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One of a recently discovered marine origin cembranoids has been studied experimentally and theoretically to obtain its
thorough structural, electronic, spectroscopic, and biochemical activity. The exact molecular structure of sarcotrocheliol
(CyH340,) 1 has been determined for the first time using a single crystal X-ray diffraction analysis. Crystallography shows
that the molecule is crystalline as an orthorhombic, space group of P2,2,2,, with a = 9.20(4) A, b = 10.80(4) A, ¢ = 19.99(9)
A. 'H, 1°C and DEPT-135 NMR measurements of sarcotrocheliollhave been measured in four different deuterated solvents:
CDCl;3, CDsCN, MeOH-d, and DMSO-dg. Theoretical calculations have been performed to find the main structural and
electronic properties of the compound and matched with the experimental properties. The density functional theory (DFT)
method at B3LYP/6-311++G(d,p) level of theory has been used for all computed properties. Vibrational frequencies have
been determined using DFT calculations and compared with the experimental values. Computed chemical shifts in the NMR
have been determined by the GIAO method. The correlation coefficients between the calculated and experimental NMR
chemical shifts have been found to be 0.92 and 0.998 for 'H and ">C NMR, respectively. Physicochemical parameters of the
compound versus reference drugs have been done. The isolated compound meets the main criteria of the employed rules
indicating a drug-like character. The molecular docking studies have been performed for the compound toward the breast

and prostate cancers.
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Cembranoids have a 14-membered ring (cembrane)
that are class of diterpenoids with few numbers of
methyl groups and double bonds'. Hundreds of
cembranoids that are naturally occurring are already
reported in the literature. The natural sources of
cembranoids are varied from plants to insects to
marine coral>”. The compounds in this class, mostly
metabolites, involved in many enzymatic processes
including oxidation, photochemical ring reduction,
and trans-annular-cyclization. Cembranoids were the
center of many studies that predicted their anticancer,
antimicrobial, and anti-inflammatory activities*’

A recently extracted and reported rare pyrane-based
cembranoid, sarcotrocheliol, was separated from the soft
coralSarcophytontrocheliophorum from the red sea,
Saudi Arabia' Despite its importance and rareness, the
previous study'® relied only on IR and NMR
spectroscopy to solve the structure of the molecule. The
purpose of this work is to provide a thorough study of

the electronic and structural properties of the
sarcotrocheliolemploying a combinedexperimental and
computationalapproach. Single crystal X-ray diffraction
analysed the crystal and molecular structure of a pure
sarcotrocheliol 1 crystal. Moreover, Experimental and
theoretical measurements 'H, *C and DEPT-135 NMR
spectra of 1 were carried out in four different deuterated
solvents; CDCl;, CD;CN, MeOH-d; and DMSO-d.
DFT theoretical computations were made to obtain the
main structural, electronic and vibrational properties and
then compared with the experimental properties. The
molecular docking study was performed for compound 1
toward the breast and prostate cancers.

Experimental Section

General experimental details for NMR study

'H, "C and DEPT-135 NMR spectra of
sarcotrochelioll (Figure 1) (in CDCl;, CD;CN,
MeOH-d,; or DMSO-d;) were recorded using a Bruker
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Figure 1 — The sarcotrocheliol molecule 1 with IUPAC name
of (1S,28,52,97,11S,12R)-12-isopropyl-1,5,9-trimethyl-15-
oxabicyclo [9.3.1]pentadeca-5,9-dien-2-ol

Avance III HD 600 MHz (Ascend™ Magnet)
spectrometer at ambient temperature. All chemical
shifts () are shown, relative to TMS, in ppm.

Study of 'H,°C and DEPT-135 NMR spectra of
sarcotrocheliol 1 in different solvents

'"H,®C and DEPT-135 NMR
sarcotrocheliol in CDCl;

'H NMR (CDCls, 600 MHz): & 0.74 (d, Juy = 6.6
Hz, 3H, CH;-16), 0.89 (d, Juy = 6.6 Hz, 3H, CH;-17),
1.04 (s, 3H, CH;-20), 1.20 (m, 1H, CH-14), 1.27 (m,
1H, CH-1), 1.28-1.37 (m, 2H, CH-10 and CH-15),
1.41-1.48 (m, 2H, CH>-13), 1.63 (s, 3H, CH;-19),
1.66 (s, 3H, CH;-18), 1.78 (t, Juy = 12.9 Hz, 1H, CH-
10), 1.97-2.04 (m, 2H, CH-5 and CH-9), 2.14 (t, Jiy =
6.6 Hz, 1H, CH-9), 2.16-2.21 (m, 2H, CH-6 and CH-
5), 2.31-2.37 (m, 1H, CH-6), 2.40 (dt, Juy = 3.4 Hz,
1H, CH-14), 3.88 (d, Juy = 9.5 Hz, 1H, CH-11), 4.55
(dd, Jun = 10.4, 4.9 Hz, 1H, CH-2), 5.00 (dd, Juy =
10.4, 4.9 Hz, 1H, CH-7), 5.28 (d, Juy = 10.4 Hz, 1H,
CH-3). ®C NMR (CDCls, 150 MHz): §15.1 (CH;, C-
18), 17.3 (CHs, C-19), 18.7 (CH,, C-13), 20.3 (CHa,
C-16), 20.8 (CHs, C-17), 24.2 (CHs, C-20), 252
(CH,, C-6), 29.0 (CH, C-15), 31.9 (CH,, C-10), 33.7
(CH,, C-14), 35.3 (CH,, C-9), 39.9 (CH,, C-5), 46.6
(CH, C-1), 71.1 (CH, C-11), 71.9 (CH, C-2), 75.0 (C,
C-12), 124.1 (CH, C-7), 125.5 (CH, C-3), 136.0 (C,
C-8), 138.7 (C, C-4). DEPT-135 NMR (CDCl;, 150
MHz): & 15.1 (CHs, C-18), 17.3 (CHs, C-19), 18.7
(CH,, C-13), 20.3 (CHj;, C-16), 20.8 (CH;, C-17),
24.2 (CH;, C-20), 25.2 (CH,, C-6), 29.0 (CH, C-15),
31.9 (CH,, C-10), 33.7 (CH,, C-14), 35.3 (CH,, C-9),
39.9 (CH,, C-5), 46.6 (CH, C-1), 71.1 (CH, C-11),
71.9 (CH, C-2), 124.1 (CH, C-7), 125.5 (CH, C-3).

