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Silver(I) Assisted C-N bond Dissociation; Synthesis,
Characterization, Solid-state Structure, and Molecular
Docking Analysis of Silver(I)-1-methylbenzimidazole
hexafluorophosphate

Priyanka Sahu!, A. A. Isab? and Joydev Dinda'

! Department of Chemistry, Utkal University, Bhubaneswar, Odisha, 751004, India
2 Department of Chemistry, King Fahd University of Petroleum and Minerals,
Dhahran, 31261, Saudi Arabia
Email: joydevdinda@gmail.com

(Abstract \

Starting from 2-chloropyrimidine and 1-methylbenzimidazole, the proligand 2-(1-methylbenzimidazolium) pyrimidine
hexafluorophosphate (1.HPF,) and silver(I)-1-methylbenzimidazole hexafluorophosphate (2) were synthesized. The
solid-state structure of 2 was elucidated using single-crystal X-ray diffraction analysis, which revealed a linear
geometry in 2, where two nitrogen atoms were coordinated to the silver atom in a linear fashion with a bond angle
of about 176.5°. It is expected that the unexpected formation of 2 is due to Ag(l) assisted C-N bond dissociation. The
synthesized complex 2 is found to be consistent with molecular docking study that utilized DNA, BCL2, and human
DNA topoisomerase II as the model receptors for analysis. The complex was also inspected by the SwissADME tool
to predict its ADME parameters, pharmacokinetic properties, druglike nature, and medicinal chemistry friendliness.

Keywords: 2-chloropyrimidine; 1-methylbenzimidazole; 2-(1-methylbenzimidazolium) pyrimidine hexafluorophosphate;

Qilver(l)-azole; C-N bond dissociation, molecular docking, DNA, BCL2, human DNA topoisomerase 11, SwissADMEj

Introduction

Azoles,' are nitrogen, sulfur, and oxygen-containing
heterocyclic compounds with a five or six-membered
ring system that comprises imidazole,”> triazole,?
pyrazole,* thiadiazole,’ oxadiazole,’ isoxazole,® etc. and
other aromatic rings. Azoles have always been considered
a scaffold of choice in designing novel therapeutic agents.
They are important heterocycles to develop novel
therapeutic agents, mainly known as antifungal agents.
Azole derivatives also have many other biological
properties antidiabetic,

including antibacterial,

Volume 7 Issue 1 < January - June 2023 < G P Globalize Research Journal of Chemistry

immunosuppressant, anti-inflammatory, and anticancer
activities.” Azoles also exhibit o-glucosidase inhibition.?
The imidazoles are used mostly as topical agents because
of their severe toxicity when taken orally.’ Triazoles have
been regularly modified and are now used to treat fungal
infections,'® caused by both yeasts and molds. The most
clinically useful imidazoles are clotrimazole, miconazole,
and ketoconazole. Two important triazoles are
itraconazole and fluconazole.!' In general, the azole
antifungal agents are thought to inhibit cytochrome P450—
dependent enzymes involved in the biosynthesis of cell

membrane sterols.'»'®* The benzimidazole and its
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derivatives play a very important role as a therapeutic

agent e.g., antiulcer and anthelmintic drugs. Apart from
this, the benzimidazole derivatives exhibit pharma-
cological activities such as antimicrobial, antiviral,
anticancer, anti-inflammatory, analgesic, etc.!*®® On the
other hand, pyrimidines are present in thymine which is
found in DNA, uracil, etc., and are biologically very
important.'“@® So, pyrimidine fastened with benzi-
midazole will direct a new way of research that
encourages us to design the ligand.

On the other hand, silver is a metal that has historically
been used to maintain human health since ancient times.
Silver metal has been used by many early civilizations
in the purification of drinking water to kill pathogens.
Throughout the 18th century and up to today, ionic silver
compounds have been used as antimicrobial agents."
Physicians still use silver salts in wound dressings to
prevent infections. The drawback of the current silver
antimicrobial agents is that they do not kill over a
sustained period. The slow release of silver ions from
silver-azole complexes,'® could obtain a slow release of
silver ions into the wound and better prevent infection
and promote healing. In addition, silver(I) complexes
were also used to evaluate their functions as in vitro
anticancer agents against human cancer lines by binding
with DNA through the formation of disulfide bonds.'®
Silver(I) complexes also possess antibacterial and
antifungal effects, characterized by minimum toxicity to
human beings."

Being inspired by the above recent findings of
benzimidazole and silver, we designed a novel ligand
and its respective silver(I) complex for studies. We
docked the synthesized silver(I) complex with DNA,
BCL2, and human DNA topoisomerase II to better
understand how the complex could interact at the
molecular level with CLL/lymphoma 2 (BCL-2) cells as
well as with human topoisomerase II alpha bound to
DNA, which may give a better insight into the potential
of the complex towards antibacterial and anticancer
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studies. SwissADME studies have been performed to
know whether the complex can be used as a potential
drug in the future or not. It will also be helpful to know
the various ADME parameters of the synthesized
complex.

Materials and Methods

General procedure

The reagents 2-chloropyrimidine, 1-methylbenzimidazole,
Ag,O, and KPF, were purchased from Sigma Aldrich,
UK, and used without further purification. All mani-
pulations were carried out in an open atmosphere.

Synthesis of proligand, 1.HPF

The proligand was synthesized as per reported
procedure.!” 2-chloropyrimidine and 1-methylbenzimi-
dazole were mixed (1:1 ratio) to undergo a neat reaction
at about 110°C for 20 hr. This resulted in 1.HCI which
was then converted to 1-HPF, after being treated with
KPF, by metathesis reaction.

Synthesis of silver(I)-1-methylbenzimidazole hexa-
fluorophosphate

The proligand 1-HPF, (250 mg, 0.67 mmol) and silver
oxide (94 mg, 0.40 mmol) were taken in 10 mL dry
acetonitrile and stirred at room temperature for 4 hr in
dark. The solution was filtered through a plug of Celite
to remove the unreacted Ag,0 and dark red solid mass.
Then the solvent was evaporated at low temperature and
high pressure to get a solid mass. Analytically pure
compound was obtained by diffusion of Et,O into
saturated acetonitrile solution of the complex.

Crystal structure determinations

Single crystals of 2 suitable for X-ray data collection
were grown by slow diffusion of diethyl ether into a
saturated acetonitrile solution of the respective complex.
The crystal data and details of the data collected for 2
are given in Table 1. The bond parameters are detailed
in Tables 2 and 3. X-ray data were collected on a CCD
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diffractometer (graphite monochromated Mo Ka radia-
tion, k = 0.71073A). The structure was solved by direct
methods and refined on F2 using all reflections with
SHELX-97. CCDC no of complex 2 is 2113386.

Molecular docking analysis

The molecular docking analysis was carried out using
AUTODOCK 4.2.6 software accomplished by AUTO-
DOCK TOOLS 4.0 (AD4.1 _bound.dat). The receptor
molecules were selected as PDB formats. [DNA (ID:
1bna), BCL2 (ID: 4lvt), Human-DNA Topoiso-merase Il
Alpha (ID: 4fm9)].

The graphical user interface AUTODOCK TOOLS was
used to set up the chosen receptor molecules; water
molecules were deleted from the crystal of the receptor
molecule, gasteiger charge was computed, only polar
hydrogens were added and non-polar hydrogens were
merged to the carbon atom. Desired structures of
compounds were saved in PDBQT format. A grid box
size for complex 2 was set covering the active sites of
the model receptor molecules. The generated grid para-
meter file and docking parameter file were saved and
then modified for running the docking process. Fifty
runs were generated by using Lamarckian genetic
algorithm searches. Default settings were used with a
maximum number of 2.5x10° energy evaluations and an
initial population of 50 randomly placed individuals. The
running process was done with autogrid4.exe and
autodock4.exe functions along with the generated gpf
and dpf files to generate glg and dlg files respectively.
The graphical interaction pictures were obtained by using
Biovia Discovery Studio 2021 visualization software.

Drug-like nature study

SwissADME is a robust web tool to access the
physicochemical properties, pharmacokinetics, drug-
likeliness, and medical chemistry friendliness of a
molecule to determine its proficiency to be used as a
drug. Bioavailability Radar has been used for this purpose
to calculate drug-likeness (lipophilicity, size, polarity,
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solubility, saturation, and flexibility). The chemical three-
dimensional structure of complex 2 was used to analyze
ADME parameters by using the SwissADME tool
(http://www.swissadme.ch/).

Results and Discussion

Synthesis of proligand, 1.HPF and the complex 2
Proligand 1-HPF_ was prepared by the neat reaction,"
of 1-methylbenzimidazole and 2-chloropyrimidine. Anion
metathesis was performed using a saturated aqueous
solution of KPF, as shown in scheme 1. Proligand 1-HPF,
was floated in acetonitrile solution of Ag,O in dark and
stirred for 4 hr. A colourless solution was obtained along
with a slight brick-red ppt (not identified). After filtration,
the volume of the colourless solution was reduced and
recrystallized from CH,CN/Et,O. The addition of diethyl
ether to the concentrated solution afforded the respective
compound 2, which was subsequently collected and
characterized using single-crystal X-ray diffraction
analysis.

Scheme 1. Synthesis of 2-(1-methylbenzimidazolium)

hexafluorophosphate  and

cl
2
\>:N N
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PFs
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Heat

—_—

at 110°c

N
C;}—m N
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P /N\?N—-Ag N N Agzo
N \ N
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Solid-State Structure of 2
Single crystals of 2 suitable for X-ray diffraction were
grown by slow diffusion of diethyl ether into a solution


http://www.swissadme.ch/).

P~
2%
n &

of acetonitrile saturated with the complex; key
crystallographic parameters are summarized in Table 1
and selected bond parameters (bond lengths and bond
angles) are listed in Table 2 and 3.

Table 1. Crystallographic data of 2.

2

Empirical formula Cis His AgFs N4 P

Formula weight 517.17

Crystal system orthorhombic

Space group Pbca'

Temperature (K) 296(2)

Cell dimensions

a(A) 23.8103(8)

b (A) 12.9429(5)

c(A) 24.6852(8)

a(®) 90

BCO) 90

() 90

Volume(A?) 7607.3(5)

Z 16

Density (Mg m™) 1.806

Absorption coefficient 1.210

F(000) 4096

Theta range for data collection |2.325-27.842

Index ranges -31<=h<=31, -
17<=k<=16, -32<=I<=
32

Reflections collected 9467

Independent reflections 7512

GOF 1.158

Final R indices [I>2sigma(I)] |R1=0.0918, wR2 =
0.2446

R indices (all data) R1=0.1071, wR2 =
0.2547

Table 2. Selected bond lengths (A) of 2.

Expt.
Ag(1)-N(2) 2.087(5)
Ag(1)-N(3) 2.087(5)
Ag(2)-N(5) 2.075(5)
Ag(2)- N(7) 2.076(6)
Ag(1)- Ag(2) 3.2479(8)
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Table 3. Selected bond angles (°) of 2.

Expt.

N(2)-Ag(1)-N(3) 176.5(2)
N(5)-Ag(2)-N(7) 172.7(2)
N(2)-Ag(1)-Ag(2) 94.00(15)
N(3)-Ag(1)-Ag(2) 82.62(15)
N(5)-Ag(2)-Ag(1) 73.27(15)
N(7)-Ag(2)-Ag(1) 102.39(16)
C(1)-N(2)-Ag(1) 126.7(5)
C(9)-N(3)-Ag(1) 125.0(4)
C(17)-N(5)-Ag(2) 127.0(5)
C(25)-N(7)-Ag(2) 123.3(5)
N(1)-C(1)-N(2) 112.3(7)
N(3)-C(9)-N4) 112.4(6)
N(5)-C(17)-N(6) 111.4(7)
N(7)-C(25)-N(8) 112.2(7)

In the asymmetric unit of the single-crystal structure of
the complex, two silver(I) units were present. Complex
2 adopted a linear geometry where two nitrogen atoms
were coordinated to a silver atom (shown in Figure 1).
In agreement with the linear geometry a bond angle of
176.5(2)° was measured in the N(2)-Ag(1)-N(3) system.
Similarly, an angle of 172.7(2)° was measured for N(5)-
Ag(2)-N(7) in another unit. Ag-N and Ag-Ag bond
lengths were measured as 2.08A and 3.25 A respectively.
The Ag-Ag bond lengths were measured at 3.25 A shorter
than the Vander Waals radii of Ag (1.72 A). As shown
in Figure 2, the packing diagram of 2 featured C-Heser,
meeet and Agee*Ag interactions that effectively formed
stacked 1D layers of interconnected molecular units.

