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(7) (32 mg) were obtained in pure form by repeated
column chromatography15. Synthesis of desired
fluorinated steroidal prodrugs were carried out with
the help of Steglich esterification method using N, N'-
Dicylcohexylcarbodiimide (DCC) and 4 Dimethylam
inopyridine (DMAP) (Scheme 1, 2 and 3).

The assignment of peaks in the NMR and IR 
spectra with the help of earlier synthesized steroidal 
compounds16,17. The structure of all synthesized 
derivatives 2, 3, 5, 6, 8, 9, 11 and 12 were established 
using IR, 1H-NMR,13C-NMR, 2D NMR, MS spectra, 
which are described in the Experimental section. For 

example, in the 1H NMR spectrum of 25R-spirost-5-
en-3β-yl-4-fluoro-benzoate (12), the downfield 
shifting of H-3 methine proton as a multiplet at 
δ 4.89- 4.78 (as compared to C-3 methine proton at δ 
4.44-4.37 in compound 10) along with the signals for 
aromatic ring protons as multiplet at δ 8.08-8.01 (2H, 
H-30 & H-34) and δ 7.13-7.05 (2H, H-31 & H-33)
confirmed the esterification of the C-3 hydroxyl group
of compound 10 with 4-fluoro benzoic acid. In the 13C
NMR of 12, the introduction of the ester group at C-3
of compound 10 was confirmed by the signals for C-
28 (C=O) of ester at δ 165.17 along with the signals

Scheme 1 — Synthesis of fluorinated prodrugs from cholesterol and stigmasterol 

Scheme 2 — Synthesis of fluorinated prodrugs from hydrocortisone acetate 

Scheme 3 — Synthesis of fluorinated prodrugs from Diosgenin 
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of aromatic carbons C-32 (δ 167.52), C-29 (δ 127.25), 
C-5 (δ 139.79), C-30 (δ 132.29), C-34 (δ 132.17),
C-31 (δ 115.70) and C-33 (δ 115.41). The relative
orientation of 12 was analyzed by correlations in a
Nuclear Overhauser effect spectroscopy (NOESY)
experiment. The NOESY correlation between
CH3-19/H-4b and H-3/H-4a revealed the β-orientation
of CH3-19, H-4b and α-orientation of H-3, H-4a
respectively. It confirmed the bulky ester linkage has
β-orientation as shown by arrow in Fig. 2.

Crystal structure of compound 12 
Crystal structure determination  

Needle shaped crystals of compound 12 were 
obtained by slow evaporation of solvent hexane: ethyl 
acetate at room temperature, and were in the 
monoclinic space group P21. The packing is stabilized 
by C-H…O and C-H… π intermolecular interactions. 
These interactions lend stability to the molecules in 
the crystal structure. The molecules are arranged to 
form layers along b axis and the pair of molecules are 
oriented over each other. An ORTEP view of the 12 
indicating atomic labeling is shown in Fig. 3. ORTEP 
view of 12 with displacement ellipsoids drawn at 
40%. H atoms of Ring A adopts the chair 
conformation with rotational axis bisecting the bonds 
C5-C6 and C2-C3 with the asymmetry parameter ΔC2 
= 0.86 and mirror plane passing through C2 and C5 

with asymmetry parameter ΔCs = 1.732. It is 
confirming that rotational symmetry is dominant over 
mirror symmetry. The shortening in the C2–C3 bond 
length [1.508(7) Å] can be because of the presence of 
a substituent at C-318. The bond lengths of O1-C28 
and C28-O2 are 1.343(7) and 1.206(7) Å, confirming 
the conversion of –OH group to ester group present at 
C-3. The bond distances 1.383(7), 1.346(8) and
1.376(7) Å of C34=C33, C32=C31 and C30=C29,
respectively, confirm the presence of aromatic ring.

In ring B, location of double bond at C5-C6 is 
confirmed by its bond length which is equal to 
1.312(6) Å, and the environment at C5 atom was 
found to be planar. Ring B adopts half chair 
conformation with asymmetry parameter ΔC2 = 1.20. 
Ring C adopts the chair conformation with rotational 
axis bisecting the bonds C8-C9 and C12-C13 with the 
asymmetry parameter ΔC2 =4.03 and mirror plane 
passing through C9 and C13 with asymmetry 
parameter ΔCs = 1.9, indicating that mirror symmetry 
is dominant over rotational symmetry. Ring D adopts 
envelope conformation with rotational axis passing 
through atom C14 and bisecting the bond C16-C17 
with asymmetry parameter ΔCs = 17.01. Ring E 
adopts envelope conformation with rotational axis 
passing through atom O3 and bisecting the bond C17-
C20 with asymmetry parameters ΔCs = 3.65. Ring F 
adopts chair conformation with rotation axis bisecting 

Fig. 2 — Nuclear Overhauser effect spectroscopy (NOESY) correlation of compound 12. 