spectra of

'"H®C and DEPT-135 NMR
sarcotrocheliol in CD;CN

spectra of

'H NMR (CD;CN, 600 MHz): §0.75 (d, Juy = 6.4
Hz, 3H, CH;-16), 0.90 (d, Juy = 6.4 Hz, 3H, CH3-17),
0.93 (s, 3H, CH;-20), 1.17 (m, 1H, CH-14), 1.26 (m,
1H, CH-1), 1.27-1.30 (m, 2H, CH-10 and CH-15),
1.43-1.51 (m, 2H, CH>-13), 1.62 (s, 3H, CH;-19),
1.63 (s, 3H, CH;-18), 1.96-1.98 (m, 2H, CH-10 and
CH-5), 2.05-2.12 (m, 3H, CH>-9 and CH-6), 2.16-
2.18 (m, 1H, CH-5), 2.33-2.40 (m, 2H, CH-6 and CH-
14), 2.70 (bs, 1H, OH), 3.76 (d, Jux = 9.6 Hz, 1H,
CH-11), 4.45 (dd, Ju = 10.4, 4.9 Hz, 1H, CH-2), 5.01
(dd, Juy = 10.4, 4.9 Hz, 1H, CH-7), 5.36 (d, Jun =
10.4 Hz, 1H, CH-3). ®C NMR (CD;CN, 150 MHz): &
14.2 (CH;, C-18), 16.7 (CHs, C-19), 18.5 (CH,, C-
13), 19.6 (CH3, C-16), 20.1 (CH;, C-17), 23.8 (CH3,
C-20), 24.8 (CH,, C-6), 28.9 (CH, C-15), 31.3 (CH,,
C-10), 33.7 (CH,, C-14), 34.9 (CH,, C-9), 39.4 (CH,,
C-5), 46.7 (CH, C-1), 70.3 (CH, C-11), 70.8 (CH, C-
2), 75.0 (C, C-12), 123.7 (CH, C-7), 126.0 (CH, C-3),
136.1 (C, C-8), 137.9 (C, C-4). DEPT-135 NMR
(CDsCN, 150 MHz): & 14.2 (CH;, C-18), 16.7 (CHs,
C-19), 18.5 (CH,, C-13), 19.6 (CHs, C-16), 20.1
(CHs, C-17), 23.8 (CHs, C-20), 24.8 (CH,, C-6), 28.9
(CH, C-15), 31.3 (CH,, C-10), 33.7 (CH,, C-14), 34.9
(CH,, C-9), 39.4 (CH,, C-5), 46.7 (CH, C-1), 70.3
(CH, C-11), 70.8 (CH, C-2), 123.7 (CH, C-7), 126.0
(CH, C-3).

'"H,®*C and DEPT-135 NMR
sarcotrocheliol in MeOH-d,

'H NMR (MeOH-d;, 600 MHz): & 0.76 (d, Jun =
6.4 Hz, 3H, CH;-16), 0.92 (d, Juy = 6.4 Hz, 3H, CH;-
17), 1.02 (s, 3H, CH;-20), 1.23-1.56 (m, 6H, CH-14,
CH-1, CH-10, CH-15 and CH,-13), 1.64 (s, 3H, CH;-
19), 1.68 (s, 3H, CH;-18), 2.03-2.15 (m, 5H, CH-10,
CH-5, CH»-9 and CH-6), 2.21-2.23 (m, 1H, CH-5),
2.36-2.41 (m, 1H, CH-6), 2.44-2.46 (m, 1H, CH-14),
3.85 (d, Jun = 9.8 Hz, 1H, CH-11), 4.53 (dd, Juyy =
10.4, 4.9 Hz, 1H, CH-2), 5.02 (dd, Jyy = 10.4, 4.9 Hz,
1H, CH-7), 5.37 (d, Juy = 10.4 Hz, 1H, CH-3). “C
NMR (MeOH-d;, 150 MHz): & 13.9 (CHs, C-18),
16.2 (CH;, C-19), 18.3 (CH,, C-13), 19.3 (CH;, C-
16), 19.7 (CHs, C-17), 23.3 (CH;, C-20), 24.7 (CH,,
C-6), 28.9 (CH, C-15), 30.7 (CH,, C-10), 33.6 (CH,,
C-14), 34.8 (CH,, C-9), 39.4 (CH,, C-5), 46.7 (CH, C-
1), 70.5 (CH, C-11), 71.0 (CH, C-2), 75.9 (C, C-12),
123.7 (CH, C-7), 125.0 (CH, C-3), 135.8 (C, C-8),
139.0 (C, C-4). DEPT-135 NMR (MeOH-d;, 150
MHz): & 13.9 (CH;, C-18), 16.2 (CH;, C-19), 18.3
(CH,, C-13), 19.3 (CHj;, C-16), 19.7 (CH;, C-17),
23.3 (CHs, C-20), 24.7 (CH,, C-6), 28.9 (CH, C-15),

spectra of
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30.7 (CH,, C-10), 33.6 (CH,, C-14), 34.8 (CH,, C-9),
39.4 (CH,, C-5), 46.7 (CH, C-1), 70.5 (CH, C-11),
71.0 (CH, C-2), 123.7 (CH, C-7), 125.0 (CH, C-3).

