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ABSTRACT

In this work, we present the synthesis gfa&&etoxy cholest-5-ene using zinc triflate Zn(QE3

a catalyst. The synthesized molecule has been abamed by single crystal XRD,
spectroscopic techniques and density functionabrihéDFT) calculations. The compound
crystallizes in the monoclinic space groBf@; with cell dimensions, a = 16.585(2), b =
9.5175(12)& c= 17.656(2)&, a =90.00,4 = 106.369(4)y = 90.00. The systematic analysis of
intermolecular interactions in crystal structuresveecomplished by Hirshfeld surface analysis
and fingerprint plot. Molecules are linked by a ¢onation of C---H, C---C, H---H and O---H
contacts, which have clear signatures in the fimgetr plots. The theoretical DFT/B3LYP
calculations have been attempted to obtain themiged geometry, IR/NMR spectra, natural
bond orbitals, frontier molecular orbitals and was structure based molecular properties. We
compared the conformations of the compound in ssiedde and in solution by calculation of

dihedral angles and coupling constant values.
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1. Introduction

Cholesterol cell toxicity is well-known to be in#aced by C-3 esterification [1]. The
esterification catalyzed through acyl coenzyme Hglesterol acyl transferase intracellularly or
lecithin cholesterol acyl transferase in plasmaol€steryl esters have been observed in
lipoproteins and oxidised lipoproteins and it shaws way by which the cholesterol can be
accrued in cells and lipid droplets. Further, estam potentially play a role as hydrophilic weak
acid transporters to target cancer cells [8].the last few decades, much attempt has been
devoted to developing transition metal catalyzedtifie facile construction of the skeleton of
heterocycle$3]. Zinc triflate has been utilized as a catalyst toeprehensive range of organic
syntheses in the past few years Hifshfeld surface analysis approach is a very coiarg and
widely used tool in the field of crystallographyrfthe investigation of different kinds of
intermolecular interactions and crystal packingisHiield surface [5-8] based tools seem to be
extremely appropriate for the visualization of afions in the intermolecular interactions as
crystal structure gives the most obvious insighttleé intermolecular contacts and crystal
packing. The surfaces encode knowledge abouttalimolecular interactions offers a facile way
for getting an idea on crystal packing. The asgedidingerprint plot [9, 10] investigates
guantitatively the varieties of intermolecular cats experienced by molecules and depicts this
valuable information in a suitable color plés part of our ongoing studies on crystal analgsis
steroidal compounds [11-14], catalytic synthediggle crystal analysis offBacetoxy cholest-5-
ene was carried out along with the Hirshfeld swefanalysis to explore the close contacts and
crystal packing. DFT/B3LYP method is widely used dqnantum chemical calculations of
molecules due to its low computational cost anddgaccuracy. This method has been employed

on various steroids molecules to obtain their $tmat information, spectra and physiochemical



properties [15-18]. In the present work, DFT/B3L¥RIculation results are used not only to
support the experimental data like molecular geométTIR and NMR spectra but also to
explore various structure based molecular properiibe optimized geometry and the simulated
spectra (IR and NMR) have been compared with thEermxental one and they are found in
good agreement. Thus, structure based theoretital ltke HOMO-LUMO energies, molecular
electrostatic potential (MEP), non-linear opticBlLQO) parameters, thermodynamic quantities
and global reactivity indices of the present commbbas been accurately estimated. In addition,
spectral, thermal and morphological properties vadse investigated.

2. Experimental and theoretical details
2.1. General

All reagents and solvents were obtained commeycaadt utilized as received. Kofler apparatus
was used to detect the Melting point. The FTIR spet of present compound was recorded by
KBr pellets technique using Interspec 2020 FT-IR&mmeter spectro Lab in the region 4000-
400 cm'. NMR spectra were measured in CR6h a Bruker Avance Il 400 NMR Spectrometer
at 400 MHz tH-NMR) and 100 MHz {C-NMR). Chemical shiftsq in ppm) are reported
relative to the TMS'H NMR) and to the solvent signdC NMR spectra). Elemental analyses
of the present compound were performed on PerkneEl2400 CHN Elemental Analyzer.
Thermal study of the compound was performed usi@&/DTA-60H instrument (SHIMADZU)

at a heating rate of 20 °C rififrom ambient temperature to 800°C. Powder X-rdfratition
(CuKa radiation, scan ratesnin, 293 K,i= 1.54A) was performed on a Bruker D8 Advance
Series 2 powder X-ray diffractometer. Mass speutezle measured on a JEOL D-300 Mass
Spectrometer. The surface morphology of the comgpowas monitored using JEOL JSM-

6510LV scanning electron microscope (SEM), Thiretaghromatography (TLC) plates coated
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with silica gel G were exposed to iodine vaporsde the homogeneity as well as the progress of

reaction. Sodium sulfate in anhydrous form was w@sed drying agent.
2.2. SynthesisfBacetoxy cholest-5-ene

