.4649    A(20-11-24) 112.9669 

R(60-61) 1.208 A(40-11-41) 109.5193    A(23-11-24) 106.6226 

R(60-62) 1.509 A(11-12-14) 109.8998    A(10-12-40) 109.4694 

R(62-63) 1.113 A(6-13-17) 111.5477    A(10-12-41) 109.4733 

R(62-64) 1.113 A(6-13-20) 111.549    A(10-12-42) 109.4718 

R(62-65) 1.113 A(6-13-42) 104.3131    A(40-12-41) 109.4724 

  A(17-13-20) 100.8947    A(40-12-42) 109.4685 

  A(17-13-42) 114.408    A(41-12-42) 109.472 

  A(20-13-42) 114.4094    A(9-13-43) 109.4715 

  A(12-14-15) 120.0025    A(9-13-44) 109.4733 

  A(12-14-16) 119.9998    A(9-13-45) 109.4674 

  A(15-14-16) 119.9977    A(43-13-44) 109.4721 

  A(14-16-43) 109.4988    A(43-13-45) 109.4706 

  A(14-16-44) 109.4407    A(44-13-45) 109.4724 

  A(14-16-45) 109.4605    A(4-16-17) 109.4773 

  A(43-16-44) 109.4434    A(4-16-46) 109.466 

  A(43-16-45) 109.4629    A(4-16-47) 109.47 

  A(44-16-45) 109.521    A(17-16-46) 109.4731 

  A(13-17-18) 104.0008    A(17-16-47) 109.4703 

  A(13-17-46) 110.8028    A(46-16-47) 109.4706 

  A(13-17-47) 112.6414    A(16-17-48) 109.4698 

  A(18-17-46) 110.7976    A(3-19-49) 119.6937 

  A(18-17-47) 112.6381    A(3-19-50) 121.3775 

  A(46-17-47) 106.0742    A(18-19-49) 116.3207 

  A(17-18-19) 103.9986    A(18-19-50) 123.1023 

  A(17-18-21) 109.467    A(49-19-50) 108.8628 

  A(17-18-48) 111.3158    A(11-20-21) 97.6398 

  A(19-18-21) 104.0018    A(11-20-51) 115.4141 

  A(19-18-48) 116.2105    A(11-20-52) 110.0533 

  A(21-18-48) 111.3143    A(21-20-51) 117.9935 

  A(18-19-20) 103.9948    A(21-20-52) 107.4898 

  A(18-19-23) 103.9943    A(51-20-52) 107.7245 

  A(18-19-49) 116.2182    A(20-21-22) 98.1652 

  A(20-19-23) 109.5014    A(20-21-25) 122.6253 

  A(20-19-49) 111.3021    A(20-21-28) 110.1705 

  A(23-19-49) 111.3009    A(22-21-25) 102.1617 

  A(13-20-19) 111.9009    A(22-21-28) 115.5444 

  A(18-21-22) 111.001    A(25-21-28) 107.9803 

  A(18-21-50) 124.5052    A(21-22-23) 102.9375 

  A(22-21-50) 124.4939    A(21-22-27) 103.8554 

  A(21-22-23) 108.1004    A(21-22-29) 112.31 

  A(21-22-51) 125.9494    A(23-22-27) 121.079 
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  A(23-22-51) 125.9502      

  A(19-23-22) 112.5862      

  A(1-24-52) 109.4961      

  A(1-24-53) 109.4416      

  A(1-24-54) 109.4573      

  A(52-24-53) 109.4434      

  A(52-24-54) 109.4629      

  A(53-24-54) 109.526      

  A(7-26-55) 119.4526      

  A(7-26-56) 133.6881      

 

4.2 Hydrogen Bonding 

For the theoretical detection and characterization of intramolocular hydrogen bonding with in these compound, the QTAIM 

calculations have been done using AIMALL Program. The bond critical point (BCP) between a proton donor and proton acceptor 

defines the hydrogen bonding in QTAIM framework. The chemical features of the molecule [48] is represented by the parameters of 

BCP viz. second order derivative of the electron density, the Laplacian(2
ρBCP),charge density (ρBCP), potential energy density 

(VBCP), kinetic energy density (GBCP), total energy density(H) and energy of interaction (E). The value of electron density (2
ρBCP) can 

describe about the nature of hydrogen bonds in compound i.e. 2
ρBCP <0 and ρBCP > 0 atomic unit (au). [49] For charge concentrated 

in covalent (shared) interaction 2
ρBCP > 0 and H >0, indicates that the hydrogen bonds are weak and electrostatic in nature. In our 

study it was found that CLD showed total eleven types of hydrogen bonding interactions. Out of which four are of H---H type weak 

interactions (H41---H57, H31---H57, H47---H58, H42---H39), one is of C---H type (C16---H41) and six are of H---O type 

interactions(H52---O20, H59---O20, O28---H56, O28---H44, O25---H65, O25---H32) while the DCLD  showed total 12 types of 

hydrogen bonding interactions i.e. five are the H---H type weak interactions( H41---H52, H51---H36, H24---H36,H14---H37, H47---

H49) and seven are of C-H---O type interactions(O23---H43, O23---H40, O17---H42, O18---H47,O30---H37, O30---H34, O17---

H38). The bonding interactions in both the compounds are displayed in Fig. 2. The theoretical values of topological parameters are 

listed in Table 2 for CLD and DCLD.   
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Fig. 2. Molecular graphs showing H---H, C---H, O---H intramolecular interactions (black dotted lines) in CLD and DCLD. The 

yellow points correspond to ring critical points, the blue points represent BCPs, the pink points correspond to CCPs and white lines 

correspond to RCPs to BCPs path. Red spheres correspond to oxygen atoms, dark grey spheres correspond to carbon atoms, and 

white spheres correspond to hydrogen atoms. 