Molecular docking analysis

Molecular docking studies have played a significant role
in understanding the molecular level interaction of ligand
(small molecule) with receptors by placing the ligand in
the binding site of the receptor. Here we consider DNA,
BCL2, and human DNA topoisomerase Il as receptors
for the docking analysis. BCL-2 is a founding member
of the BCL family of proteins that regulates cell death
(apoptosis). Human DNA Topoisomerase (II) is an
essential enzyme that regulates different fundamental
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Fig. 2. Packing diagram found in the solid-state structure of 2 showing several C-HeeT, 7teeeT and
Agee+Ag interactions.
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processes of DNA like DNA topology and chromosome
organization.

The binding energies corresponding to the interaction of
complex 2 with DNA, BCL2, and topoisomerase II are
tabulated in Table 4, from which it is clear that the
complex shows maximum affinity towards DNA among
the three chosen receptors.

B:Adel? BThyl9 /\
\ .~
‘ &
[ -~
; !
’

S

\

Jeh

Table 4. Calculated binding energy (kcal.mol) for
the molecular complexes formed between complex
2 and DNA, BCL2, and topoisomerase II.

Complex | DNA
2 -7.89

BCL2
-5.89

Topoisomerase II
-7.06

The energetically most favorable conformations of
complex 2 with DNA, BCL2, and topoisomerase II are
shown in Figures 3, 4, and 5 respectively.

B:Adel7 B:Thy19
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Fig. 5. Capped and stick model view of the interaction of complex 2 with human DNA
topoisomerase 1l (PDB ID: 4fm9).

Complex 2 binds with DNA receptors through pi-anion (B: Thyl9, A: Gual0), pi-alkyl (B: Adel7, A: Cyt9, A:
Thy7, A: Thy8), pi-sigma (A: Thy8), and non-classical H-bond (B: Thy19) interactions.

Complex 2 binds with BCL2 receptor through pi-alkyl (A: Metl12, A: Phel50, A: Val130, A: Leul34, A: Alal46,
A: Argl43), pi-stacked (A: Tyr105) and non-classical H-bond (A: Asp108) interactions.

Complex 2 binds with human DNA topoisomerase II receptor through pi-alkyl (D: Adel2, A: Leu995, A: Lys863,
A: 11e856), pi-cation (A: Lys863), and non-classical H-bond (D: Ade12, C: Cyt9, A: Glu854, A: Cys862) interactions.
These are summarized in Table 5.

Table 5. The summary of binding energy, types of interaction, amino acids involved, and the
respective bond lengths involved in the interaction of complex 2 with DNA, BCL2, and human DNA
topoisomerase |I.

Protein-Ligand Binding Type of interaction Interacting AA chain(or Bond length
affinity nucleotide chain) name; A)
(kcal mol!) AA(or nucleotide) name;
AA(nucleotide) no.
DNA-Complex 2 -7.89 Pi-anion B: Thy19 4.92
A: GualO 3.82
Pi-alkyl B: Adel? 4.58
A: Cyt9 543
A: Thy7 5.19
A: Thy8 5.18
Non-classical H-bond B: Thy19 2.83
Pi-sigma A: Thy8 3.59
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BCL2-Complex 2 -5.89 Pi-alkyl A: Metl12 4.72
A: Phel50 4.34
A: Vall30 4.82
A:Leul34 4.42
A:Leul34 541
A: Alal46 4.20
A: Alal46 5.25
A: Argl43 5.39
Pi-stacked A: Tyrl105 4.68
A: Tyr105 4.06
Non-classical H-bond A: Aspl08 2.64
Human DNA -7.06 Pi-alkyl D: Adel2 4.97
Topoisomerase II- A: Leu995 5.25
Complex 2 A: Lys863 4.61
A: Lys863 3.94
A: Lys863 3.75
A: 1le856 541
Non-classical H-bond D: Adel2 3.02
C: Cyt9 3.63
A: Glu854 3.68
A: Cys862 3.34
A: Glu854 2.70
Pi-cation A: Lys863 4.24

Drug-like nature study

LPO

SwissADME tool has been used to investigate the drug-
likeness property of complex 2 (shown in Figure 6).

. . S T SIZE
This tool interprets the relationship between pharmaco- ‘

FLEX

kinetics and physicochemical parameters of the lead
molecule. The complex has 2 rotatable bonds and 21
heavy atoms. The compound is with molar refractivity
of 81.99 and a topological polar surface area of 19.72
A2, The average lipophilicity score of iLOGP, XLOGP3,
WLOGP, MLOGP, and SILICOS-IT models for INSATU
complex 2 was calculated as 1.692. The bioavailability
score of the above molecules is 0.55. Complex 2 also
possesses improved water solubility, which increases its

" POLAR

INSOLU
efficacy for use as a drug molecule. It has high GI (gastro-

intestinal) absorption and it can also work as BBB (blood-

brain barrier) permeant. It can also act as a substrate for Fig. 6. The bioavailability radar illustrates a molecule’s
p-glycoprotein. (shown in Figure 7) It can permeate drug-likeness; the pink area represents the optimal range
through the skin with the logk value of -6.22 cm/s. for each property of complex 2.
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Fig. 7. The Boiled-Egg diagram of complex 2, yellow region for BBB permeation, white region for
Gl absorption, and blue dot indicated PGP".

Conclusions

In summary, we report a new complex of silver [silver(I)-
1-methylbenzimidazole hexafluorophosphate] where the
Ag-N bond was formed by C-N bond dissociation of
1-methylbenzimidazole and pyrimidine moieties. The
resulting complex was characterized using single-crystal
X-ray diffraction analysis. Analysis of single crystals
revealed that the aforementioned complex adopted a
linear geometry around the coordinated nitrogen atoms;
features 1D polymeric networks that are held together
through a series of C-Heeem, meeem and AgeeAg
interactions in the solid state. Molecular docking studies
of the complex were performed by taking DNA, BCL2,
and human DNA topoisomerase Il as model receptors,
where we found that our synthesized complex interacts
with these receptors with different binding affinities
through pi-anion, pi-cation, pi-alkyl, pi-stacked, non-
classical H-bond like interactions thereby keeping its
original linear geometry intact. Among the chosen
receptors, the complex shows greater affinity towards
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DNA as compared to BCL2 and topoisomerase II. The
SwissADME study of the complex revealed that the
complex possesses good solubility, high GI absorbance,
and good BBB permeation and can also act as a substrate
for p-glycoprotein.
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/Abstract \

The present communication aims at some thermodynamic and interfacial investigations of Paracetamol (PCM) and
Caffine (CF) binary drug dispersion. Partial and Integral thermodynamic quantities such as, excess Gibbs energy
(gf), excess enthalpy (hf), excess entropy (s®) of eutectic and non-eutectic mixtures were calculated using activity
coefficient data. The positive value of excess free energy indicates positive deviation from ideal behaviour and refers
to stronger association between like molecules during the formation of the binary mix. However, the negative value
of free energy of mixing (AG") suggests that the mixing for eutectic and non-eutectic is spontaneous. The interfacial
properties such as interfacial energy (o), roughness parameter (a), grain boundary energy of parent components,
eutectics and non-eutectics have been studied using enthalpy of fusion data. The size of critical nucleus at different

undercoolings in nanoscale, may be a big challenge for the pharmaceutical world.

Q(eywords: Binary drug, Excess thermodynamic quantities, mixing functions, Critical radius and Interfacial Energyj

Introduction

The green approach adopted for the present synthesis
of Paracetamol (PCM)-Caffeine(CF) drug products is
ecofriendly, very simple and involves the elimination/
reduction of the use or generation of hazardous
substances'?. Biopharmaceutical Classification System
(BCS) class II drugs and their products suffer from poor
water solubility which results in their incomplete
absorption. Extensive research*¢ has been reported on
various solid dispersion techniques for drug development
involving poor water soluble drugs which are highly
permeable to biological membranes. The formulation of
drugs as solid dispersion form offers a variety of
processes and a number of excipients/co-formers/carriers
that allow flexibility during formulating oral delivery
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systems for poorly water soluble drugs. With a view to
improve solubility and oral bioavailability of drugs, solid
dispersions have been used to produce a homogenous
distribution of a small amount of drug in solid state to
minimize the therapeutic dose, reduce particle size,
increase surface area and porosity of drug and convert
the crystalline structure of drug into amorphous form.
The eutectic mixture of less soluble sulphathiazole with
hydrophilic excipient urea is a more soluble form of the
drug. Researches on NSAID (Non-Steroidal Anti-
inflammatory Drugs) combined drugs’!'® have been
utilised for analgesic, decongestant and anti-histaminic
functions, pain and fever. The compatibility between
drugs and carriers has gained great prominence because
they allow predicting possible interaction and
incompatibilities in the final product. PCM is welled
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tolerated and lacks side effects!'"'3 and is commonly used

for the relief of headaches, minor aches, simple pain as
Caffeine
pharmacologically active substance. It is usually used in

well as severe pain and fever. is a
common beverages and headache or pain remedies.
Caffeine toxicity'*!® may lead to nervousness, irritability,
elevated respiration, insomnia and sensory and
gastrointestinal disturbances. Long exposure of caffeine
implicates the liver and renal system and musculature.
The most important mechanism of action of caffeine is
the antagonism of adenosine receptors. It blocks
adenosine receptors and competitively inhibits the action
of adenosine in people. It responses the release of
norepinephrine, dopamine and serotonin in the brain and
the increase of circulating catecholamines and reverse
the inhibitory effect of adenosine. The present binary
drug system PCM-CF has been aimed at highlighting
thermodynamic excess and mixing functions, interfacial
energy, driving force of solidification and critical nucleus
size and interface morphology.

Materials and Methods

Manually prepared binary mixtures of different ratios of
drug (PCM) and excipient (CF) by repeated heating and
chilling in ice were taken for measuring the solid-liquid
equilibrium data and their thaw and melting temperatures
were determined in a Toshniwal melting point apparatus
using a precision thermometer which could read correctly
up to £ 0.1°C. The enthalpy of fusion value!” of
Paracetamol and Caffine was determined by DTA
method.

Results and Discussion

Equilibrium Study

The solid liquid equilibrium (SLE) data of PCM-CF
system leads to the formation of an eutectic(E)® and
non-eutectics solid dispersion (A1-All). The melting
point of PCM (M.P. - 168.7°C) decreases on the addition
of second component CF (M.P. — 235.6°C) which is
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shown in Table 1. Using mixture law, the values of heats
of fusion of binary solid dispersions A1-A11 and E have
been reported in Table 1. Thermo-dynamic quantities,
activity coefficient and activity have been calculated using
the equation'.

sy (1 1
T{Te Ti] ¥

where % and vy, is mole fraction and activity coefficient

—Inyy; =

of the component i respectively in the liquid phase
respectively, Ti is the melting point of component and
Te is the melting temperature of alloy respectively.

Mixing Functions

The thermodynamic mixing functions (partial and
integral) such as molar free energy of mixing (AGM),
molar entropy of mixing (ASM) and molar enthalpy of
mixing (AHM) of the binary solid dispersions were
determined with the help of the values of activity of the
component and by using the following equations.

