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Gallic acid is the major constituent in fruits Phyllanthusemblica (amla), of the family phyllanthaceae. Gallic acid was 
first methylated to 3,4,5 trimethoxygallic acid, which upon esterification using steglich method with cholesterol resulted in 
the product (3S,8S,10R,13R,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 3,4,5-trimethoxybenzoate. The synthesized compound has been 
characterized by 1H NMR, 13C NMR, UV, FT-IR and mass spectroscopy. Density functional theory (B3YLP) using a 6-31G 
(d,p) basis set has been used for quantum chemical calculations. The reactive site and reactivity within the molecule are 
rendered by global and local reactivity descriptors, whereas AIM (Atom in a molecule) approach illustrated weak molecular 
interactions within the molecule. The energies of HOMO and LUMO and frontier orbital energy gap are calculated by time 
dependent DFT approach using the IEFPCM model. A small value for the HOMO-LUMO energy gap indicates easier 
charge transfer within the synthesized compound. The nucleophilic and electrophilic reactivity is determined by MEP 
(molecular electrostatic potential) studies. The values calculated for polarizability, dipole moment, and first 
hyperpolarizability are used to depict the NLO (nonlinear optical) property of the synthesized compound.  

Keywords: Steglich esterification, HOMO-LUMO, MEP, AIM, NLO 

Gallic acid is an intermediary component of plant 
metabolism1. The biological efficacy of gallic acid 
has been described as antioxidant2, antifungal3, 
antibacterial4, antimalarial5, antitumor6, anticancer7,8, 
antiherpetic, antimutagenic9, anticancer, and antiviral 
activities10,11. Synthetic gallic acid derivatives have 
been reported to possess number of biological and 
pharmacological activities. The alkyl esters of gallic 
acid were reported to possess anticancer, antioxidant 
ability and neuroprotective effect12, scavenging free 
radicals13, inducing apoptosis of cancer cells14, 
inhibiting squalene epoxidase15, interfering the signal 
pathways involving Ca2+ and oxygen free radicals16. 
The synthesized schiff bases of gallic acid were 
reported for analgesic, anti-inflammatory and 
anticonvulsant activities17. Gallic acid-based indanone 
derivatives were prepared and were found to possess 
anticancer activity18. 

In continuation of our work on the synthesis of 
conjugates of gallic acid we have synthesized 
(3S,8S,10R,13R,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-yl) 2,3,4,7,8,9,10,11,12,13,14,15,16, 
17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-
yl-3,4,5-trimethoxybenzoate (3). Trimethoxygallic

acid (2)19 was derived from biologically active 
constituent gallic acid (1) isolated from 
Phyllanthusemblica20. Compound 2 was then 
conjugated with cholesterol yielding compound 3 
using steglich method of esterification. Synthesis of 
compound 2 and 3 are given in Scheme 1. The 
structure of the synthesized compound 3 was 
characterized with the aid of 1H, 13C NMR, UV, IR 
techniques and mass spectrometry. Density functional 
theory (DFT) studies were achieved by utilizing the 
basis set B3LYP/6-31G(d,p) to acquire their structural 
properties. Same level of theory was computed for 
frontier molecular orbital (FMO) analysis to get 
inscription about their chemical reactivity and 
stability. Analysis of intramolecular interactions was 
achieved by atom in molecule (AIM) approach. 
Global and local reactivity descriptors gave the 
information about the reactive site and reactivity 
within the molecule. The mapping of the molecular 
electrostatic potential (MEP) of the stabilized 
molecular geometry exhibited the reactive centres. 
The values of dipole moment, polarizability and first 
hyperpolarizability of the synthesized compound 3 
manifest its nonlinear optical properties. 



INDIAN J. CHEM., DECEMBER 2022 1310

Experimental Details 

Materials and physical measurements 
The reagents used for synthesis were purchased 

from Sigma Aldrich (St. Louis, MO). Progress of the 
reactions was observed through thin layer 
chromatography on plates coated with silica gel G 
coated plates. Purification of compound was made 
through column chromatography using silica gel (60-
120 mesh). 1H NMR and 13C NMR spectra were 
recorded on Bruker DRX-300 MHz spectrometer and 
JOEL AL 300 FTNMR (75Mz), respectively, using 
CDCl3 as the solvent. Chemical shifts were reported 
as δ (ppm) using TMS as an internal reference. FT-IR 
spectra were recorded on Perkin Elmer FT-IR 
spectrometer in the range of 4000-450 cm–1. ESI-MS 
spectrum was recorded on Agilent 6520 Q-TOF mass 
spectrometer. Ultraviolet absorption spectrum was 
obtained (in the range of 200-500 nm) using ELICO 
BL-200 UV-Vis spectrophotometer equipped with a 
10 mm quartz cell in CHCl3 solvent for compound 3. 