According to the Espinosa correlation [50] the QTAIM theory is also able to investigate the interaction energy of H-Bond as  

E (au) = 1/2 VBCP (au) = 313:754 VBCP (kcal mol-1) = E (kcal mol-1)               (1)  

where VBCP is the potential energy density and E is the energy of interatomic interaction (a.u. or kcal mol-1), which can be easily 

calculated using the AIMAll package. Table 2 showed that interaction energy, E, at their critical points, H52---O20 (E = 3.38384 kcal 

mol-1), H59---O20 (E = 3.98593 kcal mol-1) and O25---H32 (E = 4.48135 kcal mol-1), these H-bonds are stronger than the other H-
bonds of the CLD compound. Table 2 also showed that interaction energy, E, at their critical points, O23---H43 (E = 3.51655 kcal 

mol-1), O23---H40 (E = 3.79203 kcal mol-1), O17---H42 (E = 5.94281 kcal mol-1), O18---H47 (E = 4.99245 kcal mol-1), H47---H49 (E 

= 3.9784 kcal mol-1), O30---H34 (E = 4.69721kcal mol-1), O17---H38 (E = 4.59022 kcal mol-1), the H-bonds are stronger than the 

other H-bonds of the DCLD compound. The Total interaction energy of CLD is 28.91619 kcal mol-1 and DCLD is 42.7948 kcal mol-

1. Thus, these studies shows that DCLD has higher values of interaction energy, E than CLD itself so it is clear that DCLD derivative 

is chemically more reactive as compared to CLD. 

Table 2. Topological value of CLD and DCLD at B3LYP/6-31G (d, p) level 

                                                                                                 CLD 

Interactions BCP 2
BCP GBCP VBCP HBCP E BPL |V(r)|/G(r) 

H52---O20 +0.014677 +0.051915 +0.011882 -0.010785 -0.001472 3.38384 +4.471044 0.9076754 

H59---O20 +0.016386 +0.068263 +0.014885 -0.012704 -0.001823 3.98593 +4.598471 0.8534766 

H31---H57 +0.011309 +0.044955 +0.008834 -0.006429 -0.000204 2.01712 +4.205951 0.7277563 

H41---H57 +0.010163 +0.040538 +0.007872 -0.005610 -0.000048 1.76016 +4.336552 0.7126524 

H47---H58 +0.008760 +0.035622 +0.006802 -0.004700 -0.000127 1.47464 +0.008760 0.6909732 

C16---H41 +0.013194 +0.060383 +0.012090 -0.009085 -0.000704 2.85046 +4.795034 0.7514474 

O28---H56 +0.012327 +0.044843 +0.010024 -0.008837 -0.001185 2.77264 +4.649732 0.8815841 

O28---H44 +0.008804 +0.031271 +0.006859 -0.005899 -0.000861 1.85083 +4.840128 0.8600379 

O25---H65 +0.007614 +0.027173 +0.005880 -0.004967 -0.000638 1.55842 +5.019669 0.8447278 

O25---H32 +0.018251 +0.072908 +0.016255 -0.014283 -0.002027 4.48135 +4.530271 0.8786834 

H42---H39 +0.014087 +0.058286 +0.011717 -0.008863 -0.000560 2.7808 +4.158759 0.7564222 

                       DCLD     

Interactions BCP 2
BCP GBCP VBCP HBCP E BPL |V(r)|/G(r) 

O23—H43 +0.015001 +0.054757 +0.012448 -0.011208 -0.001425 3.51655 +4.407932 0.9003856 

O23--H40 +0.015543 +0.065503 +0.014231 -0.012086 -0.002053 3.79203 +4.813584 0.8492727 

H41—H52 +0.009246 +0.037060 +0.007122 -0.004979 -0.000145 1.56218 +4.475204 0.6991013 

H51—H36 +0.011145 +0.043458 +0.008662 -0.006459 -0.000300 2.02654 +4.192476 0.7456707 

H24—H36 +0.014427 +0.063397 +0.012556 -0.009262 -0.000710 2.90599 +4.350124 0.7376553 

H14—H37 +0.010723 +0.042382 +0.008348 -0.006101 -0.000149 1.91421 +4.227087 0.7308337 

O17—H42 +0.023626 +0.067726 +0.017936 -0.018941 -0.001965 5.94281 +3.974406 1.056032 

O18—H47 +0.019475 +0.075177 +0.017353 -0.015912 -0.001835 4.99245 +4.264514 0.9169596 

H47—H49 +0.017074 +0.083490 +0.016776 -0.012680 -0.001485 3.9784 +4.401621 0.7558416 

O30—H37 +0.012611 +0.043747 +0.010052 -0.009167 -0.001409 2.87618 +4.644721 0.9119578 

O30—H34 +0.019192 +0.066657 +0.015818 -0.014971 -0.002044 4.69721 +4.196528 0.9464534 

O17—H38 +0.018713 +0.067060 +0.015698 -0.014630 -0.001879 4.59022 +4.210902 0.9319658 

http://www.jetir.org/


© 2019 JETIR June 2019, Volume 6, Issue 6                                                www.jetir.org (ISSN-2349-5162) 

JETIR1906I51 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 163 
 

 

4.3 HOMO - LUMO and MESP Surface 
 

Frontier molecular orbitals play an important role in the investigation of the electronic transitions and chemical reactivity of a 

compound. These molecular orbitals involve HOMO and LUMO which takes part in chemical reactions or interact with other 

compounds. Intramolecular charge transfer with in a molecule is related with HOMO-LUMO energy gap which can help to 

investigate the chemical and biological reactivity of the molecule. Since electron transfer occurrs from HOMO to LUMO, the energy 

gap becomes an important measure for excitation energy, chemical hardness, molecular stability as the value of all these parameters 

will be low if the HOMO-LUMO energy gap is low. The HOMO-LUMO energy gap is an important stability index which reflects the 

chemical stability of the molecule. The energy gap diagrams of both the compounds are shown in Fig. 3. It is clearly seen that 

HOMOs of CLD and DCLD compounds are delocalized over ring R1 and R2 while in CLD LUMOs are delocalized in –OCOCH3 

group attached to ring R3 and group –CH2OCOCH3 attached at bridge head carbon of ring R3 and R4 while in its derivative LUMOs 

are contributed to  only ring R1. The value of energy gap is 6.14eV and 11.27 eV in CLD and DCLD respectively. The higher value 

HOMO-LUMO energy gap in DCLD indicates that its chemical reactivity is more than that of CLD as predicted earlier by increased 
hydrogen bonding. 