To a mixture of cholesterol (1 mmol) and aceticyahitde (1 mmol) in methylene chloride (20
mL), Zn(OTf) (0.1 mol %) was added. This mixture was stirretbam temperature for 30 min.
Completion of reaction was monitored by TLC, affeenching with added sat. NaHCO3 aq the
products extracted into methylene chloride (3x20.nflhe organic layer after the washing with
water, dried over anhydrous 0O, and concentrated to obtain the desirable prodifijt [The
compound was crystallized from acetone and obtacwdorless crystals appropriate for X-ray
diffraction. Yield (91%); m.p. 112C; Anal. Calc. for GoH450,: C, 81.25; H, 11.29 (%). Found:
C, 81.29; H, 11.26 (%); IR (KBr, ch): 2948, 2870 (C-H, stretching), 1736 (C=0), 145568
(C-H, bending), 1670 (C=C), 1246 (C-OH NMR (CDCk, 400 MHZz):5 5.4 (1H, t, C10H,) =
2.31, 2.78 Hz), 4.54 (1H, m, @H, Wi1,= 14 Hz, axial), 2.01 (3H, s, OCOGH1.10 (3H, s, 8-
CHs) 0.67 (3H, s, 16-ChJ, 0.90 and 0.85 (other methyl protonSIt NMR (CDCk, 100 MHz):

6 170.19 (C=0), 139.54 (C-5), 122.57 (C-10), 77.63Q), 56.67, 56.17, 50.03, 42.28, 39.73,
39.52, 38.11, 37, 36.53, 36.21, 35.81, 31.88, 3128424, 27.98, 27.76, 24.27, 23.89, 22.82,

22.58, 21.23, 21.03, 19.28, 18,72, 11.84; MS (B8l 428.37 [M].

2.3. X-ray diffraction

The intensity data (three dimensional) for theetiticompound were generated at 100 K on
Bruker KAPPA APEXIlI DUO diffractometer using CuoKradiation 4= 1.54178 A). The
structure was solved by direct methods using SHEBXSsoftware (SHELDRICK, 1990).

Isotropic refinement of the structure by least-sggamethods was carried out by using



SHELXL-97 (SHELDRICK, 1997) followed by anisotropiefinement onF? of all the non-
hydrogen atoms. Crystallographic data (excludimgcstire factors) of gacetoxy cholest-5-ene
reported in present article have been depositdd twé Cambridge Crystallographic Data Centre
(CCDC) as deposition No. CCDC 1837266. Positionsalbfhydrogen atoms were obtained
geometrically with Uiso (H) = 1.2-1.5 B¢, (parent atom). A riding model was utilized in thei

refinement (C-H = 0.98-1.00 A).
2.4. Hirshfeld surfaces calculations

Molecular Hirshfeld surfaces [20] in the crystatusture have been generated from electron
distribution which was computed as the sum of dpakatom electron densities [21]. Hirshfeld
surface is unique for a given crystal structure seidof spherical atomic electron densities [22].
This property suggests the possibility to know #ddal insight into the intermolecular
interaction of molecular crystals. In this worketHirshfeld surfaces as well as fingerprint plots
were produced using CrystalExplorer [23] with tlesults of X-ray studies. In the calculations,
bond lengths to hydrogen atoms were normalizegical neutron values (C-H = 1.083 A) [24]
in order to make sure the internal evenness arepertience of results from the crystal structure
refinement method. The 2D fingerprint plots weresented by using the standard view with the
de and d; distance scales (0.6-2.6 A) displayed on the grapés. The normalized contact
distance dnorm) related to bottde, d; and thevdw radii of the atom, given in Eq. (1), enables to

identify the regions of particular importance fotarmolecular interactions [25]

Srm= -, de— ™ (1)
vow vow
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Distanced. andd; in the expression a.m Where two Hirshfeld surfaces touch, display a red

spot identical in color intensity as well as sibafse because of the symmetry betweesndd;.
2.5. Theoretical calculations

Present theoretical calculations were performedgubibrid functionals (B3LYP) within DFT
framework along with basis set 6-311G(d,p) by Gaums®9 software [26-28]. The initial
coordinates of the present geometry were taken thenmasymmetric unit of present crystal from
crystallographic information file. Potential energyrface scan was performed by varying two
dihedral angles i.e. C16-C6-O-C and C6-O-C5-Clhteck stable conformer of thgs-acetoxy
cholest-5-ene. The optimized geometry and vibraliospectra of the title molecule were
computed in the ground electronic state at B3LY®PI&G(d,p) level of theory (in vacuum). The
IR bands appeared in the FTIR were assigned wehgtieat accuracy using animated modes
visualized by Gauss View 5 program [29]. The thaoa¢ IR spectrum was presented by
Lorentzian band shape with FWHM of 5 ¢min general, harmonic frequencies overestimate the
experimental IR frequencies mainly due to excludingarmonic nature of molecular vibrations
in quantum chemical calculations. Therefore, aarnif scaling factor, 0.967, was used to scale
down the harmonic frequencies [30]. The NMR spe¢trh and *°C) were simulated in the
solution phase (CD@g) using integral equation formalism of polarizabntinuum model (IEF-
PCM) within GIAO-B3LYP/6-311G(d,p) method. The cheal shifts (in ppm) were calculated
with respect to TMS shielding (as reference) atesdenel of theory. Natural atomic charges,
hybridization, and hyper conjugative interactiongrgies were obtained by natural bond orbital
analysis (NBO) using NBO 3.1 program [31]. In adbglif molecular energy, dipole moment,

frontier molecular orbitals (HOMO-LUMO), non-lineaptical (NLO) parameters, molecular



electrostatic potential, thermodynamic data andbuarreactivity descriptors for the synthesized

compound have been also computed at same levetoifit
3. Resultsand discussion

In this work, we synthesizeg-acetoxy cholest-5-enesing Zn(OTf) as a catalyst instead of
using pyridine [32]. Our approach offeriee same product in less time and better yigtdH
NMR, *C NMR, elemental analysis and single crystal XRDadagree with the supposed
structure depicted in schemieThe DFT/B3LYP results are used to support expertaietata

for the presented compound.