Procedure for the synthesis of compound 3 
90 mg (0.23 mmol) of trimethoxygallic acid and 95 

mg of cholesterol was dissolved in 20 mL of 
chloroform and then DCC (60 mg, 0.291 mmol) and 
DMAP (45 mg, 0.368 mmol) were added. The 
reaction mixture was stirred at room temperature. The 
progress and the completion of reaction were 
monitored with the help of thin layer chromatography 
(TLC). Reaction mixture was first washed with 5% 
HCl, then by water and finally dried over anhydrous 

sodium sulphate and filtered. The organic layer was 
concentrated under reduced pressure and purified by 
column chromatography using ethyl acetate: hexane 
(20:80) yielding 80 mg of compound 3 (85.50%) as 
viscous white solid. Molecular formula: C37H56O5. 

Characterization of compound 3 
1H NMR (100 MHz, CDCl3) δ (ppm): 3.91 (3H, s, 

OCH3-37), 3.90 (3H, s, OCH3-36), 3.48 (3H, s, 
OCH3-35), 7.41 (1H, s, H-34), 7.41 (1H, s, H-30), 
1.00 (3H, d, H-27, J=22.8 Hz), 0.92-0.91 (6H, d, H-26 
& H-25, J = 3.0 Hz), 1.60 (1H, m, H-24), 1.25 (2H, 
m, H-23), 1.25 (2H, m, H-22), 1.21 (2H, m, H-21), 
1.68 (1H, m, H-20), 1.32 (3H, s, H-19), 1.03 (3H, s, 
H-18), 1.45 (1H, m, H-17), 1.51 (2H, m, H-16), 1.51
(2H, m, H-15), 1.45 (1H, m, H-14), 1.57 (2H, m, H-
12), 1.35 (2H, m, H-11), 1.57 (1H, m, H-9), 1.35 (1H,
m, H-8), 1.95 (2H, m, H-7), 5.41 (1H, m, H-6), 2.44
(2H, d, H-4, J=7.5 Hz), 4.84 (1H, m, H-3), 1.71 (2H,
m, H-2), 1.11 (2H, m, H-1).13C NMR (75 MHz,
CDCl3) δ (ppm): 165.64 (C-28), 152.87 (C-33 & C-
31), 142.00 (C-32), 139.63 (C-5), 125.88 (C-29),
122.84 (C-6), 106.72 (C-34 & C-30), 74.82 (C-3),
60.92 (C-36), 56.69 (C-17), 56.25 (C-14), 56.12 (C-
35& C-37), 50.88 (C-9), 42.32 (C-13), 39.73 (C-12),
39.52 (C-23), 38.23 (C-4), 37.04 (C-1), 36.66 (C-20),
36.19 (C-21), 35.81 (C-10), 31.95 (C-7), 31.88 (C-8),
29.72 (C-15), 28.25 (C-2), 28.03 (C-24), 27.89 (C-
16), 24.31 (C-22), 23.84 (C-25), 22.85 (C-26), 22.58
(C-11), 21.07 (C-19), 19.43 (C-18 & C-27). (ESI-MS)
(Positive mode) in methanol [M+] m/z 580 (not
observed), [M+1] m/z 581 (observed), IR νmax (in
cm-1): 2991, 2850, 1718, 1612, 1506, 1356, 1220,
1199, 1008, 752.

Computational studies 
The quantum chemical calculations on the 

synthesized compound was performed by DFT-
B3LYP/6-31G (d,p) level of theory. To visualize the 
calculated data of IR and UV spectra, the GaussView 
05 program was used. The time-dependent density 
functional theory (TD-DFT) with the same basis set 
with CDCl3 solvent for compound 3 executing 
IEFPCM model was used for electronic absorption 
spectra and frontier orbitals analysis of the optimized 
molecule. Molecular electrostatic potential surface 
(MEP) specifies the site of chemical reactivity of the 
molecule, its charge density, shape and size. 
Molecular interactions within the molecules were 
analyzed by the Atoms In Molecules (AIM) approach. 