 

Fig. 3. HOMO –LUMO surface of CLD and DCLD 

 

The mapping of constant electron density of compound is done with the help of molecular electrostatic potential (MESP) surface. 

It can help us to describe the shape, size, reactive sites for electrophilic attack (electron rich region), and nucleophilic attack (electron 

poor region) in term of color grading system which is an important tool for the investigation of most probable binding receptor site. 

The MESP plot of CLD and DCLD are displayed in Fig. 4. In color grading system, the blue color represents the most electropositive 
region which is C atom (-OCOCH3 group) in CLD and hydrogen attached to oxygen (–OH group) in DCLD. The red color represents 

the most electronegative region i.e. oxygen atom in ring R1 and R2 in both the compounds, O15, O61 and O25 in CLD and O30, O17 

and O18 in DCLD. 

 

 

Fig. 4. MESP surface diagram of CLD and DCLD 
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4.4  Electronic and Thermodynamic Parameters 

  

The electronic parameters viz. energy band gap (εLUMO - εHOMO), ionization potential (IP), electron affinity (EA), 

electronegativity (χ), global hardness (η), chemical potential (µ) and global electrophilicity index (ω ), global softness (S) and 

additional electronic charge (∆Nmax) have been calculated at B3LYP/6-31G(d, p) level for CLD and DCLD. These electronic 

parameters are also called global reactivity descriptors. All these parameters are related to the chemical reactivity of compound. The 

electronic parameters of r are listed in Table 3.  These calculations have been calculated using following equations. [42-58] 

HOMOIP 
           (2) 

LUMOEA 
           (3) 

)(2/1 HOMOLUMO  
         (4) 

)(2/1 HOMOLUMO  
         (5) 

)(2/1 HOMOLUMO  
        (6) 

 2/2
           (7) 

2/1S
           (8) 

 /max N
          (9) 

 
It is clear from the Table 3 that the value of I and A is lower for CLD in comparison to values of I and A of DCLD hence CLD 

has less electronegativity. However CLD is chemically less hard than its derivative DCLD. 

 
Table 3. Calculated electronic parameters in eV for CLD and DCLD using B3LYP/6-31G (d,p) 

 

 εH εL εH -ε L I A χ Η µ ω S ∆Nmax 

CLD -6.016 0.133 -6.149 6.016 0.133 2.941 3.074 -2.941 
1.407 

0.1626 0.956 

DCLD 
-6.060 0.521 -6.581 6.060 0.521 2.769 3.290 -2.769 1.165 0.151 0.841 

 

Thermodynamic parameters of CLD and DCLD viz. heat capacity (CV), entropy (S), zero point vibrational energy and total 

energy Etotal etc. at B3LYP /6-31G(d, p) level are listed in Table 4 and 5 respectively. Thermodynamic functions, heat capacity (CV) 

and entropy (S) were calculated at various temperatures (100-500 K) for both compounds. It was observed from Fig. 5 that standard 

statistical thermodynamic functions increase with temperature ranging from 100 to 500 K, due to the fact that the molecular 

vibrational intensities increase with temperature. [59, 60] All thermodynamic calculations were done in gas phase and they could not be 

used in solution. All data of thermodynamic parameters are useful in estimating reaction paths of the compound. The correlation 

graph of entropy and heat capacity versus temperature is shown in Fig. 5. 

 

 

.  

 

 

 

 

 

 

Fig. 5. Correlation graph of entropy and heat capacity versus temperature 
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Table 4. Thermodynamic functions at different temperatures at the B3LYP /6-31-G (d,p) level 

Temperature 

(K) 

Heat capacity 

(CV) 

(Cal/Mol-K) 

Entropy 

(S) 

(Cal/Mol-K) 

 CLD DCLD CLD DCLD 

100 43.550 32.256  103.486 86.791 

200 78.591 63.690 145.912 120.376 

298 114.926 94.993 184.756 152.361 

300 115.632 95.599 185.482 152.963 

400 152.787 127.453 224.476 185.460 

500 185.328 155.303 262.615 217.427 

 

Table 5. Calculated Thermodynamic parameters   

Parameters  B3LYP 6-31G (d,p) 

            CLD   DCLD 

Zero point vibrational 

Energy (kcal/mol) 

350.21176 302.82401 

Rotational temperature (K)   

X 0.01331 0.02058 

Y 0.00431 0.00677 

Z 0.00412 0.00617 

Rotational constant (GHZ)   

X 0.27739 0.42879 
Y 0.08972 0.14097 

Z 0.08581 0.12865 

Total energy Etotal 

(kcal/mol) 

368.214 317.089  

Translational 0.889 0.889 

Rotational 0.889 0.889 

Vibrational 366.437 315.312  

 

 

4.5  Natural Bond Orbital Analysis 

 

The Natural Bond Orbital (NBO) analysis were performed using Gaussian03 package at the B3LYP/6-31G (d, p) level of 

theory. This study offers the theoretical analysis of inter/intramolecular bonding, charge transfer, conjugative interaction in 

compound. The stabilization energy of the system is the basic concept for NBO analysis as if any molecular system bears high 

stabilization energy then the interaction between bonds will be high and high will be the conjugation. This means that the tendency of 

donating an electron from donor to acceptor will increase. NBO is found to be a great tool to explain the hyperconjugative interaction 

and electron density transfer. The second order Fock matrix was used to evaluate donor (i)–acceptor (j) interaction i.e. interaction 

between donor level bonds and acceptor level bonds in the NBO analysis. For each donor (i) and acceptor (j) the stabilization energy 

E(2) associated with the delocalization   i        j     is as follows: 

)/()()2( 2 EiEjFijqiEijE 
       (10)

 

Where qi is the donor orbital occupancy, Ei and Ej are the diagonal elements and Fij is the off diagonal NBO Fock matrix element. 