acetic anhydride

Zn(OT1),

Scheme 1: Synthesis of 8-acetoxy cholest-5-erfeom cholesterol

3.1. Description of crystal structure

The asymmetric unit ofBacetoxy cholest-5-ene »§H450,, consists of two crystallographically
independent molecules, A and B, while unit celltagms 4 molecules. In both molecules, the
three cyclohexane rings are in chair conformatwhge the cyclopentane rings show envelope
and twist conformations in molecules A and B, cgpendingly. The synthesized compound
crystallizes in the monoclinic system with spaceugrP2; due to the presence ofcBiral centers

[24]. The molecules are arranged in head to taiimeaand the crystal packing is stabilized by a



combination of intermolecular interactions (FI). The B/C and C/D ring systems arans
fused about the C(12)-C(13) and C(16)-C(17) boretspectively, while the A/B ring junction is
guasi-trans Side-chain is extended withgauche-transonformation of the terminal C28 and
C29 methyl groups (Fidl). The bond distances and bond angle in the comgpatamfound to be
almost equivalent to earlier report and within nakmanges [33].At position 3, the acetoxy
group is equatorial and antiperiplanar to the C3H08d with torsion angle 177.95 and not
involved in any hydrogen bond. The absolute comfigans of chiral centres were established
from the structure shown, these sites exhibit tlewing chiralities: C3 =S C6 =R, C12 =S
Cl13 =S C16 =R, C17 =S,C21 =R and C22 =R. Due to the non-existence of the strong
hydrogen bond donor in the crystallize molecule,¢bhesion of the crystal structure can only be
attributed to van der Waals interactions. Importenystallographic data along with refinement
details of the structural analyses are summariredable 1. It is important to mention that
previous report [34] did not provide any informaticoncerning the intermolecular contacts,

however our, study demonstrates the existenceast sttermolecular contacts.



Fig. 1. Crystallographic structure ofpaacetoxy cholest-5-ene: (a) asymmetric unit (b)2&w

(c) central projection view and (d) geometry wiglhélling.

Tablel

Crystal data and structure refinement f@ra@etoxy cholest-5-ene.

Empirical formule

Formula mas
Wavelength )
Crystal systel
Space groL
Unit cell dimension
a A

b, A

c, A

o (deg,

p (deg;

y(deg,
Volume,A®

No. of molecules per unit cell (
Calculated density, Mg
Absorption coefficient, mn™)
F(000

Crystal siz

CogH4O;
428.6°
0.71073 /
Monoclinic
P2,

16.585(2
9.5175(12
17.656(2
90.00(
106.369(4
90.00(
2674.0(6
4

1.06¢
0.06¢

952

0.32x 0.21x 0.15m



0 range for data collecti 2.38 t025.5(°

Limiting indices -20<=h<=20-11<=k<=11,-18<=I<=21
Reflections collected 1965¢

Data/restraints/paramet 9607/178/56

Goodnes-of-fit on F? 0.95¢

Final R indices [I>&(1)] R1 = 0.0686, \R2 = 0.136.

R indices (all dat¢ R1=0.1757,\R2 =0.178!

Ry = 2 ||Fo| = [Fell/Z|Fo| with F,2>20(F,%). WR, = [Ew(|F, HF) 7= IR, 1M

3.2. Molecular Hirshfeld surfaces

Hirshfeld surface is a valuable tool for understagdhe surface characteristics of the molecules.
It shows the area where molecules come into coraadttherefore its analysis provides the
additional insight into the intermolecular inteiaos within the crystal. The Hirshfeld surface is
described byegions where the part of the electron density ftbenmolecule of interest is equal
to the contribution from the other molecules. Twe tistances are defined for each point on the
surface:d. (the distance from the point to the nearest nuosedisrnal to the surface), addthe
distance to the nearest nucleus internal to thiasex. The molecular Hirshfeld surfaces @f 3
acetoxy cholest-5-eneere generated using a standard (high) surfacduteso with the 3D
dnorm SUrfaces. The surfaces were mapped over a fixied scale of -0.23 (red) to 1.2 A (blue).
The shape index and curvedness were mapped irokverange of -0.99 to 1 and of -4.0 to 0.4
respectively. The molecular Hirshfeld surfadg,, shape index and curvedness) gfagetoxy
cholest-5-enare presented in Fig@. The normalized contact distancds,m were mapped into
the Hirshfeld surfaces for comparison of intermalac interactions in crystal structures.
Negative values ofl,orm as shown by the red color indicate contacts shtren the sum of van
der Waals radii. The white color visualizes intetacolar distances close to van der Waals
contacts withdnom equal to zero. In turn, positivéhom vValues indicated by blue color define

contacts longer than the sum of van der Waals.raflhe bright red regions in the Hirshfeld
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surface are appeared due to the O---H and C--gtaantion in the compound@he H---H and C--