Scheme 1 — Scheme for the synthesis of compound 3,
C27H46O/DCC/DMAP, stirred at room temperature 
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Results and Discussion 
 

Nuclear magnetic resonance 
The calculated and experimental 1H and 13C NMR 

chemical shifts (δ ppm) of compound 3 are given in 
Table S1 and spectra in Figs S1 and S2 in 
Supplementary Information. 1H NMR spectrum of 
compound 3 shows the presence of singlet of two 
protons at δ 7.41 assigned to H-30 and H-34 and nine 
proton singlet at δ 3.91,3.90,3.48 for methoxy group 
at OCH3-37, OCH3-36 and OCH3-35 suggesting the 
presence of trimethoxygallic acid. Signal for H-3 
methine proton was obtained as multiplet at δ 4.84. 
Downfield shifting of H-3 methine proton indicates 
esterification of OH at C-3 of cholesterol. The value 
was comparable with the theoretical value at δ 4.29 
ppm. One proton triplet was observed at δ 5.41 for H-
6 methine proton of the cholesterol moiety. The 
downfield shifting of H-6 methine proton reveals the 
presence of double bond (C5=C6) of cholesterol, two 
singlet of three protons each were observed at δ 1.03 
and δ 1.32 for angular methyl groups at H-18 and H-
19 respectively, a characteristic of steroids. Six proton 
doublets at δ 0.90 confirm the presence of methyl 
protons for H-26 and H-25 of cholesterol. The 
chemical shifts observed correlates well with the 
theoretical values calculated in compound 3. In 13C 
NMR of compound 3, signals for C-28 carbon (C=O 
of ester) at δ165.64 indicates ester linkage and is in 
good agreement with the calculated value at δ 163.13. 
Signals for methoxy group for C-35, C-36, C-37 in 
trimethoxygallic acid were observed at δ 37.04, 28.25 
and 74.82 while its calculated values were found to be 
at δ 38.03, 35.08 and 74.42, respectively. Signals  
for C-30 & C-34 carbons in aromatic ring of 
trimethoxygallic acid moiety were notified at δ 106.72 
as comparable with calculated value at δ 116.47 and 
118.00 respectively. Other signals of trimethoxygallic 
acid were also observed and correlates well with the 
theoretical values. Characteristic signals for angular 
methyl groups at C-18 & C-19 were located at δ 19.43 
and δ 21.07 respectively while its calculated values were 
found to beat δ 29.38 and 33.39. Signals for C-5 carbon 
at δ 139.63 and C-6 carbon at δ 122.84 indicate presence 
of a double bond between C-5 and C-6 of cholesterol 
moiety while its calculated values were found to be at δ 
141.57 and 127.98. Other signal of the methyl groups of 
C-25, C-26 and C-27 of cholesterol were observed at δ 
23.84, δ 22.85 and δ 19.43 respectively. Another signal 
at δ 74.82 assigned to carbon at C-3 shows the presence 
of OH group in cholesterol. 

Vibrational spectral analysis 
The position of carbonyl group C=O stretching 

vibration is determined by factors like hydrogen 
bonding, conjugation, ring strain and physical state. 
These factors give information about the environment 
of C=O group. In general, C=O stretching vibrations 
appear in the region of 1870–1540 cm-1(ref.21,22). 
Selected experimental and theoretical vibration wave 
numbers (cm-1) of compound 3 are given in Table 1. 
In the spectrum of compound 3 given in Fig. S3, the 
stretching vibrations of carbonyl group (C=O) of ester 
at C-28 is observed at 1718 cm-1 while the calculated 
value is 1770 cm-1. Stretching vibrations of C-O (C3-
O1) observed at 1199 cm-1 whereas its theoretical 
value was observed at 1220 cm-1and its reported value 
is 1260-1000 cm-1 23. This confirms the ester group at 
C-3 position. The symmetric and asymmetric C-H 
stretching vibration of methylene and methine proton 
is observed at 2991 cm-1 and 2850 cm-1 respectively 
whereas the calculated value is found to be at 2991 
and 2791 cm-1. The value is generally reported in the 
region 2900-3050 cm-1(Ref.24,25). The scissoring and 
rocking vibrations of -CH2 are observed at 1506 and 
1356 cm-1 and its theoretical value was found at 1507 
and 1312 cm-1respectively. The C=C (C31=C32) 
stretching vibration in aromatic ring was observed at 
1612 cm-1, whereas the theoretical value was found at 
1608 cm-1 .The reported value of C=C stretching 
vibration within the ring in the aromatic hydrocarbon 
was in the region 1600 and 1585 cm-1 (Ref.26).  
 