The values of the stabilization energy E(2) along with other important parameters are shown in Table 6.  According to the Table it is 

clearly predictable that increased electron density (ED) and intramolecular charge transfer (ICT) leads to the stabilization of the 

system in many bonding interactions. For the CLD system the most stabilization energy is contributed by O12 of n2(O12) to C14-O15 

with ED (0.20319 e) and stabilization energy E(2) is 42.91, O15 of n2(O15) to O12-C14with ED (0.11177 e) and stabilization energy 

E(2) is 35.87, O23 of n2(O23) to C21-C22 with ED (0.14082 e) and stabilization energy E(2) is 31.04, O28 of n2(O28) to C60-O61 

with ED (0.20037 e) and stabilization energy E(2) is 39.92, O O61 of n2(O61) to O28-C60 with ED (0.10921 e) and stabilization 

energy E(2) is 35.28. For the DCLD system the most stabilization energy is contributed by O27 of n2 (O27) to C25 - C26 with ED 

(0.12391 e) and stabilization energy E(2) is 23.83. 
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Table 6.  NBO analysis of the CLD and DCLD 

a E(2) means energy of hyperconjugative interactions (stabilization energy in Kcal/mol) 
b Energy difference between donor and acceptor i and j NBO orbitals in a.u. 
c F(ij) is the Fock matrix elements between i and j NBO orbitals in a.u. 

 

4.6  Non Linear Optical Analysis 

In order to investigate the relationship between molecular structure and NLO response, first hyperpolarizability (βtotal (esu)) and 

related properties such as  polarizability (α), and total dipole moment (µ) have been calculated using B3LYP/6-31G (d, p) based on 

the finite-field approach. First hyperpolarizability is a third rank tensor and can be described by a 3 x 3 x 3 matrix. The 27 

components of the 3 dimensional matrixes can be reduced to 10 components due to the Kleinman symmetry. [61] The intermolecular 
interactions involving the non-bonded type dipole–dipole interactions are determined with the help of dipole moment of a molecule 

means stronger the dipole moment, stronger will be the intermolecular interactions. All NLO parameters are calculated according to 

the equations follows: 
2/1222

)( zyxtot  
        (11)

 

)(3/1 zzyyxxtot  
        (12)

 

2/1222 ])[()[()[( zyyzxxzzzyxxyzzyyyxzzxyyxxx  
        (13)

 

  If any molecule shows large value of the polarizability and hyperpolarizability it means there is a significant delocalization 

of charge in that molecule. The values of the dipole moment (μ), polarizability (|α|), first hyperpolarizability (β) are mentioned in 

Table 7. It is clear from the Table 7 that the DCLD  compound shows the larger value of polarizability (α) equal to 41.6245 esu and 
hyperpolarizability (β)  equal to 2.92775 esu in comparison to CLD which showed the lower value of of polarizability (α) is eual to 

37.9883 esu and hyperpolarizability (β) equal to 0.31182 esu. (Gaussian 09 output are reported in atomic unit (a.u.) so these values 

are converted into electrostatic unit (esu) using converting factors as (for (α): 1 a.u. = 0.1482 x 10- 24 esu; for βtotal: 1 a.u = 0.008639 x 

10-30 esu). 

 

 

 

 

 

 

CLD 

Donor(i) Type ED/e Acceptor(j) Type ED/e E(2)a E(j)-E(i)b F(i,j)c 

         

C7-O25 σ 1.97128 O25-C26 σ* 0.02351 5.47 0.93 0.064 

O25-C26 σ 1.97661 C7-O25 σ* 0.05180 5.92 0.90 0.065 

LP(1)O12 n 1.95572 C14-C16 σ* 0.05943 6.65 0.91 0.070 

LP(2)O12 n 1.80427 C4-C11 σ* 0.03706 5.00 0.64 0.053 

LP(2)O12 n 1.80427 C14-O15 π* 0.20319 42.91 0.34 0.108 

LP(2)O15 n 1.84465 O12-C14 σ* 0.11177 35.87 0.61 0.133 

LP(2)O15 n 1.84465 C14-C16 σ* 0.05943 18.69 0.62 0.099 

LP(2)O20 n 1.88876 C19-O23 σ* 0.07655 17.47 0.55 0.089 

LP(2)O23 n 1.83011 C19-O20 σ* 0.04686 10.20 0.63 0.074 

LP(2)O23 n 1.83011 C21-C22 π* 0.14082 31.04 0.35 0.093 

LP(2)O25 n 1.92061 C4-C7 σ* 0.05030 5.27 0.64 0.052 
LP(1)O28 n 1.95403 C60-C62 σ* 0.05935 6.44 0.91 0.069 

LP(2)O28 n 1.80819 C2-C3 σ* 0.02518 5.12 0.71 0.056 

LP(2)O28 n 1.80819 C60-O61 π* 0.20037 39.92 0.35 0.105 

LP(2)O61 n 1.84490 O28-C60 σ* 0.10921 35.28 0.61 0.132 

LP(2)O61 n 1.84490 C60-C62 σ* 0.05935 18.86 0.62 0.099 

DCLD 

Donor(i) Type ED/e Acceptor(j) Type ED/e E(2)a E(j)-E(i)b F(i,j)c 

         