-C contacts can be seen by other visible spotherstirface correspon8hape index describe
the surface shape, and it is sensitive to verydhmnges in surface shape, mainly in areas where
the total curvature (or the curvedness) is very. [bhe information expressed by shape index is
given with the 2D fingerprint plot. The flat areab the surface have correspondence to low
values of curvedness, while sharp curvature areasetated to high values ofirvedness. This
usually tends to divide the surface into patcheprasenting interactions between neighboring
molecules. The 2D fingerprint plots can be decoraedds highlight close contacts of particular
atom pair [11].The 2D fingerprint plots, analyses all the interewollar contacts simultaneously,
revealed that the main intermolecular interactionthe present compound were C---H, H---H,
O---H and C---C intermolecular interactions (F8). H---H interactions, which cover most of
regions in the 2D fingerprint plots, have a majontcibution to the total Hirshfeld surfaces
(85.9%).The O---H contacts are appeared as distinct sp&eging in the direction of the lower
left of the plot. In these complementary regiong omolecule acts as donal (> d;) and the
other as an acceptade(< di). The minimum value ofd; + d) i.e. the shortest contact is around
1.9A which point out the significance of these iatgions. The proportion of H---O interactions
comprising 8.2% of the total Hirshfeld surfaces tloe molecule. The top left and bottom right
regions of the fingerprint plot are the charactariswings” which are identified as a result of
C---H interactions. The decomposition of the firgyert plot for H---C contacts comprised 5.4%
of the total Hirshfeld surface area. Finally, C-e@ntacts comprised 0.5% of the total Hirshfeld
surface area. Thus the nature of the interactiontie title compound is straightforwardly
understood using Hirshfeld surface, with the resturther highlighting the importance of the

technique in mapping out the interactions withie ttrystal and this tool has very important
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promise in crystal engineerinhe Hirshfeld surface allows a much more detailgditsy by
exhibiting all the intermolecular interactions aaldo by quantifying them in two dimensional

fingerprint plot within the crystal.

(c)

Fig. 2. Hirshfeld surfaces mapped with (ap@ (b) surface index and (c) curvedness @f 3
acetoxy cholest-5-ene. The surfaces are shownaasp@arent to allow visualization of the
orientation and conformation of the functional greun the molecule.

12



: I
Ja (TRl @] & Ld
1
= o T 2.2 | ‘7:,‘ S - 22
2 — 201 9 2
18 — i 1
1.6—CHH L6 16
L\ . y ;
12 | ¢ 1
1.2 1.2 P "FI’ S
'°/ 5 & 1 ! 1.0 ,’
08 7 [ /1
i T clc 08 7 casi% || 08
06 | o
0.6 06
06 08 T0 T2 T4 16 1.8 20 2.2 24
06 08 10 12 T4 16 18 20 22 24 06 08 140 1 T4 T T8 20 27 24
a
(a) (b) (c)
Lo de e
22 22
2.0, 20
18 18
16 16
14 1.4
12 12 4
1.00— 1.0—
o8l
A H—H| 85.9p¢ 0.8 > He
0 4 0
06 08 TO T2 T4 16 T8 20 22 24 BT T T T 05
(d) (e)

Fig. 3. 2D fingerprint plots of B-acetoxy cholest-5-ene. (a) full (b) resolved ittdd (c) C-C
(d) H-H (e) O-H contacts showing the percentagesootacts contributed to the total Hirshfeld
surface area molecule.

3.3. DFT calculation results
3.3.1. Conformational search and molecular geometry

Potential energy surface (PES) scan has been pexfbto obtain the most stable structure by
rotating acetoxy group of the present compound, &ighe dihedral angles i.e. C-C6-O-C5 and
C6-O-C5-C1 for the most stable geometry on PESfauad to be 15338(Exp. 156.%) and

179.9 (Exp. 177.9) respectively. The molecular geometry witkacetoxy, obtained by PES
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scan, is in good agreement with the XRD geomethe ®ptimized molecular structure (most
stable geometry) off8acetoxy cholest-5-ene molecule along with numlgeohatoms is shown

in Fig. 5. The numbering scheme is used as per Fig. 5 taisksDFT results. The minimum self-
consistent field (SCF) energy and dipole momentfauad to be -806233.7902 kcal/mol and
2.016 Debye, respectively. The comparison of soehected optimized geometrical parameters
with the X-ray diffraction data is shown in Tal#eThey are in a reasonable agreement as low
values of RMSE and MAD (1-3° for angles) are fouHdwever, any discrepancies noted may
be due to fact that the XRD data belongs to mo&with many surrounding interactions while
the DFT results were obtained for molecule in igmlgorm. The molecular geometries obtained
from DFT calculation and XRD experiment have beéwbgly compared by superimposing
atom by atom (Fig6) and RMSE value is found to be 0.477 A at B3LYB18-G(d,p) level of

theory.

-1284.53-

-1284.54-

SCF Energy (Hartree)

D (C16-C6-0-C) =153.8°
D (C6-0-C5-C1) =179.9°$

1284.55.
160

40
D (C16-C6-0-C) D (C6-0-C5-C1)
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Fig. 4. PES scan of acetoxy group @kAcetoxy cholest-5-enmolecular geometry.

Fig. 5. Optimized molecular geometry of-&cetoxy cholest-5-ene.

Fig. 6. Superimposed molecular structure gf&etoxy cholest-5-ene obtained by XRD and

DFT.
Table?2

Some selected structural parametersfed&etoxy cholest-5-ene.