AG™ = RT(Ypey Inapey +7celnace) )
ASM = R(Jpen I T + XcrIn er) 3)
AHM = RT( Yem 1N %pem + Xerln Xer) (4)

where partial molar free energy of thermodynamic mixing
function, G-™ or mixing chemical potential (u"™) has
been determined by the equation:

GM=puM=RT Ina, 5)

The value of molar free energy of mixing of solid
dispersions was negative?® which suggests that there is
spontaneous mixing in all cases. (Table 2)

Excess Functions

Excess function is very helpful in prediction of the nature
of the interactions between the components forming the
eutectic and non-eutectic solid dispersions. In view of
this, the excess thermodynamic functions such as integral
excess integral free energy (gf), excess integral entropy
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(s¥) and excess integral enthalpy (hf) were determined using the equations:

gh =RT (%pem InVpem + YerInVcr)
Sk =

Slnypey i

-R ( Yeem I0Ypent + derINYep + Yoom T

Slny

h-RT
g ( cm ST F

oT
The value of excess chemical potential (i) or excess
chemical potential(ni ) function ( gi ®) was determined
by the equation,

g i™ =piM =RT Iny, ©)
The positive value of the excess free energy manifests
an appreciable deviation from ideal behaviour. The
thermodynamic data (Table 3) reported here indicates
the stronger interaction between like molecules in the
binary product.

The Solid-Liquid Interfacial Energy(c)

Past researches show that the computation value of solid-
liquid intertacial energy (o) from melting enthalpy
change® was in good agreement with the observed
experimental values. The interfacial energy of binary
solid dispersions?* which is a well accepted technique to
evaluate the value of Turnbull empirical relationship is
expressed as,

g:CA—H (10)

(N)l/3 (V )2/3

where the value of the coefficient C lies between 0.33
to 0.35 for non-metallic system, Vm is molar volume
and N is the Avogadro’s constant. The value of ¢ for
Paracetamol, Caffeine and solid dispersions is mentioned
in Table 1. Further it has also been determined by Gibb
Thomson equation:

_ TV, o _ o (10)
AH AS,

1= rAT
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olnypey + e olnycp j 7)

5T 5T
(®)

where 1 is the is the radius grooves of interface at the
dispersion in equilibrium temperature (AT). The value
of Gibb Thomson coefficient T for PCM, CF and their
solid dispersions was reported in Table-1. The Gunduz
and Hunt method® for materials having known grain
boundary shape supports the value of t determined in
the present case. The interfacial grain boundary energy
(o,,) at the grain boundary groove in anisotropic interface
was evaluated through a numerical method?* without
applying the temperature gradient for the grain boundary
groove shape. The grain boundary energy can be obtained
by the equation,

Oy = 26c0s0) (12)

At zero contact angle (q=0), the grain boundary energy
could be double with respect to s value of the solid-
liquid already observed. The value of Sep for solid PCM
and CF was found to be 9.07x1072 and 5.44x1072Jm™
respectively and the value for all solid dispersions is
reported in Table 1.

The Driving Force of Nucleation (AG,)

The driving force for liquid-solid transition and
equilibrium cumulatively proceeds due to the difference
in Gibb’s energy between the two phases. The Gibbs
free energy arises during the solidification of crystalline
solid and occurs due to change in enthalpy, entropy and
The
solidification phenomena have been previously stated

specific volume and non-equilibrium lies.

on the basis of kinetic characteristics of nucleation,
thermodynamic features and diffusion model. The driving
force of nucleation from liquid to solid during solidi-
fication (AG,) could be determined by the equation®’.



AGv = ASv AT

(13)

The effective entropy change ASv is opposed by the
increase in surface free energy due to the creation of a
new solid-liquid interface. .The effective entropy change
per unit volume (ASv) is given by

_AH 1

T V.

m

AS,, 14)

The value of AS, is reported in Table 1 and entropy of
fusion per unit volume (AS,)) for PCM and CF was found
to be 543 and 253 kJK-'m™ respectively. The solid phase
nucleates as a small spherical cluster of radius arising
due to random motion of atoms within liquid. The value
of AG,, for the solid dispersions and pure components
are shown in Table 4. It is obvious that the critical free
energy of nucleation (AG*) is responsible for the
formation of the critical nucleus of the materials. It can
be evaluated by equation:

_lé6rx o’
3 AGY

G*

5)

The value of AG* for solid dispersions and pure
components has been found in the range of 107'° to
107'% J per molecule and reported in Table 5.

The Critical Radius (r¥)

During solid-liquid equilibrium, the rapidly dispersed
transient and unstable embryos in supercooled liquid
become saturated and emerge as a stable embryo of
critical size with radius r* for leading nucleation.The
value of r* was determined by using the following

equation?®:
e 20 _ 20T 16)
AG, AH, AT

The values of r* for the components and eutectic and
non eutectic solid dispersion was calculated at different
undercoolings (AT) and are given in Table 6. It was
obvious that the size of the critical nucleus decreases
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with increase in the undercooling of the melt. The
existence of embryo of different sizes can be expected
in the liquid at any temperature. The value of r* for
pure components (PCM and CF) and solid dispersions
lies between 47 to 215 nm.

Interfacial Morphology

Interfacial growth morphology of a substance during
phase transformation could be predicted from the value
of the entropy of fusion and is due to a combined effect
of thermodynamics, kinetics, crystal structures and
interfacial structures. The Hunt and Jackson®® relation
manifests the type of growth from a binary melt and is
shown as:

AH AS
=5 T T 5% a7)
where AS/R (Jackson’s roughness parameter o) is the
entropy of fusion (dimensionless) forecasting the nature
of the growth morphology of binary interface and & is a
crystallographic factor depending upon the geometry of
the molecule and has a value less than or equal to 1. The
a values reported in Table 1 for all binary products have
been found to be greater than 2 and suggests the faceted
growth®' in the entire solid dispersions.

Conclusions

A eutectic solid dispersion is formed in the present PCM-
CF binary drug system. The positive value of g and the
negative value of DGM for eutectic and non-eutectic
solid dispersions suggest stronger interaction leads
between like molecules and there is spontaneous mixing
of PCM and CF in all the binary products.
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Table 1: Phase Composition, melting temperature, values of entropy of fusion per unit volume
(AS,), heat of fusion (AH), interfacial energy (o), grain boundary energy (cgb), Gibbs-Thomson
coefficient (t) and roughness parameter(a)

Alloy | ypcm | MP AH AS a 6x102 | ogx10%( ASy AH, 7x10%(Km)
@/mol) | (J/mol/K) Jm?) | (KI/m¥K)

Al 0.183 | 215 21601.59 | 44.265 5.324 | 30.561 61.122 296.995 144.934 10.290
A2 0.33 194 22590.90 | 48.374 5.818 | 33.223 66.446 340.314 158.927 9.762
A3 0.46 172 23465.80 | 52.732 6.342 | 35.577 71.154 387.191 172.300 9.188
A4 0.50 165 23735.00 | 54.189 6.517 | 36.302 72.604 403.239 176.619 9.002
A5 0.56 155 24138.80 | 56.399 6.783 | 37.388 74.776 428.240 183.287 8.730
E 0.619 | 141 24535.87 | 59.265 7.128 | 38.456 76.912 459.118 190.075 8.376
A6 0.665 | 143 24845.45 | 59.724 7.183 | 39.289 78.578 470.031 195.533 8.358
A7 0.726 | 150 25255.98 | 59.706 7.181 | 40.394 80.788 479.919 203.006 8.416
A8 0.790 | 156 25686.70 | 59.875 7.201 | 41.553 83.106 492.179 211.145 8.442
A9 0.835 | 160 25989.55 | 60.022 7.219 | 42.368 84.736 501.297 217.062 8.451
A10 0.876 | 162 26265.48 | 60.380 7.262 | 43.110 86.220 511.714 222.596 8.424
All 0.920 | 164 26561.60 | 60.780 7.310 | 43.907 87.814 523.324 228.693 8.390
PCM | 0.00 168.7 | 27100.00 | 61.353 7.379 | 45.356 | 90.712 543.853 240.220 8.339
CF 0.00 235.6 | 20370.00 | 40.051 4.817 | 27.248 54.496 253.670 129.017 10.741

Table 2 : Value of partial and integral missing of Gibbs free energy (AG"), enthalpy (AH") and
entropy (AS") of PCM-CF system

Alloy | AGeem™ | AGerM AGM AHpcn™ AHcr™M AHM ASpcv™ ASce™M ASM
J/mol J/mol J/mol J/mol J/mol J/mol J/mol/K J/mol/K | J/mol/K
Al -1.2171 -6.9013 -5.861 6886.179 815.303 1926.985 14.119 1.680 3.956
A2 -2.9515 -4.2709 -3.835 4301.962 1553.055 | 2460.194 9.217 3.329 5.272
A3 -3.2568 -5.9232 -4.696 2870.990 2275.333 | 2549.335 6.456 5.122 5.735
A4 -1.8211 -5.4659 -3.643 2523.581 2519.940 | 2521.760 5.762 5.762 5.762
A5 -3.4174 -4.2700 -3.792 2060.308 2917.881 | 2437.640 4.820 6.825 5.702
E -3.2368 -7.4760 -4.851 1648.716 3314.642 | 2283.433 3.987 8.022 5.524
A6 -4.0465 -5.8831 -4.661 1407.659 3776.817 | 2201.326 3.391 9.092 5.300
A7 -4.1322 -6.4041 -4.754 1121.866 4547250 | 2060.421 2.662 10.763 4.881
A8 -5.1396 -5.9242 -5.304 838.175 5560.494 1829.861 1.959 12.975 4.272
A9 -1.6239 -6.9155 -2.497 647.993 6479.931 1610.262 1.499 14.980 3.723
Al0 -1.8086 -5.6454 -2.284 477.389 7544.206 1353.674 1.100 17.355 3.115
All -3.1983 -6.3980 -3.454 301.557 9181.141 1011.923 0.693 20.998 2.317

Volume 7 Issue 1 < January - June 2023 < G P Globalize Research Journal of Chemistry



%
(i)

7

Table 3 : Value of partial and integral

excess Gibbs free energy (gf), enthalpy (hE) and entropy (sf)
of PCM-CF system

Alloy grem® gcr® gt hpem hcr® hE spcm® scrE st
J/mol J/mol J/mol EJ/mol J/mol J/mol J/mol/K | J/mol/K | J/mol/K
Al 6886.179 | 815.303 | 1926.985 | 81078.104 3864.029 17994.204 | 152.026 6.246 32.923
A2 4301.962 | 1553.055 | 2460.194 | 30391.913 6692.564 14513.349 50.386 11.005 24.000
A3 2870.990 | 2275.333 | 2549.335 | 8690.745 10118.502 9461.733 13.781 17.625 15.856
Ad 2523.581 | 2519.940 | 2521.760 | 4799.806 11529.711 8164.758 5.196 20.570 12.886
A5 2060.308 | 2917.881 | 2437.640 96.281 14243.323 6320.979 -4.588 26.461 9.073
E 1648.716 | 3314.642 | 2283.433 | -4079.165 17030.011 3963.431 -13.835 | 33.128 4.057
A6 1407.659 | 3776.817 | 2201.326 | -5464.083 | 22578.749 3930.265 -16.518 | 45.196 4.156
A7 1121.866 | 4547.250 | 2060.421 | -6609.327 | -16293.854 | -9262.887 | -18.277 | -49.269 | -26.768
A8 838.175 | 5560.494 | 1829.861 | -7731.374 17156.741 -9710.701 -19.975 | -52.953 | -26.900
A9 647.993 | 6479.931 | 1610.262 | -8431.927 17797.878 -9977.308 | -20.969 | -56.068 | 26.760
A10 477.389 | 7544.206 | 1353.674 | -9140.860 | -18417.647 | -10291.181 | -22.110 | -59.682 | -26.768
All 301.557 | 9181.141 | 1011.923 | -9842.094 | -19098.638 | -10582.617 | -23.212 -64.68 -26.530

Table 4 : Value of volume free energy change (AG,) during solidification for PCM-CF system of
different undercoolings (AT)

Alloy AGv(J/m?)