'H,®C and DEPT-135 NMR
sarcotrocheliol in DMSO0-d,

'H NMR (DMSO-ds, 600 MHz): §0.69 (d, Juy =
6.3 Hz, 3H, CH;-16), 0.84 (d, Juy = 6.3 Hz, 3H, CH;-
17), 0.87 (s, 3H, CH;-20), 1.04-1.24 (m, 3H, CH-14,
CH-1, CH-10), 1.36-1.42 (m, 1H, CH-15), 1.48-1.53
(m, 2H, CH,-13), 1.55 (s, 3H, CH;-19), 1.57 (s, 3H,
CH;-18), 1.94-1.96 (m, 4H, CH-10, CH-5, CH,-9),
2.03-2.06 (m, 1H, CH-6), 2.12-2.14 (m, 1H, CH-5),
2.23-2.30 (m, 1H, CH-6), 2.35-2.38 (m, 1H, CH-14),
3.60 (dd, Juu = 9.4, 6.9 Hz, 1H, CH-11), 4.35 (dd, Jun
= 10.4, 4.7 Hz, 1H, CH-2), 4.45 (d, Juu = 6.9, 1H,
OH), 4.92 (dd, Ju = 10.0, 4.9 Hz, 1H, CH-7), 5.25 (d,
Jun = 10.4 Hz, 1H, CH-3). *C NMR (DMSO-d, 150
MHz): & 15.1 (CHs, C-18), 17.7 (CHs, C-19), 18.8
(CH,, C-13), 20.6 (CHs, C-16), 21.1 (CHs, C-17),
24.9 (CHs, C-20), 25.2 (CH,, C-6), 29.1 (CH, C-15),
31.4 (CH,, C-10), 34.0 (CH,, C-14), 35.3 (CH,, C-9),
39.9 (CH,, C-5), 46.6 (CH, C-1), 70.0 (CH, C-11),
70.3 (CH, C-2), 75.4 (C, C-12), 123.7 (CH, C-7),
126.2 (CH, C-3), 1362 (C, C-8), 137.5 (C, C-4).
DEPT-135 NMR (DMSO-d,, 150 MHz): §15.1 (CH3,
C-18), 17.7 (CHs, C-19), 18.8 (CH,, C-13), 20.6
(CHs, C-16), 21.1 (CHs, C-17), 24.9 (CHs, C-20),
25.2 (CH,, C-6), 29.1 (CH, C-15), 31.4 (CH,, C-10),
34.0 (CH,, C-14), 35.3 (CH,, C-9), 39.9 (CH,, C-5),
46.6 (CH, C-1), 70.0 (CH, C-11), 70.3 (CH, C-2),
123.7 (CH, C-7), 126.2 (CH, C-3).

spectra of

X-ray crystallography

Bruker AXS-KAPPA APEX 1II diffractometer
instrument based on graphite monochromatedCuKa
radiation was used to determine X-ray structure. The
compound was extracted from soft coral S.
trocheliophorum using 1:1 chloroform/methanol
solution as explained by Alarif et al.'” The crystal was
obtained by slow evaporation from spectroscopy
grade chloroform solvent. A good quality crystal is
installed on the rod of the goniometer under inert gas
(nitrogen gas). The collection of the diffraction data
was performed at 0.46 per frame omega scans at 293
K. The softwares Bruker-SMART software and
Bruker-SAINT were used to save and refine the cell
parameters, respectively. The structure was solved
and visualized by the SHELXS-97'"'"* and
MERCURY", respectively. The relevant

crystallographic information is provided in Table I.
For this work the file "CCDC 1535957"
(www.ccde.cam.ac.uk/data request / cif) has the
supplementary crystallographic data.

Computational methods

Density functional theory (DFT) was utilized to
obtain the molecular, structural, electronic, and
vibrational characteristics of the title compound. The
calculations were completed by DFT and Time Based
DFT (TD-DFT). The DFT calculations were done
using a hybrid function of Becke's three-parameter
exchange with Lee—Yang—Parr (LYP) correlation
functional. Gaussian 09 software'* was used to
determine the full geometry optimization of
sarcotrochelioll at the B3LYP level of theory using a
triple-zeta diffuse basis sets 6-311G++(d,p) in gas
phase and in different solvents using PCM model

Table I — Crystallographic information of sarcotrochelioll

and precision of the structure as determined by single crystal
X-ray measurements

Formula CyH340,

Fw 306.5

T (K) 293(1)

Crystal system Orthorhombic

Space group P2,2,2,

a(A) 9.20(4)

b (A) 10.80(4)

c(A) 19.99(9)

a(°) 90

B 90

YO 90

V (nm®) 1986.21

Z 4

density (mg.cm ) 1.024

F(000) 680

Crystal dimensions (mm) 0.08x0.2x0.4

0 range (°) 2.9,27.1

hkl ranges —-10<h<10
—12<k<12
—23<1<23

Data/parameters 3513, 208

Goodness-of-fit 0.992

Final R indices [I > 26 (I)] R1=0.0687
wR2 =0.1351

Highest peak/ deepest hole Apmax= 0.161 eA” /

Apmin =—0.136 eA”*
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(Polarizable Continuum Model). The absence of
negative frequency is used as an important parameter
for verifying the optimization. UV-Vis electronic
absorption (TD method) and NMR chemical shifts
(GIAO method) were determined using the final
optimized geometries at the high level of theory,
B3LYP/6-311G++(d,p) in gas phase and different
solvents. The softwares; Chemcraft', GaussSum'®
and Veda 4 ' were used to analyze the Gaussian 09
output files.