C3 - O18 σ 1.97346  O18 - C19 σ* 0.02370 5.05  0.93  0.061 

C11 -C20 σ 1.97623  C21 - C25 σ* 0.02152 5.88  0.99  0.068 

O18 -C19 σ 1.97752  C3 - O18 σ* 0.04797 5.57  0.91  0.064 

C11 -O23 σ 1.97642  C22 - O27 σ* 0.05534 5.34  1.01  0.066 

LP(2)O17  n 1.95745  C16 - H46 σ* 0.02491 5.75  0.75  0.059 

LP(2)O18  n 1.92189  C3 - C4 σ* 0.04802 5.16  0.64  0.052 

LP(2)O18  n 1.92189  C2 - C3 σ* 0.03155 5.18  0.69  0.054 
LP(2)O23  n 1.92295  C22 - H29 σ* 0.05194 8.97  0.74  0.073 

LP(2)O27  n 1.85883  C25 - C26 π* 0.12391 23.83  0.38  0.086 
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Table 7. Dipole Moment μ, Polarizability αtot ( 10-24 esu) and first order static  

hyperpolarizability βtot (10-30) data for CLD and DCLD calculated at   

DFT/B3LYP /6-31G(d,p) level of theory 

Dipole moment Hyperpolarizability 

CLD DCLD                CLD DCLD 

µx 6.5561 0.5073    

µy -0.6352 -2.1743 βxxx 33.3304 234.398 

µz 0.7182 3.0365 βxxy 27.1601 77.1294 

µ 6.6258 3.7690 βxyy -3.07176 -28.7653 

Polαrizαbility βyyy -41.1772 -41.1772 

CLD DCLD    

αxx 310.893 304.844 βxxz 8.66946 60.2729 

αxy -0.778433 -7.12231 βxyz 9.97575 0.202684 
αyy 239.239 281.945 βyyz -75.5409 14.0859 

αxz -6.32552 4.12070 βxzz 5.46886 41.2288 

αyz 3.12718 5.28375 βyzz 9.00521 32.0298 

αzz 218.862 255.812 βzzz 65.7940 34.2992 

(α) 37.9883 41.6245 βtotal(esu)    0.31182 2.92775 

 

4.7 Local Reactivity Descriptors 

Fukui function (FF), local softness (Sk) and local electrophilicity index (ωk) are the tools mostly used in computational chemistry for 

chemical reactivity and site selectivity of the compounds. Using Hirshfield population analysis of neutral, cation and anion state of 

molecule, Fukui Functions are calculated by using the following equations: 

)]()1([ NqNqf k 


  for nucleophilic attack     (14) 

)]1()([ 


NqNqf k  for electrophilic attack      (15)

)]1()1([2/1
0

 NqNqf k  for radical attack     (16) 

Where N, N-1, N+1 are total electrons present in neutral, anion and cation state of molecule respectively. Local softness (Sk) functions 

are calculated according to the following equations: 
00

,, kkkkkk SfSSfSSfS 


           (17)                                                                        

00
,, kkkkkk SfSSfSSfS 



       (18) 
Selected Fukui functions, local softness and local electrophilicity indices for CLD and DCLD are listed in Table 8. In CLD 

maximum value of fk
+, sk

+, ωk
 + are 0.291054, 0.047331 and 0.40955 respectively for atomic site C21, hence it is the most prone site 

for nucleophilic attack than other sites listed in Table 8. Maximum values of fk
-, sk

-, ωk
 - are 0.094328, 0.01534, 0.132731 and 

0.122306, 0.019889, 0.1721 for atomic site O25 and C60 respectively hence these sites are more prone for the electrophilic attack in 

CLD compound. For the DCLD compound, it is also clear from Table 8 that the maximum value of fk
+, sk

+, ωk
 + are 0.096218, 

0.014529, 0.112094 respectively for atomic site C20 hence it is the most prone site for nucleophilic attack and maximum values of fk
-, 

sk
-, ωk

 - are 0.630315, 0.095178, 0.734317 for atomic site O17 respectively hence these sites are more prone for the electrophilic 

attack. 
Table 8. Using Hirshfeld population analysis: Fukui functions (fk +, fk −), Local softnesses (sk +, sk −) in eV, local electrophilicity 

indices (ωk +, ωk −) in eV for selected atomic sites of product 

  
 CLD  

 
 

 

Atom 

no. 

Hirshfeld atomic charges  Fukui functions   Local softnesses  Local electrophilicity indices 

qN qN+1 qN-1  fk+ fk-  sk+ sk-  ωk+ ωk- 

11C  0.20257 0.32334 0.27873  0.12077 -0.07617  0.01964 -0.01239  0.169939 -0.10718 
17C  0.0077 0.13481 -0.0157  0.127112 0.023378  0.020671 0.003802  0.178863 0.032896 

21C  -0.0364 0.25469 -0.144  0.291054 0.10761  0.047331 0.0175  0.40955 0.151421 
22C 0.29925 0.51709 0.1656  0.217839 0.133651  0.035425 0.021734  0.306527 0.188064 
12O -0.4151 -0.4781 -0.4837  -0.06299 0.06865  -0.01024 0.011164  -0.08863 0.096599 
14C 0.60078 0.59436 0.53812  -0.00642 0.062662  -0.00104 0.01019  -0.00903 0.088173 

25O -0.4181 -0.5166 -0.5124  -0.09851 0.094328  -0.01602 0.01534  -0.13862 0.132731 
28O -0.4168 -0.4971 -0.506  -0.08026 0.089183  -0.01305 0.014503  -0.11294 0.125492 

60C 0.63197 0.60346 0.50967  -0.02851 0.122306  -0.00464 0.019889  -0.04012 0.1721 
62C -0.0164 0.05325 -0.0901  0.069695 0.073635  0.011334 0.011975  0.09807 0.103614 

 
DCLD 

 

4C -0.0685 -0.0111 -0.0099  0.057382 -0.05856  0.008665 -0.00884  0.06685 -0.06823 
12C -0.5858 -0.0113 -0.0362  0.574529 -0.54962  0.086754 -0.08299  0.669326 -0.6403 