Bond lengths (8 *Exp. B3LYP/e- Bond angles()) *Exp. B3LYP/6-
311G(d,p) 311G(d,p)

Ci1-Ct 1.46: 1.51(C C1-C5-0 113.¢ 110.¢

C5=C 1.21¢ 1.20¢ C1-C5=C 124.¢ 125.2

15



C50 1.32: 1.352 O=C:O0 121.¢ 124

O-Ce€ 1.46¢ 1.45¢ C5-0-Cé6 119.] 117.5
Ce-C8 1.51( 1.53( O-C6-C1€ 107.¢ 107.1
Ce-Cle 1.491] 1.52( O-C6-C8 108.¢ 110.2
C1i1-C12 1.51¢ 1.53: C8-C6-C16 112.2¢ 111.1
C11=C23 1.317 1.33¢ C47-C5(-C52 112.2 112.f
C8Cl11 1.50¢ 1.51¢ C37-C5(-C52 119.2 119.7
C5(-C52 1.53¢ 1.54¢ C6¢-C67-C73 114.2 110.t
MAD 0.02( 1t
RMSE 0.02¢ 1.¢
Dihedral angles()) Dihedral anglesL))

C1-C5-07¢&-C6 177.¢ 179.¢ O77=CL0O7¢&-C6 0.t 0.2
C1le-C6-C8-Cl1 50.% 53.¢ O7€&-Ce-C8-C11 169.( 172.t
O7¢&-Ce-C1e-C13 172.( 176.¢ C8-C6-07¢-C5 82.2 85.2
C1€-C6-07¢-C5 156.1 153.¢ C37-C5(-C52-C54 58.7 55.€
C37-C5C-C52-C58  177.( 179.¢ C47-C5(-C52-C54  179.¢ 177.2
MAD 2.7
RMSE 2.€

#Obtained from single crystal XRD data; numberinesoe is adopted as per Fig. 5
RMSE: root mean square error, MAD: mean absolutgatien

3.3.2. Vibrational analysis

The present compound consists of 79 atoms constyuiehas 231 normal vibrations. Out of
these, some important vibrational modes have bessasted. Present compound consists of four
rings (six member R1/R2/R3 and five member R4, Bigwith CH/CH/CH3 groups, carbon
chain with CH/CH/CHj; groups and one acetoxy group. Some important tiiloral assignments
and comparison of FTIR band frequencies and intiesswith the theoretical one are presented
in Table3. Only the major contributions of the vibration® anentioned in the Tablg This
table is self-explanatory for the vibrational assignts however some vibrations need
discussions. The low values of deviations RMSE ®AD show the reasonable agreement
between theoretical (scaled) and experimental éguencies. The observed FTIR and simulated
IR spectra of the compound are shown in Figln general, aliphatic CHand acyclic CHl
stretching vibrations occur in the regions 2975886i" and 2940-2880 cthrespectively [34].

The IR bands due to GHsymmetric bending (Umbrella) vibration appear ofte the region
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1420-1375 cnt [34]. These vibrations are observed in the pre§@iR band within the said
region as shown in Tabl@ Scaled IR frequencies of these vibrations aredociose with the
experimental one. The strong IR band observed @6 Xm' is assigned to C=0O stretching
vibration in acetoxy group of the compound. Thdest&requency of C=0 stretching vibration is
1746 cni for the present molecule. The C-O stretching vtibrais assigned to the strong band
observed at 1246 ¢ The calculated harmonic frequency of this vilmatis 1257 cii. These
vibrations of acetoxy group are found in agreenvatt those obtained theoretically as well as
of reported data in literature [35]. Vibrational des found below 1000 ¢hare mixed with

skelton vibrations.

Table3

Important vibrational frequencies (€ integrated intensity (km/mol) and assignments.

FTIR harmoni scalef IR intensity Assignmer®
2948yv: 307¢ 297¢ 82.7 v CH3(C-chain’
2936v: 3071 296¢ 86.¢ v C-H (R1, R3
2906sl 301¢ 2917 56.€ v CH, (C-chain
2870sl 297z 287¢ 28.¢ v C-H (R2)
1736v: 180¢ 174¢ 209.% v C5=C
1670w 172¢ 166¢ 2.7 v C=C (R2
1465:¢ 151¢ 146t 14.¢ B C-H
1442l 149¢ 1444 4.4 B C-H (R3,R4,(-chain
1368 141¢ 136¢ 10.c B CH; (umbrella) +3 C-H
1312w 135¢ 1313 1.2 B C-H
1246v: 1257 121¢€ 491.2 v CE-O +B C-H
1137n 1177 113¢ 7.€ Buwist CH2 + B C-C-C +v CH;
1085w 112: 108¢ 2.2 BC-H+vCC+pC-C-C
1032 1047 101z 173.¢ [y CHz;+ v CE-O] (acetoxy grouy
980st 103¢ 100¢ 40.€ vy CH;z (acetoxy group) + C-C +p C-C-C
956 98¢ 95¢€ 3.€ vy CHz (acetoxy group, R2) + CE-O
m
+v C-C
902 937 90¢€ 4.¢ B C-C-C +vy [CH, + CHg] (rings, C-chain
800 854 82¢ 4.3 vy C2%-H + Brock CH, (rings;
747 722 2.7 [v C-C +B C-C-C] (rings) +
738m Brock CHZ (R4)
612 62t 604 7.C B C-C-C (rings) +y C-H
RM SE 66 16
MAD 55 11