AT— 1.0 1.5 2.0 2.5 3.0 3.5
Al 0.297 0.445 0.594 0.742 0.891 1.039
A2 0.340 0.51. 0.680 0.850 1.020 1.190
A3 0.387 0.580 0.774 0.967 1.161 1.354
A4 0.403 0.604 0.806 1.007 1.209 1.410
AS 0.428 0.642 0.856 1.070 1.284 1.498
E 0.459 0.688 0.918 1.147 1.377 1.606
Ab 0.470 0.705 0.940 1.175 1.410 1.645
A7 0.480 0.720 0.960 1.200 1.440 1.680
A8 0.492 0.738 0.984 1.230 1.476 1.722
A9 0.501 0.751 1.002 1.252 1.503 1.753
Al0 0.511 0.766 1.022 1.277 1.533 1.788
All 0.523 0.784 1.046 1.307 1.569 1.830
PCM 0.544 0.816 1.088 1.360 1.632 1.904
CF 0.253 0.379 0.506 0.632 0.759 0.885
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Table 5 : Value of critical free energy of nucleation (AG*) for alloys of PCM-CF system at different
undercoolings (AT)

Alloy AG*x 10'%( J/m?)
AT— 1.0 1.5 2.0 2.5 3.0 3.5
Al 54.219 24.097 13.554 8.675 6.024 4.426
A2 53.052 23.575 13.263 8.488 5.894 4.330
A3 50.327 22.347 12.581 8.052 5.591 4.108
A4 49.283 21.903 12.320 7.885 5.475 4.023
A5 47.749 21.222 11.937 7.639 5.305 3.897
E 45.205 20.091 11.301 7.232 5.022 3.690
A6 45.994 20.442 11.498 7.359 5.110 3.754
A7 47.947 21.309 11.986 7.671 5.327 3914
A8 49.662 22.056 11.406 7.940 5.514 4.051
A9 50.707 22.536 12.676 8.113 5.634 4.139
A10 51.265 22.784 12.816 8.202 5.696 4.184
All 51.785 23.015 12.964 8.285 5.753 4227
PCM 52.855 23.491 13.213 8.456 5.872 4314
CF 52.676 23411 13.169 8.428 5.852 4.300
Table 6 : Critical size of nucleus (r*) at different undercoolings (AT)
Alloy r*(nm)
AT— 1.0 1.5 2.0 2.5 3.0 35
Al 205.80 137.20 102.90 82.32 68.60 58.80
A2 195.24 130.16 97.62 78.09 65.08 55.78
A3 183.76 122.50 91.88 73.50 61.25 52.50
A4 180.04 120.02 90.02 72.01 60.01 51.44
AS 174.60 116.40 87.30 69.84 58.20 49.88
E 167.52 111.68 83.76 67.00 55.84 47.86
Ab 167.60 111.40 83.58 66.86 55.72 47.76
A7 168.32 112.21 84.16 67.32 56.10 48.09
A8 168.84 112.56 84.42 67.53 56.28 48.24
A9 169.02 112.68 84.51 67.60 56.34 48.29
Al0 168.48 112.32 84.24 67.39 56.16 48.13
All 167.80 111.86 83.90 67.12 55.93 47.94
PCM 166.78 111.18 83.39 66.71 55.59 47.65
CF 214.82 143.21 107.41 85.92 71.60 61.37
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abstract

been postulated.

The oxidation of DL-methionine (Met) by Tetramethylguanidinium chlororochromate (TMGCC) in dimethylsulphoxide
(DMSO) leads to the formation of the corresponding sulphoxide. The reaction is of first order with respect to TMGCC.
Michaelis-Menten type kinetics was observed with respect to methionine. The reaction is catalysed by hydrogen ions.
The hydrogen-ion dependence has the form: k, = a + b [H']. The oxidation of methionine was studied in nineteen
different organic solvents. The solvent effect was analyzed by Kamlet’s and Swains multiparametric equations.
Solvent effect indicated the importance of the cation-solvating power of the solvent. A suitable mechanism has also

\Keywords: Halochromate, Kinetics, Mechanism, Methionine, Oxidation.

~

J

Introduction

Selective oxidation of organic compounds under non-
aqueous conditions is an important reaction in synthetic
organic chemistry. For this, a number of different
chromium (VI) derivatives have been reported!.
Recently tetramethylguanidinium chlorochromate
(TMGCC) has been reported as an efficient reagent for
the oxidation of organic substrates under solvent-free
conditions and microwave irradiation®. Our group has
also been interested in the kinetic and mechanistic aspects
of the oxidation by complexed Cr(VI) species and several
reports on mechanistic aspects of organic functions have

already been published from our laboratory®”’. It is, known
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however, that the mode of oxidation depends upon the
nature of counter-ion attached to the chromium anion.
Methionine (Met), a sulphur-containing essential amino
acid, is reported to behave differently from other amino
acids, towards many oxidants'®!"| due to electron-rich
sulphur center which is easily oxidizable. There seems
to be no report on the oxidation aspects of TMGCC.
Therefore, in continuation of our earlier work on
halochromates, we report here the kinetics of oxidation
of DL-methionine by TMGCC in dimethylsulphoxide
(DMSO) as solvent. A suitable mechanism has also been
proposed.
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Materials and Methods

Materials: TMGCC was prepared by the reported
method® and its purity checked by an iodometric method.
Methionime (Merck) was used as supplied. Due to the
non-aqueous nature of the solvent, toluene-p sulphonic
acid (TsOH) was used as a source of hydrogen ions.
Other solvents were purified by the usual methods'.

Product Analysis: Product analysis was carried out under
kinetic conditions. The oxidation of Met by TMGCC
resulted in the formation of the corresponding sulphoxide,
which was determined by the reported method'. The
yield of sulphoxide was 96+4%. The oxidation state of
chromium in completely reduced reaction mixtures, as
determined iodometrically, was 3.95+0.10.

Kinetic measurements: The pseudo first order
conditions were attained by maintaining a large excess
(x10 or more) of the Met over TMGCC. The solvent
was DMSO, unless specified otherwise. The reactions

Me-S-R + CrO,CIO"HoN"C[N(CH3),]: —— Me-S-R + CrOCIO H,N*C[N(CHs)2]>

O
where R is CHCH>CH(NH,)COOH

TMGCC undergoes a two electron change. This is in
accord with the earlier observations with structurally
similar halochromates. It has already been proved earlier
that both pyridinium fluorochromate (PFC)'* and
pyridinium chlorochromate (PCC)" act as two electron
oxidants and are reduced to chromium (IV) species , by
determining the oxidation state of chromium by magnetic
succeptibility, ESR and IR studies.

Kinetic Dependence: The reactions were found to be
first order with respect to TMGCC (Figure 1). In
individual kinetic runs, plots of log [TMGCC] versus
time were linear (r* > 0.995). Further, it was found that
the observed rate constant, k , , does not depend on the
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were followed, at constant temperatures (0.1 K), by
monitoring the decrease in [TMGCC] spectrophoto-
metrically at 358 nm. No other reactant or product has
any significant absorption at this wavelength. The pseudo
first order rate constant, k, , was evaluated from the
linear (» = 0.990 0.999) plots of log [TMGCC] against
time for upto 80% reaction. Duplicate kinetic runs
showed that the rate constants were reproducible to within
+3%. All experiments, other than those for studying the
effect of hydrogen ions, were carried out in the absence
of TsOH. The second order rate constant, k,, was
evaluated from the relation k, = k , /[Met]. Simple and
multivariate linear regression analyses were carried out
by the least squares method on a personal computer.

Results and Discussion

Stoichiometry: The oxidation of methionine by TMGCC
resulted in the formation of the corresponding sulfoxides.
The overall reaction may therefore, be represented as
Equation 1.

e

initial concentration of TMGCC. The order with respect
to methionine was less than one (Table 1). A plot of
Ik, versus 1/[Met] was linear with an intercept on the
rate ordinate (Figure 2). Thus Michaelis Menten type
kinetics were observed with respect to Met. This leads
to the postulation of following overall mechanism
(Equations 2 and 3) and the rate law (4).



Table 1. Rate constants for the oxidation of DL-methionine by TMGCC at 298 K

10° [TMGCC] [Met] [TsOH] 10% kops
(mol dm™) (mol dm™) (mol dm™) (mol dm™)
1.0 0.10 0.00 3.36
1.0 0.20 0.00 4.97
1.0 0.40 0.00 6.57
1.0 0.60 0.00 7.38
1.0 0.80 0.00 7.83
1.0 1.00 0.00 8.15
1.0 1.50 0.00 8.55
1.0 3.00 0.00 9.09
2.0 0.40 0.00 6.39
4.0 0.40 0.00 6.66
6.0 0.40 0.00 6.48
8.0 0.40 0.00 6.55
1.0 0.20 0.00 7.47"
2 contained 0.001 M acrylonitrile

2.5 4 0.35 ~
0.3 -
2 —
0.25 ~
X 1.5 % 0.2 -
5, =
& = 0.15 -
~ 1
0.1 -
0.5 0.05 -
O T T 1
0 ' ' ' 0 5 10 15
0 500 1000 1500 1/[Met]
time(sec)
Fig. 1. Oxidation of DL-Met by TMGCC: Fig. 2. Oxidation of DL-Met by TMGCC:
A typical Kinetic Run A double reciprocal plot
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K The dependence of k, on the concentration of

Met + TMGCC & [Complex] 2) methionine was studied at different temperatures and
k the values of K and k, were evaluated from the double
[Complex] —> Products 3) reciprocal plots. The thermodynamic parameters for the

complex formation and activation parameters of the

Rate = k, K [Met] [TMGCC] / (1 + K[Met])  (4)

disproportionation of the complexes, at 298 K, were
calculated from the values of K and k, respectively at
different temperatures (Tables 2 and 3).

Table 2. Formation constant and thermodynamic parameters for the oxidation of TMGCC-Met complexes

K/ (dm® mol 1) -AH ~AS" -AG"
288 | 298 | 308 | 318K | (kJmol!) | Jmol'K™") | (kJ mol™)
6.03 | 5.35|4.50 | 3.78 14.410.6 2712 6.59+0.5

Table 3. Rate constants and activation parameters for the decomposition of TMGCC-Met Complexes

10* ky/ (dm? mol ' s71) —AH" —AS* ~AG"
288 | 298 | 308 | 318K | (kJmol™!) | Jmol' K™") | (kJmol™)
441 1 9.63 | 21.6 | 45.9 57.1+£0.7 11142 90.110.5

Test for free radicals: The oxidation of Met, in an
failed to the
polymerization of acrylonitrile. Further, the addition of

atmosphere of nitrogen, induce Effect of Hydrogen Ion: The reaction was studied at

different acidities by adding varying amount of toluene-

acrylonitrile had no effect on the rate of oxidation (Table
1). Therefore, a one-electron oxidation, giving rise to
free radicals, is unlikely. To further confirm the absence
of free radicals in the reaction pathway, the reaction was

p-sulphonic acid (TsOH) to the reaction mixtures. The
reaction is catalyzed by hydrogen ions (Table 4). The
hydrogen ion dependence has the formk , =a+b [H'].
The values of a and b are 6.86£0.21°10* s ! and

carried out in the presence of 0.05 mol dm? of 2,6-di- 12.4+0.35"10* mol! dm® s! respectively (r> = 0.9968).
t-butyl-4-methylphenol (butylated hydroxytoluene or
BHT). It was observed that BHT was recovered

unchanged, almost quantitatively.