Fig. 3 — ORTEP view of compound 12 with displacement ellipsoids drawn at 40% H atoms 
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bonds C23-C24 and C26-O4 with asymmetry 
parameters ΔC2 = 1.27 and mirror plane passing 
through C24 and O4 with asymmetry parameter 
ΔCs = 1.88 showing that rotational symmetry is 
predominant. 

Endocyclic torsional angles confirm that ring 
junction A/B is quasi trans while ring junctions B/C & 
C/D are trans and D/E is cis. Stereochemistry at C5-
C6 double bond is cis (Z). From the crystal structure it 
is proved that angular methyl group CH3-18, CH3-19 
and bulky ester group is β oriented (Fig. 4). There are 
11 stereogenic centers and with the help of crystal 
structure following configuration has been assigned to 
them: C3: S, C8: S, C9: S, C10: R, C13: S, C14: S. 
C16: S, C17: R, C20: S, C22: R and C25: R. 
Endocyclic torsion angles (o) about the ring junctions 
of compound 12 are given in Table 2. 

Computational simulations 
Global reactivity descriptors 

The chemical reactivity of the synthesized 
compounds has been determined by the conceptual 
DFT19. On the basis of Koopmans’s theorem20, 
electronegativity (χ), chemical potential (μ), global 

hardness (η), global softness (S) and electrophilicity 
index (ω) are the global reactivity descriptors which 
are useful in predicting global reactivity trends21. 
Electrophilic (acceptor) or nucleophilic (donor) nature 
of compound depends upon the value of 
electrophilicity index (ω). Higher the value of the ω 
better is the electrophilic character. The low values of 
global electrophilicity index (ω= 2.230, 2.226, 2.63 
and 2.67) for the reactants 1, 4, 7 and 10 and higher 
value of global electrophilicity index (ω= 2.847, 
2.691, 2.848, 2.693, 3.01, 2.95, 2.83 and 2.70) for the 
synthesized compounds 2, 3, 5, 6, 8, 9, 11 and  
12 indicate that the reactants behave as a good 
nucleophile and it is for this reason that they readily 
undergo esterification on reaction with 2- and 4-fluoro 
benzoic acid to yield the corresponding products. 
Amongst them compound 8 acts as the best 
electrophile since the molecule shows high values for 
three global reactivity parameters, namely chemical 
potential (µ) = -3.75, global electrophilicity index (ω) 
= 3.01, and softness (S) = 0.21 along with the lowest 
HOMO-LUMO energy gap (-4.67 eV), as compared 
to other synthesized compounds- “as the number of 
fluorine atom in the molecule increases HOMO-

Fig. 4 — Representation of stereochemistry in 12 

Table 2 — Endocyclic torsion angles (o) about the ring junctions of compound 12 

Junction Atoms Torsion angle Characteristics 
A/B C4__C5__C10__C1 50.6(6) Quasi-trans 

C6__C5__C10__C9  -12.4(7)
B/C  C7__C8__C9__C10 -63.1(6) Trans 

C14__C8__C9__C11  46.8(6)
C/D C12__C13__C14__C8  59.0(6) Trans 

C17__C13__C14__C15 -46.6(5)
D/E C13__C17__C16__C15 -14.2(6) Cis 

C20__C17__C16__O3 -20.6(5)
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LUMO energy gap decreases’’22. The non fluorinated 
compound (1) exhibits high HOMO-LUMO gap as 
compared to fluorinated compound (2). 

NLO analysis 
Molecules with nonlinear optical (NLO) property 

have vast applications in the telecommunications, 
optical switching, information storage, optical fibers 
and signal processing23,24. Hence, we also investigated 
the NLO properties of all the synthesized compounds. 
‘F atom enhances the NLO property. A non fluorinated 
compound (1) exhibits low hyperpolarizability as 
compare to fluorinated compound 2. As we increase 
the number of fluorine atoms in the molecule HOMO-
LUMO energy gap become decrease and show better 
non linear optical properties’22. The total static dipole 
moment (μo), mean polarizability (|α0|) and the mean 
first hyperpolarizability βo can be calculated by 
following formula: 𝜇଴ = (𝜇௫ଶ + 𝜇௬ଶ + 𝜇௭ଶ)ଵ ଶൗ
|α0| = 1/3 (α xx + αyy + αzz) 
β0 = [(βxxx + βxyy + βxzz)2 + (βyyy + βxxy + βyzz)2 + (βzzz + 
βxxz + βyyz)2]1/2

The value of the polarizability (|α0|), first 
hyperpolarizability (βo) of Gaussian 09 output are 
reported in atomic unit (a.u.) therefore these 
values are converted into electrostatic unit (esu) as 
(for (|α0|): 1 a.u. = 0.1482×10-24 esu; for βo: 1 a.u = 
0.008639×10-30 esu). The calculated values of βo for 
compound 2, 3, 5, 6, 8, 9, 11 and 12 by DFT method 
was 1.528 ×10-30, 4.322×10-30, 1.16×10-30, 4.0×10-30, 
2.292×10-30, 2.437×10-30, 1.292×10-30 and  
4.513×10-30 esu, respectively, which was found to be 
greater than those of urea (βo of urea being 
0.3728×10-30 esu by DFT method) so it may be 
concluded that the newly synthesized compounds may 
find use as non linear optical material.  