20C -0.0097 0.08648 -0.0636  0.096218 0.053879  0.014529 0.008136  0.112094 0.062769 
21C 0.01834 0.07522 -0.063  0.056886 0.081314  0.00859 0.012278  0.066272 0.094731 
22C 0.55071 0.60941 0.47329  0.058699 0.077412  0.008864 0.011689  0.068384 0.090185 

17O 0.39752 -0.2298 -0.2328  -0.62734 0.630315  -0.09473 0.095178  -0.73085 0.734317 
25C -0.0299 0.20567 -0.3746  0.235554 0.344689  0.035569 0.052048  0.27442 0.401563 
26C 0.24857 0.51026 -0.0808  0.261689 0.329403  0.039515 0.04974  0.304868 0.383754 
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4.8 UV-Visible Absorption Spectroscopy 

All the theoretical calculations of UV–Visible absorption spectrum were done with the help of TD-DFT method using 

B3LYP/6-31G (d, p) basis set with Integral Equation Formalism Polarizable Continuum Model (IEFPCM) as solvent effect. The 

simulated UV data and related properties such as the electronic transitions, excitation energies, oscillator strength (f), percentage 

contribution of probable transition and corresponding absorption wavelength have been listed in Table 9 for CLD and DCLD. For 

CLD compound calculations by B3LYP functional predict one intense electronic transition at 170.96 nm with an oscillator strength f 

= 0.0646 in chloroform which is in good agreement with the measured experimental data (λexp = 244 nm in chloroform) as shown in 
Fig. 6. This electronic absorption corresponds to the transition from the molecular orbital HOMO -7 to the LUMO, HOMO -6 to the 

LUMO, HOMO -5 to the LUMO, HOMO -4 to the LUMO, HOMO -3 to the LUMO with 2.26 %, 7.09 %, 32.15 %, 3.57 % and 1.98 

% contribution respectively. 

For DCLD compound theoretical calculations predict one intense electronic transition at 203.49 nm with an oscillator strength f 

= 0.0659 in chloroform which is in good agreement with the measured experimental data (λexp = 242 nm in chloroform) as shown in 

Fig. 7. This electronic absorption corresponds to the transition from the molecular orbital HOMO to the LUMO, HOMO -1 to the 

LUMO, HOMO -2 to the LUMO with 1.93 %, 5.92 %, 39.60 % contribution respectively. 

 

 

 

 

 

 

 

 

Fig. 6. Correlation graph between experimental and theoretical UV/VIS data of Absorption vs Wavelength of CLD 

 

Table 9. Experimental and theoretical absorption wavelength λ (nm), excitation energies E (eV) of title compound using B3LYP 

functional and 631-G / (d, p) basis set 

S. No. Electronic transitions 

(molecular orbitals 

involved) 

Excitation 

energies 

Calculated 

λmax  

(in nm) 

Oscillatory 

strength (f) 

Percent 

contribution of 

probable 

transition  

Observed 

λmax  (in nm) 

 CLD  

1. H-7 L 
H-6 L 

H-5 L 

H-4 L 

H-3 L 

8.081 
7.980 

7.875 

7.652 

7.608 

170.96 0.0646 2.26 
7.09 

32.15 

3.57 

1.98 

244 

DCLD 

1. H L 

H-1 L 

H-2 L 

11.27 

26.97 

77.78 

203.49 0.0659 1.93 

5.92 

39.60 

242 

 

For DCLD compound theoretical calculations predict one intense electronic transition at 203.49 nm with an oscillator 

strength f = 0.0659 in chloroform which is in good agreement with the measured experimental data (λexp = 242 nm in chloroform) as 

shown in Fig. 7. This electronic absorption corresponds to the transition from the molecular orbital HOMO to the LUMO, HOMO -1 

to the LUMO, HOMO -2 to the LUMO with 1.93 %, 5.92 %, 39.60 % contribution respectively. 
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Fig. 7. Correlation graph between experimental and theoretical UV/VIS data of Absorption vs Wavelength of DCLD 

4.9  Vibrational Assignments 

According to the molecular structure of CLD there are total 65 atoms which have total 189 normal modes of vibrations.  All the 

118 fundamental vibrations are IR active. The calculated harmonic vibrational frequencies at DFT (B3LYP) level using 6-31G (d, p) 

as the basis set have been compared with the experimental frequencies (FTIR) and are listed in Table 10 and 11 for CLD and DCLD 

respectively. The correlation graph of calculated and experimental FTIR spectra of CLD and DCLD are given in Fig. 8 and 9 

respectively. Vibrational assignments are based on the observation of the animated modes in Gauss View. All the calculated 

vibrational frequencies are scaled by the factor of 0.9679. 

In CLD, there are numbers of C-H group present in all the rings. The vibrational stretching frequency (ν) of C-H group is 

expected to occur in the region 2900–3200 cm−1. Table 10 shows that the calculated vibrations are also found in this spectral region. 

For C–H stretching vibrations, intense bands are calculated at 3149, 3041, 3012, 2932 and 2904 cm−1 which matches well with the 

experimental frequencies observed at 3140, 3040, 2930 and 2931 cm−1 for CLD and calculated C–H stretching vibrations for DCLD 

are 3072, 2970, 2929 and 2906 cm−1 which matches well with the experimental frequencies observed at 2968.58, 2942.53 and 
2846.49 cm−1 and 2846.49 cm−1 matches well with the experimental frequencies observed at 2968.58, 2942.53 and 2846.49 cm−1. 