Table 4. Dependence of reaction rate on hydrogen-ion concentration

[TMGCC] = 0.001 mol dm; [Met] = 1.0 mol dm™; Temp. =298 K
[H"]/mol dm™* 0.10 0.20 0.40 0.60 0.80 1.00
Met 3.96 4.68 5.85 7.11 8.37 9.54

Solvent Effect: The oxidation of Met was studied in nineteen organic solvents. The choice of solvents was limited
due to the solubility of TMGCC and its reaction with primary and secondary alcohols. There was no reaction with
the chosen solvents. The kinetics are similar in the all the solvents. The values of K and k, are recorded in
Table 5.
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Table 5. Effect of solvents on the oxidation of DL-methionine by TMGCC at 298 K

Solvents K 10° kobs | Solvents K 10° Kobs

(dm™ mol ™) (sh (dm™ mol ™) (s
Chloroform 5.58 77.6 Toluene 6.10 18.6
1,2-Dichloroethane 6.30 87.1 Acetophenone 5.58 83.2
Dichloromethane 5.49 72.4 THF 6.03 33.9
DMSO 5.25 216 t-Butylalcohol 6.31 41.7
Acetone 5.67 63.1 1,4-Dioxane 5.98 38.9
DMF 6.12 117 1,2-Dimethoxyethane 5.95 22.9
Butanone 6.03 51.3 CS; 5.76 11.2
Nitrobenzene 5.94 95.5 Acetic Acid 6.04 45.7
Benzene 5.76 22.4 Ethyl Acetate 5.89 30.9
Cyclohexane 6.00 2.81

A perusal of the data shows that the formation constants
do not vary much with the nature of the solvents.
However, the rate constants, k, varied considerably with
the solvents. The rate constants for oxidation, k,, in
eighteen solvents (CS, was not considered, as the
complete range of the solvent parameters was not
available) were correlated in terms of the linear solvation
energy relationship Equation 5 of Kamlet et al.'®
A, +pr" +DbB + aa

log k, (5)

log ky = — 4.48 + 1.59 (£0.16) * +0.15 (£0.13) B + 0.29 (£0.12) ot

R?=0.8966; sd=0.14; n=18; y=0.35

log ko =—4.41 + 1.49 (+0.17) n* + 0.25 (£0.14) B
R?=0.8568; sd=0.16; n=18; y=10.40

logk, =—4.35+1.57 (+0.18)
r°=0.8260; sd =0.45; n=18; y=0.43

log ko =—3.54+0.52 (£0.33) 3
r?=0.1367; sd=0.39; n=18; y=0.96

Here n is the number of data points and  is the Exner’s
statistical parameter.'’

Kamlet’s'® triparametric equation explains ca. 89% of
the effect of solvent on the oxidation. However, by
Exner’s!” criterion the correlation is not even satisfactory
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In this equation, " represents the solvent polarity, B the
hydrogen bond acceptor basicities and o is the hydrogen
bond donor acidity. A is the intercept term. It may be
mentioned here that out of the 18 solvents, 12 have a
value of zero for a. The results of correlation analyses
in terms of equation (5), a biparametric equation
involving 7" and [, and separately with " and 3 are
given below.

(6)

(7

®)

)

(cf- Eqn. 7). The major contribution is of solvent polarity.
It alone accounted for ca. 83% of the data. Both B and
o play relatively minor roles.

The data on the solvent effect were analysed in terms of
Swain’s equation'® of cation and anion solvating concept
of the solvents as well.



Oxidation Kinetics and Mechanism of DL methionine, a Sulphur containing Amino acid by
Tetramethylguanidinium Chlorochromate

logk, =aA +bB + C

(10)

Here A represents the anion solvating power of the solvent and B the cation solvating power. C is the intercept term.

(A + B) is postulated to represent the solvent polarity. The rates in different solvents were analysed in terms of
equation (10), separately with A and B and with (A + B).

log ko =1.19 (£0.04) A + 1.45 (+0.03) B — 3.65
R?> =0.9960; sd =0.03; n=19; y =0.07

log k> = 0.99 (£0.48) A — 2.65
rr =0.2013;sd=0.50; n=19; y=0.92

log k» = 1.36 (+0.21) B — 3.26
2 =0.7054;sd =0.24; n=19; y=10.56

log ka = 1.37 + 0.04 (A + B) — 3.64
2 =0.9867;sd=0.50; n=19; y=0.12

The rates of oxidation of methionine in different solvents
show an excellent correlation with Swain’s equation with
both the cation and anion solvating powers playing
significant roles, though the contribution of the cation
solvation is slightly more than that of the anion solvation.
The solvent polarity, represented by (A + B), also
accounted for ca. 98% of the data. However, the
correlations individually with A and B were poor. In
view of the fact that solvent polarity is able to account
for ca. 98% of the data, an attempt was made to correlate
the rate with the relative permittivity of the solvent.
However, a plot of log k, against the inverse of
the relative permittivity is not linear (r* = 0.4958; sd =
0.31; y = 0.73).

The observed solvent effect points to a transition state
more polar than the reactant state. Further, the formation
of a dipolar transition state, similar to those of S 2
reactions, is indicated by the major role of both anion-
and cation-solvating powers. However, the solvent effect
may also be explained assuming that the oxidant and the
intermediate complex exist as ion-pair in non-polar
solvent like cyclohexane and be considerably dissociated
in more polar solvents.
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(11)

(12)

(13)

(14)

Mechanism

In view of the absence of any effect of radical scavenger,
acrylonitrile, on the reaction rate and recovery of
unchanged BHT, it is unlikely that a one-electron
oxidation giving rise to free radicals, is operative in this
oxidation reaction. The observed Michaelis — Menten
type of kinetics observed with respect to methionine,
suggests the formation of 1:1 complex of TMGCC and
Met in a rapid pre-equilibrium. With the present set of
data, it is difficult to state the definite nature of the
intermediate complex. The experimental results can be
accounted for in terms of electrophilic attack of
methionine-sulphur at the metal via an intermediate
complex. Transfer of an unshared pair of electrons to an
empty d orbital of the metal resulted in the formation of
a coordinate bond. The formation of intermediate is likely
to undergo a further rapid reaction in which the incipient.

It is of interest to compare here the mode of oxidation of
methionine by PFC,"” pyridinium chlorochromate
(PCC),*® pyridinium bromochromate (PBC)*' and
TMGCC. The oxidation by PFC and PBC presented a
similar kinetic picture, i.e. the reactions are of first order
with respect to the reductants. While in the oxidation by
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PCC and TMGCC, Michaelis Menten type kinetics was Acknowledgement

observed with respect to the reductants. It is possible
that the values of the formation constants for the reductant
PFC/PBC complexes are very low. This resulted in the
observation of second order kinetics. No explanation of
the difference is available presently. Solvent effects and
the dependence of the hydrogen ions are of similar nature
in all these reactions, for which essentially similar
mechanisms have been proposed.

Conclusions

The oxidation of DL-methionine involves a rate-
determining electrophilic attack of methionine sulfur at
the metal ion via an intermediate complex. Both
deprotonated and protonated forms of TMGCC are
reactive oxidizing species.
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/ABSTRACT

active against all five bacterial strains.
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Target molecule

Methylxanthines are a group of phytochemicals derived from the purine base xanthine and obtained from plant
secondary metabolism and used in daily diet in common products such as coffee, tea, energetic drinks and chocolate.
Theobromine is another relevant methylxanthine commonly available in the aforementioned sources. Herein, we
explore the synthesis of theobromine analogs (4a-41) at N1 reactive site in three steps predicted by retrosynthetic
analysis. All the synthesized analogs were screened for antioxidant (free radical scavenging activity) and antibacterial
activity from which only four analogs 4b with 3,4-dimethoxybenzyl substituent, 4d with -OCH ,Ph substituent, 4h with
2,3,4-trimethoxybenzyl substituent and 41 with 4-nitrobenzyl substituent showed the free radical scavenging activity
with % inhibition 98.55%, 99.13%, 97.91% and 97.87% as compared to standard BHT (99.35%) at 1000 ug/mL
concentration and only two compounds 4k with -OBz and 41 with 4-nitrobenzyl substituent were found to be moderately

Theobromine

Reterosynthetic analysis of theobromine analogs
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Substituted Benzyl bromides

Introduction

Purine the N-heterocycle, abundantly found in nature
was firstly synthesized by Emil Fischer, as a colorless
crystalline weak base from uric acid in 1899." A large
number of purine alkaloids isolated from natural sources
act as leads for new pharmacologically active
compounds.®* The purine alkaloids known by their trivial

names are adenine, guanine, hypoxanthine, isoguanine,
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and uric acid.>® Other important group of naturally
occurring purine alkaloids are xanthine, which includes
caffeine, theobromine, theophylline, hypoxanthine,
paraxanthine, heteroxanthine etc.”-!° The most important
naturally occurring xanthines are caffeine, theobromine,
and theophylline. The methylxanthines are found in
limited number of plant species such as tea (Camellia
sinensis L.), coffee (Coffea sp.) and cacao (Theobroma

cacao L.).""'? Theobromine, one of the major xanthine
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alkaloids, is also found in a variety of other foodstuffs
such as tea leaves, guarana and cola nuts.!® It is also
known as the “food of the God” because in Greek the
word “theo” means “God” and “broma” means “food”.
It is reported in literature that if theobromine has been
consumed through chocolate consumption, it decreases
the plasma low-density lipoprotein (LDL) cholesterol and
increases high-density lipoprotein (HDL) choleste-
rol."*!" Theobromine is used as dilator for the coronary
and peripheral arteries?®, antiangiogenic®', antitumour
agent?, vasodilator®, anti-inflammatory agents®*%,
diuretic®®, antioxidant?’-?°, anticarcinogenic effect®, as a
skin moisturant’! and antitussive?2.

There is a special interest in the synthesis of new
theobromine derivatives because of their widespread
biological and physiological properties. As it is clear
from the structure of theobromine that it has two major
reacting sites one at N1 position and other is C6 position.
Although many theobromine with substitution variations
at the 1-, 3-, 7-, and 6-position have been synthesized,
to the best of our knowledge there is not even a single
compound reported with simple aromatic substitution at
the 1N-position of theobromine compound. It was
therefore thought worthwhile, to carry out the synthesis
of 1N-substituted theobromine derivatives (4a-41) for the
evaluation of in vitro anti-oxidant (free radical scavenging
activity using DPPH) taking BHT as standard of all the
synthesized compounds (4a -41) along with antibacterial
activity following cup-plate method using Muller- Hinton
Agar for bacteria against standard drug streptomycin.

Materials and Methods

Melting points were determined in a melting point
apparatus. The IR spectra were recorded on a Perkin-
Elmer RX-1 (4000-450 cm™) spectrophotometer using
KBr pellets. '"H NMR and *C NMR (Nuclear Magnetic
Resonance) spectra were recorded on Bruker 300 MHz
instrument using CDCI, as a solvent. Chemical shifts

are reported in parts per million (ppm) using
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Tetramethylsilane (TMS) as internal standard. Solvents
and reagents were used without further purification,
unless otherwise specified. The Positive Electron Spray
Ionization (ESI) High resolution mass spectra of
compounds were recorded on Agilent 6520(Q-TOF) mass
spectrometer. Ultra violet (UV) spectra were recorded
on UV-visible
(systronic-2203) instrument using chloroform as a

Double-Beam Spectrophotometer

solvent. Thin layer chromatograms (TLCs) were
visualized in an iodine chamber and carried out on pre
coated silica gel plates 60 F254 or RP-18 F254 plates
(Merck). TLC was carried out on pre coated silica gel
plates 60 F254 (Merck) for monitoring of reactions. Spots
were visualized by UV light or by iodine chamber.
Column Chromatography was performed using silica gel
(230-400 and 100-200 mesh size). 1, 1-Diphenyl-2-
picryl-hydrazyl (DPPH) was purchased from Sigma-
Aldrich Merck to determine the antioxidant activity of
synthesized compounds in terms of free radical
scavenging activities. Theobromine and benzyl bromides
3a and 31 were purchased from Aldrich Chemical Co.

Synthesis of Benzyl bromide (3b-31)

» 3, 4-Dimethoxybenzyl bromide (3b)

NaBH, (65.0mg 1.7mmol) was added in portions to a
stirred solution of 3,4-dimethoxybenzaldehyde (1b) (1.0
gm 3mmol) in 10 mL of CH,OH/THF (1:1) in ice-water
bath and stirring was continued for 30 min (TLC
monitored). After completion of reaction, the solvent
was evaporated. Then 1M HCIl was poured into the
mixture to neutralize excess NaBH,. The resulting
solution was extracted with DCM (2x20ml). The DCM
layer was washed with brine solution (2x2mL), dried
(anhyd. Na,SO,), and filtered to afford the corresponding
benzyl alcohol (2b). The benzyl alcohol (2b) so obtained
was used in the next step without purification.
Phosphorus tribromide (3.16mmol) was added dropwise
to a stirred solution of substituted benzyl alcohol in DCM
(30ml) and cooled at 0°C. After 40 min of vigorous
stirring at 0°C, the reaction mixture was slowly quenched



with ice water. The DCM layer was separated and
aqueous layer was further extracted with DCM (2x 20ml).
The combined organic layer was washed twice with H,O,
dried (anhyd. Na,SO,) and evaporated under reduced
pressure to give 3, 4-Dimethoxybenzyl bromide (3b).