Electronic spectra and electronic transitions 

The nature of the electronic transitions in the 
observed UV-visible spectrum of the compound 3 
(Fig. S4) has been analysed by the time dependent 
density functional theory (TD-DFT) using B3LYP/6-

Table 1 — Experimental and selected theoretical vibration 
wavenumber (cm-1) of compound 3 

Experimental Calculated Assignments 

2991 2991 CH stretching in CH2 

2850 2791 CH stretching in CH 
1718 1770 Ester(C=O) stretching of ester 
1612 1608 C=C Stretching in aromatic ring 

(Trimethoxygallic acid) 
1506 1507 CH2 Bending in cholesterol 
1356 1312 CH Bending in cholesterol 
1220 1217 C-O bending in aromatic ring 

(Trimethoxygallic acid) 
1199 1202 C-O stretching of ester 
1008 1011 CH bending in Cholesterol 
752 741 CH2 bending in cholesterol 
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31(d,p) basis set. Experimental analysis of UV-visible 
spectrum analysis of 3 indicates one band observed at 
232 nm. The experimental value 232 nm correlates 
with calculated value at 235 nm and is attributed to H-
2→L electronic transition (n → π*) with 33.00 % 
contribution. The molecular orbital diagram of 
compound 3 is given in Fig. 1. 

It reveals that the orbital HOMO-2 is localized over 
entire moiety of trimethoxygallic acid and the 
carbonyl group of the ester linkage; however orbital 
LUMO is localized over the ring carbons and 36-
OCH3 of trimethoxygallic acid as well as C28-O2 and 
C28-O1 of carbonyl group in between benzene ring 
and the steroidal moiety. The value of the energy gap 
between HOMO and LUMO is 5.60 eV. Frontier 
orbital energy gap helps in characterising the 
chemical reactivity and kinetic stability27 of the 
molecule. The energies of the HOMO are associated 
directly to the ionization potential and therefore 
HOMO is preferred site for electrophilic attack. The 
energy of LUMO commensurate the electron affinity 
and therefore is preferable site for nucleophilic attack. 
A small frontier orbital energy gap reveals low kinetic 
stability, as energetically it is favourable to add 
electrons to a LUMO and to withdraw electrons from 
a HOMO. Thus, compound 3 with low frontier orbital 
gap is more polarizable28 as polarizability is related 
with HOMO-LUMO separations. The electron 
dispersion can get distorted readily if the LUMO lies 
close to the HOMO in energy, and the polarizability is 

then large. If the LUMO lies high above the HOMO, 
an applied electric field cannot disturb the electron 
dispersion significantly and the polarizability is low. 
Therefore, soft molecules, with a small gap, will be 
more polarizable than hard molecules with large gap. 
In compound 3, due to low HOMO-LUMO energy 
gap it is more polarizable and associated with high 
chemical reactivity which may influence the 
molecular activity and also displaying charge transfer 
interaction occurring within the molecule29. 
 

Global reactivity descriptors 
Universal postulations of chemical reactivity and 

molecular structural stability through the global 
reactivity parameters is easy to define in the light of 
DFT,on the basis of Koopman's theorem30,31. These 
parameters includes electrophilicity index (ω) = μ2 /2 
η, electronegativity (χ) = -1/2(εLUMO +εHOMO), 
chemical potential (μ) = 1/2 (εLUMO + εHOMO), 
global hardness (η) = 1/2 (εLUMO - εHOMO) and 
global softness (S) = 1/2η32-35. Larger HOMO-LUMO 
energy gap represents greater hardness of the 
molecule and direct relation to high stability and low 
reactivity36. A small HOMO-LUMO gap signifies 
softness and is related with more reactive molecules. 
Electronegativity (χ), chemical potential (μ), global 
hardness (η), global softness (S) and electrophilicity 
index (ω), the energies of frontier molecular orbitals 
(εHOMO, εLUMO) and frontier molecular orbitals 
energies gap (εHOMO- εLUMO) for compound 3 are 
listed in Table 2. The frontier orbital energy gap for 
the compound was found to be 5.2217 eV. The 
HOMO–LUMO energy gap of compound 3 was 
slightly lower, signifying lower excitation energy. 
Electrophilicity index decides an electrophilic or 
nucleophilic nature of the two reacting molecules. 
Higher the value of the electrophilicity index better is 
the electrophilic character. Owing to high values for 
global electrophilicity index (ω) of 2.9759 eV and 
chemical potential of 3.9420, compound 3 is 
represented as a good electrophile. 
 