Protein Analysis

The bioactivity score and physicochemical properties
of the compound were calculated by Molinspiration
2016.03 whereas the toxicity was determined by
OSIRIS data warrior 4.6.1 '*. The structures of receptors
middle domain of HSP90 for breast cancer (PDB i.d.
1HK7)" and the androgen receptor pf H874Y
for prostate cancer mutant (PDB id. 2qk7)*
were downloaded from protein data  bank
(http://www.rcsb.org/pdb/home/home.do). All docking
studies were performed by the MOE software. The
compound and the two cancer proteins were compiled
using ChemBioDraw ultra. 3D structures were created
using ChemBio3D ultra 13.0 software. After that
MOPAC software was used to find optimized
geometry. For the generation of ligand and enzyme
structures; all water molecules in the downloaded
proteins and cofactors were removed then the
hydrogen atoms were inserted following the
preparation of the two proteins. MMFF94x force field
was used to specify the parameters and charges. The
site-finder module of MOE created the alpha-site
spheres after the structural model of complexes was
docked on the surface of the minor groove's interior
using MOE's DOCK module®'™**. The Dock scoring
was performed utilizing London dG scoring function
in MOE software and was enhanced by two different
methods of refinement. Auto-rotatable bonds were
allowed; evaluating the best ten binding poses was
guided to achieve the best score. The docking pose
database browser was used to compare the docking
poses in the co-crystallized structure with the ligand,
and to obtain a pose of RMSD. The sorting criteria
were the binding affinity of sarcotrochelioll with the
protein, the binding free energy, the hydrogen bonds
between the compound and amino acid in the
receptor, and the RMSD of the compound position
compared to the docking pose. Hydrogen bonds were
considered only if the hydrogen bond length is less or
equal to 3.5 A°. Both RMSD and the mode of

interaction of the protein ligand were used as standard
docked models.

The PreADMET program was accessed from
http://preadmet.bmdrc.org/. Andrographolide and eight
structure modifications were used in this study
(Figure 1). The structure of all compounds was
transferred into molfile (*.mol). The program calculated
the predictive absorption for Caco-2 cell, human
intestinal absorption (HIA), and plasma protein binding.
Estimating the toxicity properties (mutagenicity and
carcinogenicity) was achieved using Toxtree software
and Benigni/Bossa rule-base methods.

Results and Discussion

NMR study of sarcotrocheliol 1
solvents

The spectra of sarcotrocheliol 1 'H, °C, and DEPT-
135 NMR were examined in four different solvents. In
the 'H NMR spectra, there was a small variation in the
chemical shifts when using CD;CN, MeOH-d, or
DMSO-d; instead of CDCl;. For example, comparing
the chemical shifts of the protons H-11 and H-2 which
are situated near the electronegative oxygen atom, it
was observed that proton H-11 appears at o 3.88, 3.76,
3.85 and 3.60, and, H-2 proton was detected at §4.55,
445, 4.53 and 4.35 in CDCl;, CD;CN, MeOH-d,; and
DMSO-ds, respectively (see Experimental Section and
also the 'H NMR spectra on the Supplementary
Information). On the other hand, the alcohol proton OH
was not observed in the case of CDCl;. However, in
CD;CN, the alcohol proton OH was observed as a
broad signal at 6 2.70. In DMSO-ds, the OH proton
was detected as a doublet at o 4.45 with coupling
constant Jyy = 6.9 Hz. This behavior, which was only
observed in DMSO-dg, can be explained due to the
coupling of OH proton with the adjacent proton H-11.
In MeOH-d,, the alcohol proton OH was not observed
because of the rapid exchange with the solvent or the
water in the solvent.

In the ?C NMR spectra, it was observed that the
carbons C-2 and C-12 directly attached to the oxygen
atom (or C-11 attached to OH) were slightly affected
by the solvent. For example, C-11 was detected at o
71.1, 70.3, 70.5 and 70.0 in CDCl;, CD;CN, MeOH-
d, and DMSO-dg, respectively. On the other hand, the
chemical shifts (in CDCl;) at 6136.0 and 138.7 shows
that C-8 and C-4, respectively, are olefinic carbon
atoms. In the DEPT-135 NMR spectra, the signals of
C-4, C-8 and C-12 are absent which indicates that
they are quaternary carbon atoms.

in different
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Crystal structure determination

The molecular structure and atoms numbering of
sarcotrochelioll are presented in Figure 2. Also, the
crystal packing along the a-axis is shown in Figure 3.

Table I displays the crystal data and compound 1
structure refinement. Table S1 (Supplementary
Information) lists specific parameters of crystals;
bond lengths, bond angles, and angles of torsion.
Sarcotrochelioll is found to be crystallized in the
P2,2,2, space group containing four molecules per
cell unit. The compound shows the main cembranoid
skeleton which is the 14-membered ring with few
double bonds and methyl-group branches. However, 1

Figure 2 — ORTEP Sarcotrochelioll description focused on the
structural data of the crystals; displaying the numbering scheme of
atoms and the probability of displacement ellipsoids of non-H
atoms by 20%.

Figure 3 — Packing diagram for sarcotrochelioll, viewed down the a-
axis, displaying the intermolecular H-bonding as dashed lines

is composed of a rare pyran-based structure that is
formed from connecting oxygen atom with two
carbon atoms. The resulting structure is oxabicyclic
that has two cycles that are fused at C2-O1-C12; six-
membered ring (tetrahydropyran) and twelve-
membered ring with two non-conjugated double
bonds (oxacyclododecadiene). The final structure has
three methyl, one isopropyl, and one hydroxyl groups.
The six-membered ring has a near chair configuration
with isopropyl group branching from CI1 at the
equatorial position. However, two angles appear to be
stretched, compared to the perfect chair configuration,
C2-01-C12 (120.0°) and C1-C13-C14 (115.7°) which
might be due to the existence of; the larger ring, the
oxygen atom and the isopropyl group. The 12-
memebered structure has two double bonds that
provide a relatively constrained configuration. Most
angles are found to be within the expected values
except two vinylene angles; C2-C3-C4 and C8-C7-C6
which are found to be particularly high with a value
of more than 127° which may result from the
constraint of the 12-memebered ring. C2-C3 and C8-
C7 are determined to be double bonds based on their
bond lengths; 1.350 and 1.34 A, respectively. Also, C-
H bond length of the vinyl groups is found to be 0.931
A and 0.93 A for C3-H3 and C7-H7, respectively. C-
C bond lengths of the rest of carbon atoms are found
to be in the range of 1.491-1.564 A which are the
normal values for sp’ carbon atoms. Also, C-H bond
lengths are reported to be 0.96-0.98 A. In the crystal,
the molecules are assumed to be stabilized by
02 ---H21" Ol intermolecular hydrogen bonds
(Table II and Figure 3).