Yield: 76%; Bright yellow oil; 'H (CDCL,, 300 MHz; 3,
ppm): 6.97-6.88 (2H, m, Ar-H), 6.1 (1H, m, Ar-H), 4.48
(2H, s, CH,), 3.84(3H, s, OCH,). “C (CDCl,, 75 MHz;
5, ppm): 149.98, 149.86, 148.85, 131.02, 121.35, 113.86,
111.82, 55.73, 34.24; ESI-MS m/z 334 [M+H]
C,H,O0,Br

» 2-Bromo-3-(bromomethyl)-6-methoxyphenyl
benzoate (3c)

The compound 3¢ was prepared in a similar manner as
described earlier for the synthesis of (3b) using (2c)
which was obtained by the NaBH, reduction of (1c).
Yield: 86%; Yellow solid; m.p. 44-46°C; 'H (CDCI,,
300 MHz; o, ppm): 8.32(2H, m, J=8.3, Ar-H), 7.50-
7.60(3H, m, J=8.3, Ar-H), 6.91(1H, d, Ar-H), 6.88(1H,
d, Ar-H), 4.36(2H, s, CH)), 3.83(3H, s, OCH,). °C
(CDCL,, 75 MHz; 8, ppm): 165.2, 154.1, 138.6, 133.9,
130.3, 128.6, 122.0, 113.5, 11.1, 55.8, 33.4 ESI-MS m/
z 334 [M+H]; C H, O,Br.

» 4-Benzyloxybenzyl bromide (3d)

The compound 3d was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2d which
was obtained by the NaBH, reduction of 1d. Yield: 96%;
Off-white solid; m.p. 51-53°C; 'H (CDCl,, 300 MHz; 3,
ppm): 6.98-7.49 (9H, m, Ar-H), 5.11 (2H, s, -OCH,Ph),
4.55 (2H, s, CH,Br); *C (CDCI,, 75 MHz; 6, ppm):
159.02, 136.80, 130.03, 128.94, 128.12, 114.53, 2.87,
33.60; ESI-MS m/z 273 [M+H]', C H BrO.

» 4-Methoxybenzyl bromide (3e)

The compound 3e was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2e which
was obtained by the NaBH, reduction of 1e. Yield: 91%;
light yellow oil; 'H (CDCI,, 300 MHz; 6, ppm): 7.27-
7.29(2H, d, J = 8 Hz, Ar-H), 6.87-6.89 (2H, d, J=8 Hz,
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Ar-H), 4.61 (2H, s, -CH,Br), 3.80 (3H, s, -OCH,); 1°C
(CDC,, 75 MHz; 8, ppm): 159.8, 130.02, 129.35, 114.86,
55.73, 34.24; ESI-MS m/z 199 [M+H]', C,H,BrO.

» 4-(Bromomethyl)-2-methoxyphenyl benzoate (3f)
The compound 3f was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2f which
was obtained by the NaBH, reduction of 1f. Yield: 92%;
light yellow oil; 'H (CDCIl,, 300 MHz; o, ppm): 8.22(2H,
m, J=8.2, Ar-H), 7.60-7.2(3H, m, J=8.2, Ar-H), 6.86-
7.143H, m, Ar-H), 4.56(2H, s, CH,Br), 3.83(3H, s,
OCH,); "C (CDCl,, 75 MHz; 9o, ppm): 165.2, 151.6,
138.6, 135.8, 133.9, 130.2, 122.9, 121.7, 113.5, 55.8,
33.6 ESI-MS m/z 322 [M+H]"; C H O Br.

» 4-(Bromomethyl)phenyl benzoate(3g)

The compound 3g was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2g which
was obtained by the NaBH, reduction of 1g. Yield: 91%;
light yellow oil; 'H (CDCIl,, 300 MHz; o, ppm): 8.22(2H,
m, J=8.2, Ar-H), 7.60-7.2(3H, m, J=8.2, Ar-H), 7.30(2H,
m, J=8.0, Ar-H), 7.25(2H, m, J=8.0, Ar-H), 4.56(2H, s,
CH_Br). "C (CDCl,, 75 MHz; 6, ppm): 165.2, 149.6,
134.8, 133.9, 130.3, 129.4, 128.6, 121.9, 113.5, 33.6
ESI-MS m/z 291 [M+H]"; C H O Br.

» 2, 3, 4-Trimethoxybenzyl bromide (3h)

The compound 3h was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2h which
was obtained by the NaBH, reduction of 1h. Yield: 84%;
Yellow oil; 'H (CDCI,, 300 MHz; o, ppm): 6.62-6.59
(2H, d, J=1.2Hz, Ar-H), 6.38-6.36 (2H, d, J= 8Hz, Ar-
H), 4.59 (2H, s, CH,Br), 3.86 (6H, s, -OCH,), 3.84 (3H,
s, - OCH,). *C (CDCl,, 75 MHz; 8, ppm): 154.12(-C-
OCH3), 150.48, 143.16, 138.57, 136.43, 107.00, 61.04,
61.4, 56.36, 32.42; ESI-MS m/z 260 [M+H]", C, H, ,0,Br.
» 2-Methoxybenzyl bromide (3i)

The compound 3i was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2i which
was obtained by the NaBH, reduction of 1i. Yield: 89%;
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light Yellow Oil; 'H (CDCl,, 300 MHz; d, ppm): 7.29-
7.23 (2H, m, Ar-H), 6.96-6.86 (2H, m, Ar-H), 4.67 (2H,
s, -CH_Br), 3.84(3H, s, -OCH,). “C (CDCl,, 75 MHz;
S, ppm): 158.60, 131.02, 127.26, 121.35, 112.86, 56.73,
29.4; ESI-MS m/z 260 [M+H]", C;H,0,Br.

» 3, 4-Dibenzyloxybenzyl bromide (3j)

The compound 3j was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2j which
was obtained by the NaBH, reduction of 1j. Yield: 86%;
Light yellow oil; 'H (CDCI,, 300 MHz; 3, ppm): 7.31-
7.41 (4H, m, Ar-H), 7.38 (6H, m, Ar-H), 6.90 (1H, s,
Ar-H), 6.76 (1H, d, J= 8.4, Ar-H), 6.68 (1H, d, J= 8.4,
Ar-H), 5.01.( 2H, s, -OCH,Ph), 5.00 (2H, s, -OCH,Ph)
4.40(2H, s, CH,Br). *C (CDCl,, 75 MHz; 8, ppm):
150.20, 136.78, 131.3, 128.84, 127.80, 127.15, 123.37,
114.40, 112.77, 77.45, 34.00; ESI-MS m/z 382 [M+H]*,
C, H,,0,Br.

» 4-(Bromomethyl)-1,2-phenylene dibenzoate (3k)
The compound 3k was prepared in a similar manner as
described earlier for the synthesis of (3b) using 2k which
was obtained by the NaBH, reduction of 1k. Yield: 88%;
Light yellow oil; 'H (CDCI,, 300 MHz; 3, ppm): 7.60-
8.22 (10H, m, Ar-H), 7.46 (1H, s, Ar-H), 7.32 (1H, d,
J= 8.4, Ar-H), 7.20 (1H, d, J= 8.4, Ar-H), 4.46(2H, s,
CH_Br). ®C (CDCl,, 75 MHz; 8, ppm):165.21, 146.0,
135.23, 133.90, 130.30, 128.67, 122.34, 120.89, 33.36
ESI-MS m/z 411 [M+H]", C, H O Br.

Synthesis of Theobromine analogs (4a-41)

We have attempted five methods for the synthesis of
theobromine analogs. The detailed description about these
method are as follows:

Method 1: In a 100 mL round bottom flask, theobromine
(540 mg, 3 mmol) was stirred in DMSO in presence of
NaOH at 20°C. Then benzyl bromide (3a) (1 ml) was
added drop wise to the reaction mixture. The reaction
mixture was stirred for 8 hrs. After completion of reaction
(TLC monitored in UV lamp), the reaction mixture was
poured into ice cold water. The precipitate was filtered
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and purified by column chromatography using CHCL:
Methanol (9:1) as an eluent to afford the product
1-benzyl-3,7-dimethyl-1H-purine-2,6(3H,7H)-dione (4a).
Yield: ~ 60%.

Method 2: In a 100 mL round bottom flask, theobromine
(540 mg, 3 mmol) was refluxed in ethanol in presence
of KOH. Then benzyl bromide (3a) (1 ml) was added
drop wise to the reaction mixture. The reaction mixture
was refluxed for 12 hrs. After completion of reaction
(TLC monitored in UV lamp), the reaction mixture was
poured into ice cold water. The precipitate was filtered
and purified by column chromatography using CHCI:
Methanol (9:1) as an eluent to afford the product 1-
benzyl-3,7-dimethyl-1H-purine-2,6(3H,7H)-dione (4a).
Yield: ~ 65%.

Method 3: In a 100 mL round bottom flask, theobromine
(540 mg, 3 mmol) was stirred in DMF in presence of
K,CO, at room temperature. Then benzyl bromide (3a)
(1 ml) was added drop wise to the reaction mixture. The
reaction mixture was stirred for 24 hrs. After completion
of reaction (TLC monitored in UV lamp), the reaction
mixture was poured into ice cold water. The precipitate
was filtered and purified by column chromatography
using CHCl:Methanol (9:1) as an eluent to afford the
product 1-benzyl-3,7-dimethyl-1H-purine-2,6(3H,7H)-
dione (4a). Yield: ~ 56%.

Method 4: In a 100 mL round bottom flask, theobromine
(540 mg, 3 mmol) was refluxed in THF in presence of
K,CO, and KI. Then benzyl bromide (3a) (1 ml) was
added drop wise to the reaction mixture. The reaction
mixture was refluxed for 6 hrs. After completion of
reaction (TLC monitored in UV lamp), the reaction
mixture was poured into ice cold water. The precipitate
was filtered and purified by column chromatography
using CHCl:Methanol (9:1) as an eluent to afford the
product 1-benzyl-3,7-dimethyl-1H-purine-2,6(3H,7H)-
dione (4a). Yield: ~ 59%.