Abbreviation use: vs-very strong, -strong, n-medium intensity, s-shoulder, \-weak,v-
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stretching 8- bending motiony -out-plane deformation vibrations, RMSE: root mean sgwsror
(in cm®), MAD: mean absolute deviation (in &n

% harmonic wavenumbers were scaled by factor 0.96] [

® vibrations having major contributionumbering scheme is adopted as per Fig. 5

M
stretching CH3 N
(acetoxy) stretching CH
(ring R2)
s?re)tching CH
(rings)
/t/ stretching C=0 stretching C6-0
stretching CHg + CH3 wagging (acetoxy)
(side chain)
IR, B3LYP/6-311G(d,p)
. stretching C5-0
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Fig. 7. Simulated and experiment IR spectfaa®etoxy cholest-5-ene.

3.3.3. NMR spectra

The *H NMR, C NMR and Distortionless Enhancement by Polarirafizansfer (DEPT)
studies confirmed the molecular structure gfa8etoxy cholest-5-ene. The recordeidand**C-
NMR spectra of the molecule in CDClre compared with the theoretical one obtaingal AD-

B3LYP/6-311G(d,p)/IEF-PCM. They are found in goggeement. Experimental and simulated
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NMR spectra {H, **C) are presented in Figl- $4 (supplementary files). The numbering of
atoms was used as per Fig.Most of the proton NMR signals are observed witthie narrow
region 0-3 ppm may be due to relatively high elmttdensity over the nuclei (shielding effect).
Two '*H-NMR signals observed in the region 4-6 ppm asga®d to olefinic proton & 5.4 and
4.5 o for C3u-proton. The corresponding theoretical chemicatt sldlues are found to be 5.7
ppm and 4.5 ppm respectively for olefinic proton78l and Ca-proton (H7). These are
identified relatively at high ppm value becausdao¥ electron density over these nuclei. In the
13C-NMR spectrum, the signals are appeared in thieme@180 ppm. Most of the signals are
occurred in the region 0-80 ppm while three sig@aésappeared at high ppm values (120-180).
These signals observed within range 120-180 ppndaeeto C=0 of acetoxy group and C=C.
These carbon atoms have shown their presence &t ppgn because these found with
respectively large positive and almost zero cha(gas S5). It is often extra difficult to obtain a
full aspect from a simplé°C spectrum, particularly if there is overlap in tgectral like our
case. An alternative approach would be to acquil@E®RT spectrum (FigS6). The DEPT
sequence produces signals only for protonated narbyp changing the flip angle of the final 1H
pulse (45°, 90°, or 135°). The DEPT with flip angl&°®° detects signals for CH, Gldnd CH,
with the same sign. The DEPT-90° provides only @&dks. The DEPT-135° gives signals with
positive sign for CH and CHwhile negative peaks for GHIn the DEPT-135 théC signal
enhancement is achieved by polarization transfemftH to *C. Other advantage of DEPT
spectra over simple carbon NMR spectra is its tgbit identify protonated carbon peaks that
overlap one of the deuterated solvent pgag&k The nature of each carbon in the compound was
deduced through DEPT spectrum (F&§) by polarization pulses of 135°, obtaining negativ

signals (down) for CEgroups while positive signals (up) for CH, €Ahe DEPT-135 showed
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the existence of six &mnethyl, eleven spmethylene and eight methine (sevenh apd one sf)

carbons.
3.3.4. Other molecular properties

Quantum mechanical parameters describing variousaular properties obtained at B3LYP/6-
311G(d,p) level are tabulated in TaldleThe donor-acceptor NBO hyperconjugative integarcti
energies, ), were estimated at same level of theory to ingesti charge delocalization within
the molecule. The strong hyperconjugative intecadtifor the present compound are predicted
for LP (2) 078> n*(C5=077), LP (2) O7%c*(C1 - C5) and LP (2) O7# ¢*(C5 - 078) with
E® values 47, 18 and 32 kcal/mol respectively. Thierilzation of the atoms and the electron
density (ED, in %) of atom in localized electronirphond for acetoxy group of present
compound is presented in TalBleA bonding orbital fokw C5=077 with occupancy 1.99652 has
34.09% C5 character in a'sp hybrid and 65.91% O77 character in &Sghybrid while forzn
C5=077 with occupancy 1.99031 has 30.40% C5 charatta sp® hybrid and 69.60% 077
character in a Sp° hybrid. The sp® hybrid on carbon and 5p°hybrid on oxygen atom have
respectively 65.50% and 57.3§%haracter fos C5=077, while fomr C5=077 the sp*°hybrid

on carbon and $p*°hybrid on oxygen atom have respectively 99.48% $$h87%p-character.