Molecular electrostatic potential 

Molecular electrostatic potential surface (MESP) 
for the synthesized compound was obtained at 
DFT/B3LYP using 6-31G(d,p) basis set. MESP 
diagram for compound 3 and cholesterol (CH) is 
shown in Fig. 2. The significance of MESP lies in the 
fact that it depicts molecular size and shape as well  
as predicts electron density in a molecule and 
electronegative potential is (electron rich) region 

 

 
Fig. 1 — Molecular orbital diagram of compound 3 
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indicated by red colour and is best suited for 
electrophilic attack while electropositive potential 
(electron poor) region is indicated by blue colour and 
best suited for nucleophilic attack and green region 
proximal to zero potential. 

The electronegative potential increases (indicated 
by colour) in the order of red < orange < yellow < 
green< blue. From MESP graphics of 3 and CH, the 
H atom of the OH group of CH is characterized by 
electropositive potential (blue region) which 
essentially acts as an electron acceptor region 
suggesting comparative absence of electrons and 
therefore can be a site for nucleophilic attack. 
Thereby justifying that H atom of OH group at O1-C3 
of cholesterol was esterified to the carboxylic group 
of trimethoxygallic acid leading to the synthesis of 3. 
In compound 3, slight electronegative region (orange 
region) is located over carbonyl group which 
essentially acts as an electron donor region and 
showed more magnitude of electron density, 
subsequently, it can be a site for electrophilic attack.  
 

AIM calculation 
Geometrical and topological parameters are 

convenient methods to describe the strength of 
hydrogen bond37. AIM program shows the molecular 
graph of compound 3 at B3LYP/6-31G(d, p) level. As 
reported by Rozas et al.37, the interactions in the 
molecule may be classified as follows: (i) strong H-
bonds are represented by (∇2ρBCP) < 0, HBCP < 0 and 
found to be covalent in nature. (ii) medium H-bonds 
are expressed by (∇2ρBCP) > 0, HBCP < 0 and found to 
be partially covalent in nature (iii) weak H bonds are 

shown by (∇2ρBCP) > 0 and HBCP > 0 and found 
electrostatic in nature. The computed electronic 
density (ρ), Laplacian of the electronic density (∇2ρ), 
kinetic energy density (G), potential electron energy 
density (V) and total electron energy density (H) at 
the BCP (Bond Critical Point) conveys information 
about the nature of bonding occurring between the 
systems. The computational study of the QTAIM 
(Quantum theory of atoms in molecules) values for 
the bond of interacting atom is provided in Table S2. 
On the basis of above criteria, as ∇2ρBCP and HBCP 
parameters were greater than zero, hence H7......H17, 
H22…..H27, H12……H17,H1…..H11, H18….H19, 
H35……O4, O4......H37 are weak interactions. In this 
article, the Bader’s theory application was used to 
estimate hydrogen bond energy (E). Espinosa 
proposed the relation between potential energy 
density (VBCP): E = 1/2(VBCP) and hydrogen bond 
energy (E). According to AIM calculation, the total 
energy of intramolecular interactions was calculated 
as -0.02345 kcal/mol. Molecular graph of the 
compound 3 using AIM program at B3LYP/6- 
31G(d,p) level is presented in Fig. 3. 
 
Non-linear optical analysis 

The non-linear optical properties of organic 
molecules have been benefited for optical switching, 
fibre-optic communication and optical data 
storage39,40, in photonics technologies41, in areas such 
as signal processing telecommunications and optical 
inter connections. Materials with NLO property are 
those in which a nonlinear polarization of light takes 
place during the application of an intense electric 

Table 2 — Calculated εLUMO, εHOMO, energy band gap εLUMO – εHOMO, electronegativity (χ), global hardness (η), chemical 
potential (μ), global electrophilicity index (ω), and global softness (S) eV, using DFT/B3LYP/6-31G(d,p) level 

εH εL εL – εH χ μ η S (ω) 
-6.5529 -1.3312 5.2217 -3.9420 +3.9420 2.6108 5.2687 2.9759 

All units are in eV 
 

 
 

Fig. 2 — 3D plots of the molecular electrostatic potential of title compound 3 
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chemical calculations were performed with the help of 
density functional theory using B3LYP functional and 
6-31G(d, p) basis set which correlated with the 
experimental results. The value for global 
electrophilicity index (ω) was high with 2.9759 eV 
which suggested it to be a good electrophile. Energy 
gap of 5.2217 eV indicated that easier charge transfer 
occurs within the molecule. As probed by AIM 
approach, intramolecular hydrogen bonding are found 
weak and electrostatic in character. On the basis of 
first hyperpolarizability value calculated, it is 
concluded that the synthesized compound 3 can be 
used as a good material for NLO applications and 
exhibit optical properties. 
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