Method 5: In a 100 mL round bottom flask, NaOMe
(300 mg) in MeOH (20 ml) was stirred well at room



temperature. Then theobromine (540 mg, 3 mmol) added

and reaction mixture was stirred vigorously so that the
theobromine properly dissolved in MeOH. Then benzyl
bromide (3a) (1 ml) was added drop wise to the reaction
mixture with the help of pressure equalized dropping
funnel. After completion of reaction (TLC monitored in
UV lamp), the solvent evaporated under reduced pressure,
extracted with DCM (2x10 ml), washed with brine and
dried (anhyd. Na,SO,) to afford the product 1-benzyl-
3,7-dimethyl-1H-purine-2,6(3H,7H)-dione (4a). Yield: ~
90%

> 1-Benzyl-3,7-dimethyl-1H-purine-2,6(3H,7H)-
dione (4a)

The compound 4a was synthesized by following the
method 5 described above. The pure compound 4a was

207.31

obtained as a white solid, m.p. 282-285R”C; Yield: ~
90%; TLC Solvent System: 9:1 (CHCI, : MeOH), Rf
value: 0.2; IR (KBr; v, cm) 3107.32 (-CH Stretching),
125.07 (C=0 Stretching), 1658.78 (C=0O Stretching),
1598.99 (C=N Stretching), 1028.06 (C-N Stretching),
104.42 (C-N Stretching), 1126.43 (C-N Stretching). 'H
(CDCL,, 300 MHz; o, ppm): 7.513 (1H, s, =CH, H-6, H-
6), 7.25-7.48 (5H, m, Ar-H ), 5.200 (2H, s, CH,, H-10),
3.98(3H, s, CH,, H-17), 3.578(3H, s, CH,, H-18). 13C
(CDCL, 75 MHz; §, ppm): 155.41 (C=0), 151.76 (C=0),
149.00 (C-4), 141.74 (C-16), 137.44 (C-11), 129.2 (C-
12), 128.96 (C-13), 128.56 (C-14), 127.1 (C-15), 121.11
(C-16), 107.81 (C-8), 44.56 (C-10), 33.80 (C-17), 31.11
(C-18). HRMS m/z 23 [M+H]"; Anal. Calcd. for
C H NO,: C 6221, H 522, N 20.73, O 11.84.
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All the other compounds (4b-41) were synthesized by a
similar procedure. The data of the theobromine analogs
is as follows:

» 1-1-(3,4-Dimethoxybenzyl)-3,7-dimethyl-1H-
purine 2,6(3H,7H)-dione (4b)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3b with
theobromine. The pure compound 4b was obtained as a
white solid, m.p. 290-293%°C; Yield: ~ 85%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.60; IR (KBr;
v, ., cm') 2931.80 (-CH Stretching), 113.50 (C=0
Stretching), 1660.3 (C=0 Stretching), 1606.2 (C=N
Stretching), 1263.37 (C-N Stretching), 1220.94 (C-N
Stretching), 1150.4 (C-O Stretching), 1145.4 (C-N
Stretching). 'H (CDCl,, 300 MHz; 6, ppm): 7.98 (1H, s,
=CH, H-6, H-6), 7.03 (1H, s, Ar-H, H-12), 6.76 (1H, d,
J= 6.9, Ar-H, H-15), 6.81(1H, d, J= 6.9, Ar-H, H-16),
5.21 (2H, s, CH,, H-10), 3.98(3H, s, CH,, H-17),
3.83(6H, s, OCH,, H-19, H-20), 3.578(3H, s, CH,, H-
18). *C (CDCl,, 75 MHz; 8, ppm): 155.31 (C=0), 152.66
(C=0), 149.56 (C-13), 148.01 (C-4), 147.80 (C-14),
143.35 (C-6), 139.54 (C-11), 122.56 (C-15), 112.67 (C-
16), 109.23 (C-12), 107.81 (C-8), 56.1 (OCH,), 44.56
(C-10), 33.80 (C-17), 31.11 (C-18). ESI-MS m/z 331
[M+H]"; Anal. Caled. for C, H N,O,: C 58.17, H 5.49,
N 16.96, O 19.37.

» 2-Bromo-3-((3,7-dimethyl-2,6-diox0-2,3,6,7-
tetrahydro-1H-purin-1-yl)methyl)-6-methoxyphenyl
benzoate (4c)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3¢ with
theobromine. The pure compound 4¢ was obtained as a
off white solid, m.p. 332-335°C; Yield: ~ 76%; TLC
Solvent System: 9:1 (CHCI,: MeOH), Rf value: 0.65; IR
(KBr; v, ,cm™)2951.2 (-CH Stretching), 1755.42 (C=0O
Stretching), 1733.50 (C=0O Stretching), 110.3 (C=0
Stretching), 1650.2 (C=N Stretching), 1163.37 (C-N
Stretching), 1120.94 (C-N Stretching), 1115.4 (C-N
Stretching), 650.87 (C-Br). 'H (CDCl,, 300 MHz; 9,
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ppm): 7.97 (1H, s, =CH, H-6), 7.60-8.22 (5H, m, Ar-H,
C-21to C-26), 6.91 (1H, d, J= 7.0, Ar-H, C-15), 6.88(1H,
d, J=17.0, Ar-H, C-16), 5.18 (2H, s, CH,, C-10), 3.4(3H,
s, CH, , C-17), 3.83(3H, s, OCH,, C-19), 3.36(3H, s,
CH,, C-18). *C (CDCl,, 75 MHz; 6, ppm): 165.20
(C=0), 154.81 (C-2), 151.9 (C-14), 151.36 (C-9), 148.41
(C-4), 143.35 (C-6), 139.54 (C-13), 138.12 (C-11),
133.90, 130.68,130.3, 128.56, 126.90 (C-16), 119.78 (C-
12), 111.67 (C-15), 109.23 (C-8), 56.4 (OCH,), 44.76
(C-10), 34.80 (C-17), 30.11 (C-18). ESI-MS m/z 499
[M+H]’; Anal. Caled. for C, H BrN,O,: C 52.92, H

227719

3.84, Br 16.00, N 11.22, O 16.02.

» 1-(4-(Benzyloxy)benzyl)-3,7-dimethyl-1H-purine-
2,6(3H,7H)-dione (4d)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3d with
theobromine. The pure compound 4d was obtained as a
yellow solid, m.p. 295-298°C; Yield: ~ 82%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.60; IR (KBr;
v, ., cm') 295590 (-CH stretching), 133.50 (C=0O
stretching), 1680.81 (C=O stretching), 1630.60 (C=N
stretching), 1250.67 (C-O stretching), 1253.37 (C-N
stretching), 1120.94 (C-N stretching), 1118.4 (C-N
stretching), . '"H (CDCl,, 300 MHz; 3, ppm): 7.97 (1H,
s, =CH, H-6), 7.38-7.47 (§H, m, Ar-H, OBn, C-21 to C-
25), 6.87 (2H, dd, J= 7.8, Ar-H, C-13, C-15), 7.25(2H,
dd, J= 7.8, Ar-H, C-12, C-16), 5.28 (2H, s, CH,, C-10),
5.01 (2H, s, CH,, OCH,Ph, C-19), 3.4(3H, s, CH,, C-
17), 3.36(3H, s, CH,, C-18). “C (CDCI,, 75 MHz; 4,
ppm): 157.01 (C=0), 154.81 (C=0), 151.36 (C-14),
148.41 (C-4), 143.35 (C-6), 136.44, 133.90, 128.89 (C-
11), 130.58 (C-12, C-16), 127.16, 114.14 (C-13, C-15),
108.23 (C-8), 2.90 (OCH,Ph), 46.76 (C-10), 34.80 (C-
17), 30.11 (C-18). ESI-MS m/z 377 [M+H]"; Anal. Calcd.
for C, H,N,O,: C 67.01, H 5.36, N 14.88, O 12.75.
» 1-(4-Methoxybenzyl)-3,7-dimethyl-1H-purine-
2,6(3H,7H)-dione (4e)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3e with
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theobromine. The pure compound 4e was obtained as a
yellow solid, m.p. 285-287°C; Yield: ~ 86%; TLC Solvent
System: 9:1 (CHCI,: MeOH), Rf value: 0.2; IR (KBr;
v, ., cm) 299930 (-CH stretching), 111.57 (C=0
stretching), 1662.64 (C=0 stretching), 1606.2 (C=N
stretching), 1296.17 (C-O stretching), 1247.94 (C-N
stretching), 1178.51 (C-N stretching), 1112.92 (C-N
stretching), . "H (CDCl,, 300 MHz; 3, ppm): 7.19 (1H,
s, =CH, H-6), 6.4-6.83 (2H, dd, J= 7.5, Ar-H, C-13, C-
15), 7.46-7.64(2H, dd, J= 7.5, Ar-H, C-12, C-16), 4.84
(2H, s, CH,, C-10), 3.79(3H, s, CH,, C-17), 3.49(3H, s,
CH,, C-18), 3.94 (3H, s, OCH,). “C (CDCI,, 75 MHz;
8, ppm): 167.83 (C-14), 154.81 (C=0), 151.36 (C=0),
148.41(C-4), 143.35 (C-6), 132.43, 130.93 (C-12, C-
16), 119.42 (C-13, C-15), 128.82 (C-11), 113.78 (C-8),
57.84 (OCH,), 55.30 (C-10), 38.2 (C-17), 30.35 (C-18).
ESI-MS m/z 301 [M+H]"; Anal. Calcd. for C,.H N,O.:
C 59.99, H 5.37, N 18.66, O 15.98.

» 4-((3,7-Dimethyl-2,6-dioxo0-2,3,6,7-tetrahydro-1H-
purin-1-yl)methyl)-2-methoxyphenyl benzoate (4f)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3f with
theobromine. The pure compound 4f was obtained as a
yellow solid, m.p. 310-311°C; Yield: ~ 89%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.45; IR (KBr;
v, ., cm') 3010.90 (-CH stretching), 143.50 (C=0O
stretching), 110.81 (C=0O stretching), 1660.60 (C=0
stretching), 1650.2 (C=N stretching), 1230.67 (C-O
stretching), 1233.37 (C-N stretching), 1180.94 (C-N
stretching), 1178.4 (C-N stretching), 'H (CDCI,, 300
MHz; 3, ppm): 7.36 (1H, s, =CH, H-6), 7.28-7.41 (5H,
m, Ar-H, C-22 to C-26), 6.74-6.88(3H, m, Ar-H), 5.16
(2H, s, CH,, H-10), 3.83 (3H, s, H-19), 3.95(3H, s, CH,,
H-17), 3.32(3H, s, CH,, H-18). *C (CDCl,, 75 MHz; 4,
ppm): 167.75 (O(C=0)Ph), 154.8 (C=0), 150.43 (C=0),
149.83 (C-4), 147.97 (C-13), 146.49 (C-6), 137.51 (C-
11), 133.94, 131.79, 131.52, 131.46 (C-14), 128.60,
127.87 (C-15), 127.46 (C-16), 111.82 (C-12), 111.63
(C-8), 56.25 (C-10), 37.41 (C-17), 30.41 (C-18). ESI-
MS m/z 421 [M+H]"; Anal. Calcd. for C,H, N,O_: C

2277200 4750
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62.85, H 4.79, N 13.33, O 19.03

»  4-((3,7-Dimethyl-2,6-dioxo0-2,3,6,7-tetrahydro-1H-
purin-1-yl)methyl)phenyl benzoate (4g)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3g with
theobromine. The pure compound 4g was obtained as a
yellow solid, m.p. 298-299%°C; Yield: ~ 80%; TLC
Solvent System: 9:1 (CHCI,: MeOH), Rf value: 0.55; IR
(KBr; v, cm™) 2995.90 (-CH stretching), 143.40 (C=O
stretching), 113.50 (C=0O stretching), 162.31 (C=0
stretching), 1640.80 (C=N stretching), 1330.57 (C-O
stretching), 1273.37 (C-N stretching), 1210.94 (C-N
stretching), 1198.4 (C-N stretching), . 'H (CDCI,, 300
MHz; 8, ppm): 7.19 (1H, s, =CH, H-6), 7.45-7.65 (9H,
m, Ar-H), 4.43 (2H, s, CH,, C-10), 3.90(3H, s, CH,, C-
17), 3.47(3H, s, CH,, C-18). ®C (CDCl,, 75 MHz; 3,
ppm): 167.82 (C=0), 154.41 (C=0), 150.43 (C=0),
149.83 (C-4), 147.97 (C-14), 146.49 (C-11), 143.35 (C-
6), 132.43, 130.93, 128.82, 127.87, 127.46 (C-12, C-
16), 120.76 (C-13, C-15), 48.17 (C-10), 38.3 (C-17),
30.35 (C-18). ESI-MS m/z 391 [M+H]"; Anal. Calcd.
for C, H ,N,0,: C 64.61, H 4.65, N 14.35, O 16.39.
» 3,7-Dimethyl-1-(2,3,4-trimethoxybenzyl)-1H-
purine-2,6(3H,7H)-dione (4h)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3h with
theobromine. The pure compound 4h was obtained as a
yellow solid, m.p. 302-304°C; Yield: ~ 92%; TLC Solvent
System: 9:1 (CHCL: MeOH), Rf value: 0.65; IR (KBr;
v, ., cm') 2933.30 (-CH Stretching), 115.50 (C=0
Stretching), 1662.3 (C=0 Stretching), 1636.2 (C=N
Stretching), 1273.37 (C-N Stretching), 1250.94 (C-N
Stretching), 1150.4 (C-O Stretching), 1140.4 (C-N
Stretching), . '"H (CDCI,, 300 MHz; o, ppm): 7.98 (1H,
s, =CH, H-6), 6.57 (1H, d, J= 7.9, Ar-H, H-15), 6.32(1H,
d, J= 7.9, Ar-H, H-16), 5.18 (2H, s, CH,, H-10), 3.4(3H,
s, CH,, C-17), 3.83(9H, s, 3x OCH,, H-19, H-20, H-21),
3.26(3H, s, CH,, C-18). *C (CDCl,, 75 MHz; 5, ppm):
151.96 (C=0), 151.10 (C=0), 149.36 (C-14), 148.41



(C-4), 148.30 (C-13), 143.35 (C-6), 142.23 (C-12),
122.45 (C-16), 108.67 (C-8), 104.56 (C-15), 120.26 (C-
11), 60.80 (2 x OCH3), 56.1 (OCH3), 41.56 (C-10),
33.80 (C-17), 30.11 (C-18). ESI-MS m/z 361[M+H]";
Anal. Caled. for C, H, N,0.: C 56.66, H 5.59, N 15.55,
0 22.20.