Computational study of the structure 1

Geometry optimization

sarcotrocheliollstructure was optimized using DFT
at the B3LYP/6-311++G(d,p) level of theory. The HF
energy was estimated as -933.27319789 a.u. whereas
the calculated dipole moment was 2.1571 D. The
detailed bond lengths, bond and torsion angles are
presented in Table S1 (Supplementary Information)
with the comparison with the experimental data. The
theory was able to provide relatively good
expectations, i.e., the angles C2-C3-C4 and C8-C7-C6
are found to be as high as the experimental value
(above 127°). Also, C2-C3 and C8-C7 are determined
to be double bonds due to their bond lengths values;
1.3405 and 1.334 A, respectively, which are almost as
same as the experimental values. C-C bond lengths of
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Table IT — The possible Hydrogen intermolecular bonds that revealed from crystal packing (A,°)

DHA
02 ---H...01

D-H
1.04(3)

H..A
1.757(3)

D..A
2.797(2)

D-H.A
170(3)

the rest of the carbon atoms are found to be in the
range of the experimental values with an error of less
than 2%. In general, The geometrical parameters
changes between the crystal and the optimized
structures are not significant when related to the C-C
or C-O bonds. However, all C-H bond lengths are
noticed to be mostly overestimated for all H-X bonds
(vinyl-C-H, sp’-C-H, or O-H) which agrees with
previous studies®. Also, the two angles were found
underestimated by more than 5% compared with
experimental values; H21-02-C11 and O1-C2-H2.
The correlation coefficient for the bond length, bond
angles, and torsion angles between the experimental
and theoretical are determined to be 0.9438, 0.8525
and 0.994, respectively, with a slope of 1.00 (the
intercept was forced to be 0) for all plots (Fig. S1).
(Supplementary Information).
Vibrational and potential energy distribution
(PED) analysis

Sarcotrochelioll has 56 atoms, belongs to C1 point
group and has 168 normal vibration modes along with
the 162 degrees of freedom. The fundamental
vibrations of the optimized geometry of the ground
state for 1 are assigned at the B3LYP/6-311++G(d,p)
level using the Gaussian 09 program. Vibration
frequencies computed at B3LYP/6-311G(d,p) level
were multiplied by 0.9679 which is a typical scaling
factor for this method?®.

The experimental FTIR results reported seven
peaks for the IR spectrum at 3470, 3053, 2935, 1661,
1442, 1355 and 860 cmas reported by Alarif et al."’

Two sharp peaks at 3053 and 2935 cm™ that
arcoerresponding to the C-H stretching frequencies
are calculated at 2971 and 2932 cm™'. The peak that is
attributed to C= C stretching at 1661 cm™ is estimated
at 1655 cm™ theoretically. Table S2 (Supplementary
Information) provided the detailed descriptions of the
assignment. The computed frequencies were allocated
through the Veda 4 software'’. The predicted “scaled”
vibrational frequencies are harmonious with the
experimental data which means that the scaling factor
is necessary and working well. However, the stretching
frequency of O-H (experimentally 3470 cm™) is found
by DFT at 3728.6 cm™. This poor correlation between
the experimental and calculated value could be

attributed to the difficulty in assigning the peak
experimentally due to its broadening nature, and the
hydrogen bonding effect in DFT.

NMR analysis

The NMR analysis was done by measuring the 'H,
"C and DEPT-135 NMR spectra for the
sarcotrochelioll experimentally in four different
deuterated solvents (CDCl;, CD;CN, MeOH-d,, and
DMSO-d;). Also, the chemical shifts of 'H and "*C
nuclei were calculated using DFT. A comparison lists
of chemical shifts for "H and "C nuclei obtained
experimentally and theoretically are shown in
Table III with the atom numbering the same as in
Figure 2. Chemical shifts in the 'H and *C NMR
spectra were allocated using DFT calculations of
shielding constants which were referenced by TMS
shielding constants which were determined at the
same theory level. The experimental results were in
good agreement with the theoretically calculated
chemical shifts by judging the values of the
correlation coefficients (the intercept was forced to be
0). R? is found to be 0.932 for 'H using the solvents
DMSO-dgand CD;CN, 0.9261 for MeOH-d,;, and
0.9406 for CDCl;. Besides, the correlation
coefficients for °C are 0.9985 for each of CD;CN and
CDCl;, 0.9989 for DMSO-ds and 0.9988 for MeOH-
ds (Fig. S2) (Supplementary Information).