In Table 5, oxygen (O78) has larger polarization coeffici€ft8359) because of higher
electronegativity. Natural atomic charges obtaibgd\NBO analysis are shown in Fig. S5. The
mean first hyperpolarizability of present compousidound to be 0.6481 x 18 esu, which is
about 2 times greater than of urea (0.3728 ¥ &3u) [37]. This value shows that the&etoxy
cholest-5-ene may be used for NLO application. TMEP plot is obtained by mapping
electrostatic potential onto total electron densitythe molecule to know its binding sites i.e.

nucleophilic/electrophilic (Fig8). The electrostatic potentials are shown over sudace in
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terms of colour scheme. The regions with blue, el red/ yellow colours define the positive,
zero and negative values of the potential respelgtivn the MEP plot, most of the regions over
the molecule shown by green colour are charactérase neutral part of the molecule. The
regions over the O77 and O7 atoms (acetoxy groapjesent the negative potential (dark
red/yellow coloured/ high electron density). Thghti blue colour regions spotted over the H-
atoms of molecule are characterized by positivemal. The frontier molecular orbitals i.e.
HOMO and LUMO play important role in chemical réans. The HOMO, LUMO energy Eigen
values and HOMO-LUMO energy gap help to determhree ¢hemical reactivity of molecules.
The spatial plot of HOMO and LUMO of the presentl@ecale is shown in Figd. The HOMO
and LUMO energy Eigen values, HOMO-LUMO energy gapd various global reactivity
descriptors computed at B3LYP/6-311G(d,p) levethafory are presented in Talleln Fig.9,

the HOMO is delocalized mainly over the ring (Rid&R2), while the LUMO is delocalized
mainly over the acetoxy group. Thus, HOMO-LUMO p#ttows that these frontier molecular
orbitals are localized over some part of the mdeecdOMO and LUMO are found completely
absent over the other rings and side carbon chi&ietefore, these regions may not participate
much in chemical reactions as its molecular orbitak of too large in energy for the reactions.
A large value of HOMO-LUMO gap (~6 eV) exhibits gbthermodynamic stability and low
chemical reactivity. The global reactivity descoifgt based on HOMO and LUMO energy Eigen
values are presented in TadleThese chemical descriptors were estimated usilagions given

in literatures [38-44]. These global descriptore amportant parameters for molecule in

guantitative structure — activity relationship (Q8)Amodeling [45].

Table4

Some quantum chemical parameters fag8etoxy cholest-5-ene.
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Paramete B3LYP/6-311G(d,p Paramete B3LYP/6-311G(d,p

Minimum SCF energ -806233.790 Enowmo (€V) -6.46(
(kcal/mol)
Dipole Moment (Debye 2.015¢ E umo (eV) 0.27(
Polarizability ¢) in a.u 328.710. HOMO-LUMO
Gap (eV) 6.190
HyperPolarizability ) 0.6481 x 1r*° Global reactivity
ine.s.u descriptors (eV)
Zero point vibrationa 451.665! Hardnes 3.36¢
energy (kcal/mol)
Total thermal energ 472.43! Chemical potenti -3.09¢
(kcal/mol)
Heat Capacity (C 130.31° Electron affinity -0.27(¢
cal/mol-kelvin
Entropy (S 209.56¢ Electrophilicity 1.42:
cal/mol-kelvin
Electronegativit 3.09¢
lonization potenti: 6.46(
Softness (e™) 0.14¢
Electrofugality 6.201
Nucleofugality 0.011

Tableb

NBO analysis of acetoxy group i-&icetoxy cholest-5-ene at B3LYP/6-311G(d,p) leféheory

Bond (A-B)? Occupanc ED,% EDs % NBO (% p characte

6 C1-H2 1.9766( 60.7¢ 39.21 0.7797s°%(76.26 +
0.6262sp°%0.04),

6 C1-H3 1.9873: 60.8( 39.2( 0.7797s**(75.55¢ +
0.6261sp%%0.04),

o Cl-H4 1.9738¢ 60.7¢ 39.2¢ 0.7797s>%(76.49¢ +
0.6262s§°%(0.04)H

6 C1-C5 1.9811¢ 51.5¢ 48.4¢ 0.7180 s?°0 (71.41¢c +
0.6961 sp®®(62.32)

6 C5- 077 1.9965; 34.0¢ 65.91 0.5838 s%1(65.50 + 0.8119
sp-* (57.38),

1 C5- 077 1.9903: 30.4( 69.6( 0.5514 s%(99.48 + 0.8342
sp>*?(99.87)

6 C5- O7¢ 1.9919 30.7¢ 69.2: 0.5548 s*°'(71.82¢ + 0.8320
sptt (67.84)

6 C6- O7¢ 1.9851: 30.1¢ 69.87 0.5489 s**(81.53 + 0.8359
sp%(69.54),

LP (1) O7: 1.9765 s>’ (42.51

LP (2) O7: 1.8485t st (99.92

LP (1) O7¢ 1.9648t sH° (62.48

LP (2) O7¢ 1.7955¢ st (99.95

Abbreviation usecED: electron densi
® numbering scheme is adopted as per Fig. 5
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-5.208¢-2 I

5.208e-2

Fig. 8. MEP plot of F-acetoxy cholest-5-ene.