Other important stretching frequency in both compound is double bond stretching frequency which lies in the region of 1600–1750 

cm−1  corresponds to C=O, C=C, C=N, etc..The C=C bond is present between C21 and C22 shows calculated and experimental 

stretching frequencies at 1629 and 1625 cm-1 respectively   in CLD.  In DCLD, C=C (between 25C and 26C ) bond  shows calculated 

and experimental stretching frequencies at 1623 and 1619.31 cm-1 respectively. The CLD molecule has two carbonyl (C=O) group 

(between 14C = 15O and 60C = 61O) which shows calculated and experimental stretching frequencies at 1734 and 1731 cm-1 for 14C 

= 15O and 1741 and 1736 cm-1 for 60C = 61O respectively. In DCLD molecule two hydroxyl group are present having corresponding 

calculated stretching frequencies at 3682  cm-1 (17O-48 H), 3666 cm-1  (38O-55 H) and experimental stretching frequencies at 

3462.37 cm-1 (17O-48 H), 3364.96 cm-1 (38O-55 H) respectively. In CLD due to the deformation of ring R2, R4 and in whole 

molecule vibrations, the intense band is calculated at 1271 cm−1 and 1314 cm−1 respectively and which is in very good agreement 

with the experimental one that is, 1372cm−1, and 1388 cm−1. In DCLD molecule many C-H deformation vibrations are calculated at 
1400, 1369, 1379 and 1280 cm−1. 

 

In both compounds many C–O bonds are also present which show different stretching frequencies in the region of 1000 - 

1250 cm−1 depending on the environment in which the C-O bond is present. In CLD the calculated C-O stretching vibrational 

frequencies observed at 1217 cm-1 (60C - 28O),  1206 cm-1 (14C - 12O),  1076 cm-1 (19C - 20O),  1059 cm-1 (11C - 12O), 1052 cm-1 

(3C - 28O) and 1034 cm-1 (22C - 23O) which shows a good correlation with experimental C-O stretching vibrational frequencies 

observed at 1288,1272, 1238 and 1051 cm-1.While in DCLD the calculated C-O stretching vibrational frequencies observed at 1124 

cm-1 (12C- 23O), 1077 cm-1 (12C- 27O) and 1063 cm-1 (16C- 17O). In DCLD the experimental C-O stretching vibrational 

frequencies observed at 1135 cm-1, 1103 cm-1, 1053 cm-1, 1037 cm-1. An intense band due to butterfly motion in CH3 appears in the 

experimental spectrum at 1471 cm−1, 1453 cm-1 in CLD and DCLD respectively which matches well the peak at 1472 cm-1, 1433 cm-1 

for CLD and 1487 cm-1, 1460  cm-1 for DCLD  in the calculated spectrum. There are some frequencies in the lower region due to the 

torsion and mixed bending modes having appreciable IR intensity in calculated FTIR spectrum. Furthermore, the study of low 
frequency vibrations is of great significance, because it gives information on weak intermolecular interactions, which takes place in 

enzyme reactions. Knowledge of low frequency mode is also essential for the interpretation of the effect of electromagnetic radiation 

on biological systems [62]. 
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Fig.  8. Correlation graph of calculated and experimental FTIR spectra of  CLD 

 

Fig.  9. Correlation graph of calculated and experimental FTIR spectra of DCLD 
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Table 10. Vibrational analysis of prominent modes of CLD at B3LYP/6-31G (d, p) 

Calc. Freq. (cm-1) 

(B3LYP/631G(d,p) 
Scaled  Freq. (cm-1) Exp. IR Int. (a.u.) Assignments of vibrational modes 

3264 3149.1072 3140 10.9986 ν  =C-H (21C & 22C) 

3239 3124.9872  15.04 νasCH2 (26C) 

3196 3083.5008  19.15 νasCH2 (11C) 

3181 3069.0288  10.69 νasCH3 (62C) 

3179 3067.0992  13.29 νasCH3 (16C) 

3164 3052.6272  17.56 νasCH3 (24C) 
3161 3049.7328  31.35 νasCH2 (27C) 

3152 3041.0496 3040 9.4 ν C-H (3C) 

3149 3038.1552  63.53 νasCH2 (10C) 

3143 3032.3664  30.08 νasCH3 (27C) 

3139 3028.5072  32.56 νasCH2 (17C) 

3137 3026.5776  2.53 νasCH2 (62C) 

3122 3012.1056  75.99 ν C-H (19C) 

3115 3005.352  74.63 νs CH2 (26 C) 

3110 3000.528  66.49 νasCH2 (8C & 9C) 

3107 2997.6336  69.29 νas CH2 (24 C) 

3088 2979.3024 2956 91.38 νs CH2 (11C) 
3085 2976.408 2936 53.66 νs CH2 (17C) 

3084 2975.4432  18.34 νas CH2 (2 C) 

3074 2965.7952  13.06 νs CH2 (10C) 

3058 2950.3584  52.67 νsCH2 (8C & 9C) 

3051 2943.6048  91.52 νs CH2 (2C) + νs CH3 (24C) 

3039 2932.0272 2930 23.76 ν C-H (5C) 

3010 2904.048 2931 31.51 ν C-H (1C) 

1805 1741.464 1736 1000.56 νs C=O (60C- 61 O) 

1798 1734.7104 1731 122.96 νs C=O (14C- 15 O) 

1689 1629.5472 1625 75.65 ν C=C (21C & 22C) 

1542 1487.7216  3.88 σ - CH2 (26CH2 ) 

1526 1472.2848  4.26 BUTTERFLY CH3 (27 C) 
1525 1471.32  8.67 σ - CH2 (in whole molecule) 

1486 1433.6928  7.4 BUTTERFLY CH3 (62 C) 

1435 1384.488  10.22 ω (CH2) 26 C, 11C & 2C 

1434 1383.5232  13.44 ω (CH3) 27 C, 24 C 

1402 1352.6496  99.8 ω (CH3) 27 C, 24 C 

1362 1314.0576 1388 12.34 (+) def. C-H (In whole molecule) 

1318 1271.6064 1372 2.61 CH def.  R2 R4 

1262 1217.5776 1288 433.23 ν C-O (60C - 28O) 

1250 1206 1272 354.54 ν C-O (14C - 12O) 

1216 1173.1968  3.18 τ  (CH2) R2 

1207 1164.5136  13.63 τ  (CH2) (In whole molecule) 
1151 1110.4848  19.46 β(CH)R3 R4 