Electronic spectra

In the calculated UV spectra, TD-DFT with PCM
was used for modeling the solvent effect. Four
solvents were used for this study; CHCI;, CH;CN,
MeOH, and DMSO. The spectra were also calculated
in gas phase for comparison. Three relatively weak
absorption wavelengths (Ay.x) are expected in the UV
spectrum based on calculations. The computed Apax
and their corresponding oscillator strength are listed
in Table IV. The major orbital contribution in the UV
spectrum was determined and given in Table IV
(column 3). The calculation revealed that the
absorption wavelengths were sensitive to the solvent
used. In CHCls, the three A, ’s were shifted from the
gas phase to lower values (bathochromic shift). The
other three solvents (CH;CN, MeOH and DMSO) had
no significant differences in their electronic results
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Table III — The details 'H and "*C chemical shifts of sarcotrochelioll measured experimentally and
calculated by (GIAO B3LYP/6-311++G(d,p)) in four different deuterated solvents
Atom CDCl; CD;CN MeOH-d, DMSO-d,
Exp. DFT Exp DFT Exp. DFT Exp. DFT
C-18 15.1 16.4694 14.2 16.2436 13.9 16.2484 15.1 16.2315
C-19 17.3 15.1908 16.7 14.9913 16.2 14.9946 17.7 14.983
C-13 18.7 21.3813 18.5 21.1834 18.3 21.187 18.8 21.174
C-16 20.3 21.0348 19.6 20.9765 19.3 20.977 20.6 20.9754
C-17 20.8 20.5626 20.1 20.5242 19.7 20.5242 21.1 20.5239
C-20 24.2 24.2627 23.8 24.2492 233 24.2492 24.9 24.2492
C-6 25.2 30.3073 24.8 30.2732 24.7 30.2738 25.2 30.2716
C-15 29 33.4405 28.9 33.4658 28.9 33.4651 29.1 33.4676
C-10 31.9 33.4405 313 33.6605 30.7 33.6558 314 33.6728
C-14 33.7 35.8454 33.7 35.7193 33.6 35.7217 34 35.7132
C-9 353 39.613 34.9 39.4171 34.8 39.4213 353 39.406
C-5 39.9 44.4018 394 43.959 394 43.9681 39.9 43.936
C-1 46.6 50.808 46.7 50.7709 46.7 50.7712 46.6 50.7704
C-11 71.1 75.3088 70.3 76.8067 70.5 76.8064 70 76.8074
C-2 71.9 76.7883 70.8 75.8053 71 75.7951 70.3 75.8311
C-12 75 80.9823 75 81.2093 75.9 81.2044 75.4 81.2218
C-7 124.1 130.8794 123.7 131.4879 123.7 131.4743 123.7 131.5234
C-3 125.5 132.252 126 132.2459 125 132.2445 126.2 132.2497
C-8 136 146.702 136.1 146.5811 135.8 146.5844 136.2 146.5717
C-4 138.7 151.1682 137.9 151.059 139 151.0646 137.5 151.046
Atom CDCl; CD;CN MeOH-d, DMSO-d,
Exper. DFT Exper. DFT Exper. DFT Exper. DFT
CH-1 1.27 1.0805 1.26 1.078767 1.23-1.57 1.077133 1.04-1.25 1.082933
CH-2 4.55 4.5183 4.45 4.5473 4.53 4.5469 4.35 4.5484
CH-3 5.28 5.4639 5.36 5.5379 5.37 5.5364 5.25 5.5416
CH,-5 1.97-2.04 2.2256 1.96-1.98 22277 2.03-2.15 22278 1.94-1.97 2.20265
2.16-2.21 2.00686 2.16-2.18 2.079533 2.21-2.23 2.0791 2.12-2.14 2.0612
CH,-6 2.16-2.21 2.00686 2.33-24 2.079533 2.03-2.19 2.0791 2.03-2.06 2.0612
2.31-2.37 2.5482 2.05-2.14 2.5566 2.36-2.41 2.5565 2.23-2.30 2.5569
CH-7 5.0 5.1335 5.01 5.1898 5.02 5.1885 4.92 5.193
CH,-9 1.97-2.04 2.00686 2.05-2.13 2.079533 2.03-2.17 2.0791 1.94-1.98 2.0612
2.14 2.1397 2.079533 2.03-2.18 2.0791 1.94-1.99 2.0612
CH,-10 1.28-1.37 1.3203 1.27-1.30 1.27454 1.23-1.58 1.274 1.04-1.26 1.27594
1.78 1.4499 1.96-1.98 1.4325 2.03-2.15 1.4331 1.94-1.96 1.4309
CH-11 3.88 3.9608 3.76 4.015 3.85 4.014 3.6 4.0173
CH,-13 1.41-1.48 1.232 1.43-1.51 2.079533 1.23-1.61 2.0791 1.48-1.54 2.20265
1.5312 1.1402 1.1399 1.1407
CH,-14 1.2 1.0805 1.17 1.27454 1.23-1.56 1.274 1.04-1.24 1.27594
2.4 2.1397 2.33-2.41 1.53155 2.44-2.46 1.53155 2.35-2.38 1.53165
CH-15 1.28-1.37 1.232 1.27-1.30 1.27454 1.23-1.59 1.274 1.36-1.42 1.27594
CH;-16 0.74 0.3755 0.75 0.38435 0.76 0.3842 0.69 0.3846
1.232 1.27454 1.274 1.27594
0.786 0.7757 0.7756 0.7758
CH;-17 0.89 0.3026 0.9 0.3081 0.92 0.308 0.84 0.3082
0.6453 0.6545 0.6543 0.6549
0.786 0.8833 0.8836 0.8826

(contd.)
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Table III — The details 'H and "*C chemical shifts of sarcotrochelioll measured experimentally and
calculated by (GIAO B3LYP/6-311++G(d,p)) in four different deuterated solvents (contd.)