ELumo =0.27 eV

Gap =6.19 eV

HOMO

Fig. 9. HOMO and LUMO spatial plots.
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3.4. Elemental analysis

To determining the constituents and purity compars#t of the crystallized compound, analysis
of carbon and hydrogen was carried out. The caledlalemental analysis of 8450, is C,
81.25 and H, 11.29 (%) and the experimental; C281H, 11.26 (%). As we can see the

experimental and calculated values within +0.4%ficoning the purity of compound >95%.
3.5. Conformations of the compound in solution soltt state

We examined the conformations of crystallized coamabin solutionvia NMR and solid state
through X-ray. The angles were measured from Q#s fisolid state data). Nuclear Overhauser
Effect Spectroscopy (NOESY) spectrum ¢fABcetoxy cholest-5-ene has been also reported.
This spectrum exhibits signature due to interastisithin the molecule through space and also
shows the correlation between protons which arsecknough in space. In spectrum, the cross
peaks signals are appeared due to protons thatase in space. The coupling constans.)
were obtained by analysis of NOESNR (Fig. S7) of the molecule in CDGJ and angles were
determined using the on-line interactive data taleen this’J. corresponded to two or more
possible angles, the nearby one (between -90 affl ff@m the solid state angle) was chosen
[46]. The estimate of the dihedral angles deducedh fthe measured coupling constants are
presented in Tablé. Remarkably, we analyzed less difference in thefaonations of the
compound in the solid state and in solution phasewing that the bending of rings at the A, B

junction was also less in solution phase thanénstlid phase.

Table6

Comparison of torsion angles g8-acetoxy cholest-5-ene.

Torsion angle® M easured angle *Ju.n (H2) Calculated
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(solid state (solution

C1(-C5C4-C3 127.2;
C4-C5-C1(-C11 176.9(
C8-C7-C6-C1z 174.9:
C7-C6-C15-C1z 156.7(
H1C-C1C-C11-H118 43.5¢ 2.7t 53.3¢
H1C-C1C-C11-H1la 74,1
H11a-C11-C12-H12 167.1¢ 7 166.4¢
H11B- C11-C12-H12 49.3 4.4 42.0¢
7 Fig. 1(d)

3.6. Scanning electron microscopy

The surface morphology of the crystal was studieugh scanning electron microscopy
(SEM). The SEM micrograph (FidlO) indicated presence of brick-shaped, some irregula

shaped particles and it shows that the crystalwmgio big size.
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$3400N 20.0kV 6.6mim x2.98k 10.0um

Fig. 10. SEM micrograph of Bacetoxy cholest-5-ene.

3.7. Density measurement

The calculated density of,8H450, was determined by taking the ratio of the cell sntscell
volume. The equation for the density is definepbag = MZ/NV, where M is the chemical
formula weight of crystals, Z is the number of fadmunits in one cell, N is Avogadro's number
and V is the volume of the unit cell. Accordingtke crystallographic data, it is observed that
= 16.585(2) Ab = 9.5175(12)¢ = 17.656(2)M = 428.67, Z = 4, and V = 2674.0(6) ASo the
calculated density of the crystal was found to i3 Mg m°. Experimentally, the density of

the 3-acetoxy cholest-5-ene crystal was measured ussmguoyancy method at temperature 22
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°C in silicon oil. This experimental density of the-grown crystal is found to be 1.069 + 0.003

Mg m, which is almost equal to the calculated density.
3.8. Deliquescence test

To verify the deliquescence of thg-8cetoxy cholest-5-ene crystal, at the room tenmpezahe
crystal sample was subjected to air atmosphereowtthny protection [47]. At the starting, it
was transparent, and the weight was about 0.78A%tey. five days, we could not observe any
change in the weight (0.7875 g). Still, after 1yslave could not notice changes in the weight
(0.7880 g). These observations undoubtedly indith#e 3-acetoxy cholest-5-ene has good

deliquescence resistance and is stable in air.
3.9. Thermogravimetric analysis (TGA)

TGA was performed to know the purity and thermalbsity of the present crystal. The TG
curve of crystal revealed that it is stable up&0 2C and does not undergo any phase transition
Fig. S8. The disintegration process started after 280 %@ &ontinued till complete
decomposition and at 450 °C, all the mass wasdodtnothing was left as residue. Thus, no
weight loss or phase transition around or befaenélting point was observed which confirmed

the nonexistence of any lattice entrapped solventasture on the grown material.

3.8. Powder XRD

The powder XRD pattern off3acetoxy cholest-5-ene is shown in F&9. The XRD profiles
showed that grown crystal was of single phase witli@tectable impurity. The appearances of

sharp and strong peaks confirmed the good crysitglliof the grown crystals. The lattice
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parameters of crystals were calculated theoreficaling the powder XRD data and were found

in good agreement with the values obtained frorglsiarystals.

4. Conclusion

In the present work, we have demonstrated synthekigs-acetoxy cholest-5-ene from
cholesterol using Zn(OT{) The crystal structure was solved by using singigstal X-ray
diffraction data. In addition spectral, thermal amsbrphological properties have also been
investigated. Hirshfeld surface and fingerprinttpémalysis of the title compound provided
insight into the intermolecular interactions, whiehe crucial in crystal packing. TGA has
confirmed the nonexistence of any lattice entrapgadent or moisture on the grown material.
Potential energy surface (PES) scan of the presempound has confirmed the molecular
geometry withp-acetoxy which is found in agreement with its XR&agetry. The low values of
deviations RMSE and MAD have shown reasonable awggat between theoretical and
experimental IR frequencies. The mean first hyplamoability value of present compound is
found to about 2 times greater than of urea, toeeefthe B-acetoxy cholest-5-ene may be a
NLO material. The present experimental data on oudée geometry, FTIR and NMR spectra

has successfully validated the B3LYP/6-311G(d,gutations.
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