1116 1076.7168  180.04 ν C-O (19C - 20O) 

1098 1059.3504  115.24 ν C-O (11C - 12O) 

1091 1052.5968 1238 129.98 ν C-O (3C - 28O) 

1072 1034.2656 1051 98.98 ν C-O (22C - 23O) 

1042 1005.3216  102.56 𝛽(C–C–C) R3 R4 

1020 984.096  151.92 𝛽(C–C–C) R1 R2 

962 928.1376  75.71 𝛽(C–C–H) R1 R2 

908 876.0384  126.07 ϒ (CH ) R1 R2 R3 R4 
877 846.1296  24.75 ρ (in whole molecule) 
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Table 11. Vibrational analysis of prominent modes of DCLD at B3LYP/6-31G(d, p) 

Calc. Freq. (cm-1) 

(B3LYP/631G(d,p) 
Scaled  Freq. (cm-1) Exp. 

IR Int. 

(a.u.) 

Assignments of vibrational 

modes 

3817.26 3682.892 3462.37 56.81 ν (OH) 17O-48 H 

3800 3666.24 3364.96 27.16 ν (OH)  38O-55 H 

3265 3150.072 2968.58 19.02 ν  =C-H (25C & 26C) 

3205 3092.184 2942.53 32.01 νasCH2 (19C)  

3185 3072.888  6.88  ν C-H (12C)  

3159 3047.803  26.79 νasCH3 (13C)  
3154 3042.979  16.74 νasCH2 (2C)  

3149 3038.155  38.51 νasCH2 (20C)  

3140 3029.472  28.82 νasCH2 (8C)  

3139 3028.507  40.26 νasCH2 (6C) 

3129 3018.859  39.76 νasCH3 (12C) 

3124 3014.035  42.6 νasCH2 (16C)  

3115 3005.352  38.13 νs CH2 (19 C) 

3099 2989.915  95.3 νasCH2 (13C)  

3094 2985.091  51.94 νs CH2 (6 C) 

3089 2980.267  41.68 νs CH2 (20 C) 

3079 2970.619  19.23  ν C-H (11C)  
3067 2959.042  83.98  νasCH2 (1C)  

3060 2952.288  49.46 νs CH2 (2 C) 

3058 2950.358  59.47 νs CH3 (12C) 

3041 2933.957  81.17 νs CH3 (13C) 

3036 2929.133  33.43  ν C-H (9C)  

3027 2920.45  63.74 νs CH2 (16 C) 

3023 2916.59  112.75  ν C-H (7C , 8C)  

3019 2912.731  86.36 νs CH2 (1C) 

3013 2906.942  38.55  ν C-H (5C)  

2969 2864.491  83.61  ν C-H (21C)  

2950 2846.16  65.66 ν C-H ( 22 C)  

1623 1565.87 1619.31 54.98 ν C=C (25C & 26C) 
1573 1517.63  10.44 σ - CH2 (16CH2 & 19CH2)  

1542 1487.722  12.34 BUTTERFLY CH3 (12 C) 

1514 1460.707  10.09 σ - CH2 (6CH2, 2CH2 & 1CH2)  

1510 1456.848  10.35 BUTTERFLY CH3 (13 C) 

1507 1453.954  4.26 σ - CH2 (20C) 

1452 1400.89  18.69  (+) def. C-H (bridge head 22C) 

1443 1392.206  20.84 τ (CH2) R4 

1430 1379.664  1181 
ω (CH3) 12 C & 13C + CH 

def.(whole molecule) 

1419 1369.051  18 CH def. R1 R2 

1407 1357.474  3.94 τ  (in whole molecule) 

1327 1280.29  13.94 
 (+) def. C-H (BRIDGE HEAD 

5C) 

1268 1223.366  41.26 ϒ (CH ) R3 R4 

1264 1219.507  35.16 ω (CH2, OH) 16C & 17H 

1245 1201.176  39.98 ω (OH) 30O 

1199 1156.795  29.14 𝛽 (C–C–H) in whole molecule 

1166 1124.957 1135.16 102.54 ν C-O (12C- 23O) + 𝛽R2 

1117 1077.682 1103.33 170.19 ν C-O (12C- 27O)+ 𝛽R1 

1102 1063.21 1053.18 69.85 ν C-O (16C- 17O)+ 𝛽R4 

1066 1028.477  31.73 𝛽(C–C–C) R3 R4 

1044 1007.251  94.95 𝛽(C–C–C) R1 R2 

995 959.976 1037.75 184.55 ν 26C- 27O + 𝛽R4 

942 908.8416  64.91 𝛽 (C–C–H) R3 R4 

925 892.44  12.42 𝛽 (C–C–H) R2 R4 

 

5.  CONCLUSION 

In conclusion, the isolation and purification of clerodin (CLD) from C. infortunatum followed by the synthesis of 

deacetylclerodin (DCLD) from CLD was done. The comparative quantum chemical calculations, using DFT and QTAIM analysis, 

have been performed on CLD and DCLD to investigate their electronic and topological features in an attempt to elucidate their 

chemical reactivity. The calculated results show that reactivity descriptors based on DFT calculations i.e. ionization potential (IP), 

electron affinity (EA), electronegativity (χ), global electrophilicity index (ω ) and global softness (S) consistently predict the higher 

chemical reactivity of DCLD over CLD. The chemically reactive sites are also clear from the HOMO-LUMO and MESP surface 
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map. The present work is important due to the competence of the bond path concept [63] and the theory of atoms-in-compound [64] in 

computational chemistry.  
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Fig S1. 1H NMR Spectra of Clerodin (CLD) 

 

Fig S2. 13C NMR Spectra of Clerodin (CLD) 
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Fig S3. 1H NMR Spectra of deacetylclerodin (DCLD)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S4. 13C NMR Spectra of deacetylclerodin (DCLD) 

 

http://www.jetir.org/