Atom CDCl; CDs;CN MeOH-d, DMSO-d,

Exp. DFT Exp. DFT Exp. DFT Exp. DFT

CH;-18 1.66 1.5312 1.63 1.53155 1.68 1.53155 1.57 1.53165
1.5312 1.53155 1.53155 1.53165

2.00686 2.079533 2.0791 2.0612

CH;-19 1.63 2.00686 1.62 19114 1.64 1.9121 1.55 1.9098
1.232 1.27454 1.274 1.27594

1.5312 1.53155 1.53155 1.53165

CH3-20 1.04 0.8943 0.93 1.0086 1.02 1.009 0.87 1.0077
1.0805 1.078767 1.077133 1.082933

0.3755 0.38435 0.3842 0.3846
O-H - 1.0805 2.7 1.078767 - 1.077133 4.45 1.082933

Table IV — The predicted singlet state transitions of sarcotrocheliol molecule 1, computed by TD-DFT method, with its oscillator
strength and major contribution of orbitals in gas phase and in four different solvents

HOMO->LUMO (69%), HOMO>L+1 (18%)

H-12LUMO (19%), HOMO->LUMO (18%), HOMO->L+1 (44%)
H-1>LUMO (66%), HOMO->L+1 (16%), HOMO->L+3 (10%)
HOMO->LUMO (69%), HOMO>L+1 (18%)

H-1- LUMO (16%), HOMO = LUMO (18%), HOMO->L+1 (46%)

HOMO->LUMO (69%), HOMO>L+1 (18%)

H-1>LUMO (18%), HOMO>LUMO (18%), HOMO>L+1 (45%)
H-1LUMO (66%), HOMO->L+1 (15%), HOMO->L+3 (10%)
HOMO->LUMO (74%), HOMO>L+1 (15%)

H-12LUMO (65%), HOMO->LUMO (10%), HOMO->L+1 (14%)
H-1LUMO (22%), HOMO->L+1 (46%), HOMO>L+3 (15%)
HOMO->LUMO (83%), HOMO->LUMO (83%)

H-19LUMO (85%), H-1>L+2 (3%), HOMO->L+1 (6%)

Wavelength Oscillator Major orbitals contributions
(nm) Strength
228.2100 0.0004
MeOH 222.7008 0.0055
221.8202 0.0118
228.1386 0.0005
DMSO 222.6168 0.0053
221.7528 0.0132 H-1->LUMO (68%), HOMO->L+1 (14%)
228.1848 0.0004
CH;CN 222.6768 0.0054
221.8004 0.0121
230.1587 0.0001
CHCl, 224.4870 0.0123
224.0084 0.0022
Gas phase  234.6541 0.0014
231.5644 0.0044
230.3683 0.0006

HOMOSL+1 (56%), H-1LUMO (7%), H-1L+1 (5%), HOMO>LUMO (7%),

HOMO-L+2 (7%), HOMO->L+3 (6%), HOMO->L+4 (6%), HOMO>L+5 (2%)

but another bathochromic shift from CHCI; results.
From the above results, it is very convincing that
polarity plays a major role in contributing to the shift
in the electronic spectra. The major transitions are of
the type m — n* which is caused by the two double
bonds.

HOMO-LUMO analysis

Among the most important characteristics that
affect the chemical stability of a molecule are the
Frontier molecular orbitals (FMOs) and the
interactions between the atoms. Such features are
effective for judging optical and biological activities.
Among the most important FMO's are the highest
occupied molecular orbital (HOMO) that shows the
ability to donate an electron, and the lowest

unoccupied molecular orbital (LUMO), which reflects
the ability to accept an electron. Fig. S3
(Supplementary Information)reveals the electron
density of the highest five occupied and lowest five
unoccupied molecular orbitals. In the title compound,
the HOMO, LUMO, and LUMO-+1 orbitals were
mostly localized over the two double bonds
suggesting the major transitions are n-n* as can be
seen also in TableIV for the major orbital
contribution of the first two lines in an electronic
transition. HOMO-2 and LUMO+2 electron densities
are observed to be localized on the oxygen atom of
the ether functional group (O1). HOMO-1 has the
electron density localized on the neighborhood of
oxygen atom O1. In HOMO-3 and LUMO+3 the high
electron density is shown around oxygen atom of the
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alcohol (02) atoms. LUMO+4 the electron density is
localized over the two oxygen atoms. HOMO-4 has
the electron distributed on the isopropyl group.

The energy gap between the HOMO and LUMO is
considered to be important in predicting the major
electronic transition. The values of the energy gaps (in
eV) are estimated as; 5.91 for gas phase, 6.05 for CHCl,,
6.11 for CH;CN, 6.11 for MeOH and 6.12 for DMSO.
This order is relatively in good agreement with the
previous section of the absorption wavelength order and
at the same time the order increasing polarities. The
solvent of the highest polarity (DMSO) makes the largest
energy gap (Fig. S4). (Supplementary Information).

Molecular electrostatic potential

The chemical reactivity of a given compound can be
predicted by studying the MEP (molecular electrostatic
potential). Through MEP it is possible to specify the
sites in the molecule that are vulnerable for nucleophilic
or electrophilic attacks. Also, we can identify the
hydrogen-bonding interactions and better recognizing
the possible biological processes.

The electronic surface potential of the optimized
structure of sarcotrochelioll is drawn in Figure 4.

One clear positive region, blue color, is
concentrated over the H of the hydroxyl group (OH).
This hydrogen atom is considered to have the highest
electrophilic reactivity in the molecule. Two negative
regions (red color) are found localized over the two
oxygen atoms. These two positions have a relatively
nucleophilic reactivity. The intermolecular hydrogen
bonding is included in the MEP map.

Pharmacokinetic and molecular docking study

Physicochemical study
Table V displays (vide supra) the physicochemical
parameters of the compound among reference drugs

by applying different drug rules and filters. The
isolated compound that meets with the criteria of the
rules displaying the drug-like character. The rules
include the molecular weight and number of rotatable
bonds. When the molecular weight of the compound
is less than 500, it is predicted that this compound can
be easily moved, diffused and absorbed. Also, when
the number of rotatable bonds in the compound is less
than 10 it indicates that molecular flexibility is low.
TPSA, which is correlated with the hydrogen bonding
of a molecule, is considered to be an indicator of the
bioavailability of the drug molecule, which can be
identified by the Osiris tool based on the summation
of surface contributors of polar fragments®’.