Mathematical model 
In this section, we develop a mathematical model 

for the reaction. Even the simplest chemical reactions 
can be highly complex and difficult to model25-27. 
Physical parameters such as temperature, pressure, 
and mixing, for example, are ignored in this text but 
effect of moisture is considered in the reaction and 
non linear differential equations with holling type II 
functional response are constructed that are dependent 
on the concentrations of the chemicals involved in the 

reaction. This is potentially a very difficult subject 
and some assumptions have to be made to make 
progress. Consider the simple chemical reaction  

HO

RCOOH
RCOO

 -OH containing Steroid   Acid moiety      Ester derivatives

DCC/DMAP

Let R  be the density of -OH containing steroid, 
S  be the density of acid moiety and P  be the density 
of ester derivative. It is assumed that density of -OH 
containing steroid and acid moiety are increased by 
constant rate 1A and 2A ,respectively. In modelling
process, the effect of catalyst (DMAP, FeCl3, H2SO4) 
in this reacation is represented by ch , which increase 
the rate of reaction and density of product. Let α be 
the interaction rate between reacants, a  is half 
satuation constant which act in the model as effect of 
moisture on the chemical reaction and   is the 
growth rate of the product. We also assumed that 
density of reacants and product is decreased by 
different factors like oxidation etc, this effect is 
represented by 1,  and 0 respectively.  
Thus keeping in view of these considerations, the 
non-linear model is proposed as follows  

,   
1 chR

Ra
SRA

dt
dR




 

,   
12 chS

Ra
SRA

dt
dS




 

… (1) 

.   
0 Ph

Ra
SR

dt
dP

c 



  

where .0(0)0,(0)0,(0)  PSR  

The stability of the non-linear model system 
(Eqn. 1), in the positive octant, is investigated 
numerically by using the following set of parameters. 
A1 = 2, A2 = 2, α = 0.02, μ = 0.0002, hc = 0.001, μ1 = 
0.0003, β =0.01, β0 = 0.018 & a = 0.5 

The interior equilibrium point of the model 
system (1) corresponding to the above parameters 
values is  .76.54 ,8002.98 ,2.148E  The characteristic 
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polynomial and characteristic roots of the model system 
corresponding to the interior equilibrium point are  
given as: 
 

.01030792.7000372654.00.0384774 823  
 … (2) 

 
00223.0002.0,018.0,0202772.0 321  

… (3) 

 
From Eqn. (3), it is clear that all characteristic roots 

of the characteristic polynomial (Eqn. 2) are negative. 
So, the interior equilibrium of the model system  
(Eqn. 1) is locally asymptotically stable. 

Fig. S1 and Fig. S2 (Supplementary Data) shows 
the local and global stable behaviour of the system. 
Fig. 5 shows that effect of catalyst on the product 
generation. If we use three different catalysts  
with different rates, for example H2SO4 (A), FeCl3 
(B), DMAP (C) with rates 0.001, 0.1 and 8.0 , 
respectively, then the product generation is highest for 
catalyst DMAP and lowest for catalyst H2SO4. Fig. S3 
shows the effect of moisture on the reaction, when the 
value of parameter ‘a’ increases then the density of 
product decreases. The 3D view of stability behaviour 
of the system is shown in Fig. S4. 
 
Conclusion 

Cholesterol, stigmasterol and hydrocortisone 
acetate isolated from the flowers of Allamanda 
violacea were converted into their prodrugs 2, 3, 5, 6, 
8, and 9 whereas prodrugs 11 and 12 were 
synthesized from diosgenin by Steglich esterification 
and characterized by different spectroscopic 
techniques. The high value of global electrophilicity 
index (ω) for the products (2, 3, 5, 6, 8, 9, 11 and 12) 

and low value of ω for reactants (1, 4 & 7) revealed 
that the synthesized compounds behave as good 
electrophiles as compared to the reactants. The 
compounds thus obtained can further undergo 
different reactions by reacting with different 
nucleophiles. NLO study showed that synthesized 
compounds might behave as good non linear optical 
material with comparison to the reactants. The 
proposed mathematical model was analyzed by the 
stability theory of differential equations. The 
conditions of existence of equilibrium point and its 
stability in both local and global cases was obtained. 
The condition, under which the system persists, by 
using differential inequality, has been found. By using 
numerical simulation, the effects of different catalyst on 
the system, it has been proved that catalyst DMAP gives 
highest productivity in comparison to catalyst H2SO4. 
From the mathematical modeling we also find the effect 
of moisture on the reaction, when the value of parameter 
‘a’ increases then the density of product decreases. 
 
Supplementary Information 

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