Toxicity potential

Table VI and Table VII represent the toxicity potential
evaluation data of the compound as calculated by OSIRIS
Property”’ and PreADMET Explorers™, respectively. The
software can expect the toxicity potential in its database
based on the similarity of the studied drugs with known
structures. The computational toxicity risk assessment is
required to avoid any improper effect or when further
drug screening is important™.

Table V— Drug-likeness calculations of metal complexes based
on Osiris property explorer

Property value Score
cLogP 5.876 0.359
logS -4.085 0.714
M.wt 306 0911
Drug-likeness -4.823 0.007
Number of HBA: 2
Number of HBD: 1
MolPSA 23.37 A2
MolVol 396.78 A3
Drug overall score 0.168

Figure 4 — The map's color code reflects the range from —6.21x107% eV (deepest red) to 6.21x1072 eV (deepest blue)
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Bioactivity score prediction

The bioactivity scores for a moderately active
compound is expected to be from -5.0 to 0.0, whereas,
higher than zero means a significant bioactive
compound and less than -5 means the compound is
inactive®. Sarcotrochelioll has a score of 0.168
which suggests that our compound poses a
considerable biological activities.

Table VI— Toxicity calculations of pyran-based cembranoids,
sarcotrochelioll based on Osiris property explorer

Toxicity score Type of risk
Mutagenicity 1 No risk
Tumorgenicity 1 No risk
Irritating effects 0.6 High risk
Reproductive effects 1 No risk

Table VII — Toxicity calculations of the compound based on
PreADMET property explorer

Value

0.00865068

non-mutagen

Toxicity
Acute algae toxicity
Ames test*

Bioassay on carcinogenicity in mouse for 2 years  positive
Bioassay on carcinogenicity in rat for 2 years negative
Acute daphina toxicity 0.0915107
in vitro Human ether-a-go-go related gene Low risk
channel inhibition

Acute fish toxicity (medaka) 0.0110459
Acute fish toxicity (minnow) 0.00116672
In vitro Ames test results for strain TA100 negative
(Metabolic activation by rat homogeneous liver)

in vitro Ames test results for strain TA100 negative
(No metabolic activation)

in vitro Ames test results in TA1535 strain negative
(Metabolic activation by rat liver homogenate)

in vitro Ames test results in TA1535 strain negative

(Metabolic activation by rat liver homogenate)

* Ames test is used for the examination of mutagenicity of a
compound*.

Pharmacokinetic parameters and toxicity potential
by Molinspiration

Another method to determine the bioactivity score is
by Molinspiration, especially for drug target compounds
(Table VIII). As the value gets higher than zero the
compound’s activity increases whereas the value of
fewer than zero means inactive (typically -0.5 to 0.0).
Any value that is less than -0.5 corresponds to an
inactive compound®'. The results of sarcotrochelioll
showed some significant drug-likeness activity against
nuclear receptor ligands and enzyme inhibitor whereas it
shows moderate activity toward GPC ligand, ion
channel and protease inhibitor. On the other hand, the
compound reveals inactivity against Kinase inhibitor.
We beleive that the differences in bioactivity correlate to
the changes in the compound-protein interactions.

Molecular docking study

The  molecular docking score  between
sarcotrocheliol 1 compound with PDB code = 1hk7
(breast cancer protein) and PDB code = 2q7k
(prostate cancer protein) were estimated as -6.31 and -
5.92, respectively. The study was done using the
MOE program. The results reveal a good docking
score for the compound toward both proteins with a
relatively higher score toward 2q7k. This can be
explained by the interaction mode of the compounds
toward the proteins cancer from the oxygen of
oxabicyclo to Val(365) amino acid of prostate cancer
by hydrogen donor hydrogen accezz?;c?r interaction as

described in Figure 5 and Figure 6 ~".

Table VIII — Bioactivity score of the compounds

Molinspiration bioactivity score v2018.03

GPCR ligand 0.20
Ton channel modulator 0.27
Kinase inhibitor -0.45
Nuclear receptor ligand 0.69
Protease inhibitor 0.19
Enzyme inhibitor 0.59

Figure 5 — 3D and 2D docking interaction of the isolated compound with breast cancer protein (PDB code = 1hk7)
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Figure 6 — 3D and 2D docking interaction of the isolated compound with prostate cancer protein (PDB code = 2q7k)

Conclusions

A recently discovered rare marine origin
cembranoid compound was studied experimentally
and theoretically to determine its structural and
electronic information. Single crystal X-ray method
was used to obtain the exact sarcotrocheliol 1 crystal
structure showing that the molecule is crystalline as a
P2,2,2, space group orthorhombic. Experimentally
and theoretically, 'H, "C and DEPT-135 NMR
spectra of 1 were measured in four different solvents;
CDCl;, DMSO-ds, MeOH-dy and CD;CN. Density
functional theory (DFT) approach has been used for
computational properties at the theory level
B3LYP/6-311++G(d, p). A comparatively good
agreement between the experimental values with the
theoretical vibrational frequencies calculated by DFT
calculations. Time-dependent DFT (TD-DFT)
implanted with the polarizable continuum model
(PCM) was used to calculate the electronic absorption
spectra in the gas phase and in the specified solvents.
The correlation coefficients between the calculated
(DFT/GIAO) and experimental NMR chemical shifts
are found to be 0.92 and 0.998 for 'H and °C NMR,
respectively. The compound shows a significant
activity toward prostate cancer and breast cancer
protein. It also appears to have lower toxicity toward
TA100 and TA1535 strains.

Supplementary Information

Supplementary information is available in the
website
http://nopr.niscair.res.in‘handle/123456789/58776.
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