» 1-(2-Methoxybenzyl)-3,7-dimethyl-1H-purine-
2,6(3H,7H)-dione (4i)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3i with
theobromine. The pure compound 4i was obtained as a
yellow solid, m.p. 302-304°C; Yield: ~ 92%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.65; IR (KBr;
v, ., cm') 3113.11 (-C-H Stretching), 111.57 (C=0
Stretching), 1674.21 (C=0O Stretching), 1666.50 (C=N
Stretching), 1286.52 (C-N Stretching), 1247.94 (C-N
Stretching), 1186.22 (C-O Stretching), 1099.43 (C-N
Stretching), . '"H (CDCI,, 300 MHz; 6, ppm): 7.19 (1H,
s, =CH, H-6), 7.45 (4H, m, Ar-H), 4.43 (2H, s, CH,, C-
10), 3.77(3H, s, CH,, C-17), 3.90 (3H, s, OCH,),
3.53(3H, s, CH,, C-18). *C (CDCl,, 75 MHz; 6, ppm):
166.63 (C=0), 150.43 (C=0), 149.83 (C-4), 147.97 (C-
12), 146.49 (C-6), 131.24 (C-11), 129.4 (C-14), 127.63
(C-16), 120.80 (C-15), 112.56 (C-13), 108.67 (C-8),
66.98 (OCH,), 37.52 (C-10), 29.16 (C-17), 27.74 (C-
18). ESI-MS m/z 301[M+H]"; Anal. Calcd. for
C,H NO, C 5999, H 537, N 18.66, O 15.98.

» 1-(3,4-Bis(benzyloxy)benzyl)-3,7-dimethyl-1H-
purine-2,6(3H,7H)-dione (4j)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3j with
theobromine. The pure compound 4j was obtained as a
yellow solid, m.p. 320-321°C; Yield: ~ 79%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.55; IR (KBr;
v, cm') 315590 (-C-H stretching), 143.50 (C=0
stretching), 1685.81 (C=0O stretching), 1638.60 (C=N
stretching), 1255.67 (C-O stretching), 1255.87 (C-N
stretching), 1130.64 (C-N stretching), 1218.4 (C-N
stretching). 'H (CDCI,, 300 MHz; 8, ppm): 7.17 (1H, s,
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=CH, H-6), 7.38-7.47 (10H, m, Ar-H), 6.76-7.03 (3H,
m, Ar-H), 5.16 (4H, s, CH,, H-10), 5.01 (4H, s, CH,, 2
x OCH,Ph), 3.4(3H, s, CH,, H-17), 3.36(3H, s, CH,, H-
18). C (CDCI,, 75 MHz; 6, ppm): 154.61 (C=0), 151.26
(C=0), 149.6 (C-13), 148.51 (C-4), 147.25 (C-14),
143.34 (C-6), 136.44, 134.90 (C-11), 128.98, 127.66,
127.16, 122.87 (C-16), 112.23 (C-15), 109.89 (C-12),
108.23 (C-8), 3.90 (2 x OCH,Ph), 46.76 (C-10), 34.80
(C-17), 30.11 (C-18). ESI-MS m/z 483 [M+H]"; Anal.
Calcd. for C,,H,N,O,: C 1.2, H 5.43, N 11.61, O 13.26.
» 4-((3,7-Dimethyl-2,6-dioxo0-2,3,6,7-tetrahydro-1H-
purin-1-yl)methyl)-1,2-phenylene dibenzoate (4k)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 3k with
theobromine. The pure compound 4k was obtained as a
yellow solid, m.p. 315-316%°C; Yield: ~68%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.40; IR (KBr;
v, ., cm') 294590 (-C-H stretching), 1783.50 (C=O
stretching), 1678.81 (C=0 stretching), 162.80 (C=0
stretching), 110.60 (C=N stretching), 1235.67 (C-O
stretching), 1215.87 (C-N stretching), 112.64 (C-N
stretching), 1118.4 (C-N stretching). 'H (CDCI,, 300
MHz; 8, ppm): 7.97 (1H, s, =CH, H-6), 7.60-8.22 (10H,
m, Ar-H), 7.22-7.46 (3H, m, Ar-H), 5.01 (2H, s, CH , C-

_Z’
10), 3.4(3H, s, CH,, H-17), 3.36(3H, s, CH,, H-18). 1*C

(CDCl,, 75 MHz; 8, ppm): 165.24 (C=0), 154.61 (C=0),
151.26 (C=0), 148.45 (C-4), 145.51 (C-13), 143.78 (C-
14), 143.34 (C-6), 138.44 (C-11), 133.90 (C-20, C-20"),
130.34(C-21, C-21°, C-25, C-25"), 130.2 (C-22, C-22’,
C-23, C-23), 128.98 (C-24, C-24’), 122.87 (C-16),
120.67 (C-15), 112.23 (C-12), 108.23 (C-8), 46.76 (C-
10), 34.80 (C-17), 30.11 (C-18). ESI-MS m/z 510
[M+H]"; Anal. Caled. for C,;H, N,O.: C 65.88, H 4.34,
N 10.97, O 18.80

» 3,7-Dimethyl-1-(4-nitrobenzyl)-1H-purine-
2,6(3H,7H)-dione(41)

This was prepared in a similar procedure as described
earlier for the synthesis of 4a by the reaction of 31 with
theobromine. The pure compound 4l was obtained as a

- June 2023 < G P Globalize Research Journal of Chemistry
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yellow solid, m.p. 330-332%°C; Yield: ~75%; TLC Solvent
System: 9:1 (CHCL,: MeOH), Rf value: 0.35; IR (KBr;
v, ., cm') 314590 (-C-H stretching), 1789.50 (C=O
stretching), 1688.81 (C=O stretching), 1640.60 (C=N
stretching), 1536.45 (-NO, stretching), 1366.45 (-NO,
stretching), 1225.87 (C-N stretching), 112.64 (C-N
stretching), 1118.4 (C-N stretching). 'H (CDCI,, 300
MHz; o, ppm): 7.98 (1H, s, =CH, H-6), 8.14 (2H, dd,
J=8.4, Ar-H), 7.95(2H, dd, J=8.4, Ar-H), 5.01 (2H, s,
CH,, H-10), 3.4(3H, s, CH,, H-17), 3.36(3H, s, CH,, H-
18). *C (CDCl,, 75 MHz; 8, ppm): 154.61 (C=0), 151.26
(C=0), 148.51 (C-4), 145.34 (C-14; C-NO,), 143.44 (C-
6), 142.90 (C-11), 127.98 (C-12, C-16), 123.87 (C-13,
C-15), 108.23 (C-8), 46.76 (C-10), 34.80 (C-17), 30.11
(C-18). ESI-MS m/z 315 [M+H]"; Anal. Calcd. for
C H .N.O, C 53.33, H 4.16, N 22.21, O 20.30.

1477137 5747

Result and Discussion

Synthesis of theobromine analogs (4a-41)

The synthesis of theobromine analogs (4a-41) was done
in three steps as:

Step 1: Synthesis of substituted benzyl alcohols
(2b-21)

The substituted benzaldehyde (1b) was treated with
sodium borohydride (NaBH,) in dry THF/MeOH (1:1)
at 0°C. The reaction mixture was stirred for 30 minutes.
Usual workup afforded the corresponding benzyl alcohols
(2b).

Similarly all the benzyl alcohols (2¢-21) were synthesized
by following the above procedure in good yields (76%
-91%). (Scheme 1).

Step 2: Synthesis of substituted benzyl bromides
(3b-3)

To a stirred solution of benzyl alcohol (2b) in dry DCM,
phosphorustribromide (PBr,) was added dropwise. The
reaction mixture was stirred at 0°C for 40 mins. Usual
workup afforded the corresponding benzyl bromides (3b)
in good yield (76%). (Table 1, Scheme 1).

Similarly all the benzyl bromides (3¢-31) were synthesized
by following the above procedure. (Scheme 1).

o
HN ”‘1N
CHO GH20H CHaBr O N R, o
"1' "] i _ i | R4. Theobromine Rz NN
R~ 1 j Ry ___IE _:I ) Hg_alﬂ_,_.. C}A"N'EN»
He. g FE !
1(a-k) Z2(a-k) 3{a-k) 4{a-k)
1a, 2a, 3a. 1a R4, Rz, Ra = H;
1b, 2b, 3b, 4b Rqy=H, Ra, Rz= -OMe,
1c, 2¢, 3¢, 4c R; = Br, R, = OBz, R; = -OMe:
1d.2d.3d. Ad R, R==H, Ry =-0Bn;
1e, 2e, 3e, 4de Ry Rz=H, Rz =-0OMe;
11, 21, 31,41 4 H, K2 OMe, Ha OBz
1q, 2g, 3g, 1g Fq, Rz2=H, Ry =-0Bz;
1h, 2h, 3h.4h Fq. Rz Rz = -OMe;
1i.2i, 3i, 4i Ry =-OMe, Rs, Ra = H;
1j. 2. 3j. 4 R:=H, Ra, Rz = -OCH2Ph;
1k 2k, 3k, 4k R+ =H, R: A R4a=-0QBz;
11, 21, 31, 41 R:, Rz = H, R3 = -NOx:

Scheme
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1: (i) NaBH., THF/MeOH {1:1) (ii) PEBr'DCM at 0°C {iiijNaOMe/MeOH/r.t



Table 1: Benzyl bromides (3a-3l)

S. No Benzyl bromides Ri Ri R; Yield (%) M.P. (°C)

1. 3a* H H H - -

2. 3b H OMe OMe 76 Oil
3. 3¢ Br OBz OMe 86 44-46
4. 3d H H OCH»Ph 96 51-53
S. 3e H H OMe 91 Oil
6. 3f H OMe OBz 92 -

7. 3g H H OBz 91 -

8. 3h OMe OMe OMe 84 Oil
9. 3i OMe H H 89 Oil
10. 3j H OCH,Ph OCH»Ph 86 Oil
11. 3k H OBz OBz 88 -
12. 31* H NO; - -

*purchased from Aldrich Chemical Co.

Step 3: Synthesis of theobromine analogs (4a-41)
The Theobromine was stirred separately with substituted
benzyl bromides (3a-31) in presence of freshly prepared
sodium methoxide (NaOMe) base in methanol at room
temperature. Workup of the reaction mixture in the usual
manner gave the corresponding theobromine analogs (4a-
41) in ~80 % yields (Table 3, Scheme 1).

Optimization of reaction conditions for N-benzylation
of theobromine

We have attempted a number of reported methods with
different bases such as NaOH*?**, KOH*, K ,CO,***"or

Cs,CO,** for N-benzylation of theobromine with various
benzyl bromides. But with all the bases used, the reaction
time was between 4-24 hours and poor yields, however
with the use of NaOMe as base the reaction time reduced
to 3 hours only with almost 75-90% yield. During the
reaction, the solubility of theobromine increased in
methanol in presence of NaOMe as base before
undergoing the benzylation process which enhances the
utilization of theobromine in reaction mixture. The results
of the N-benzylation reaction performed under different
reaction conditions are recorded in Table 2.

Table 2: Optimization of reaction Parameters

S. Reactants Reaction conditions Reaction Yield
No. time (%)
1. Theobromine + 3a in DMSO at 20°C with NaOH 4-8 hours 60%
2 Theobromine + 3a in EtOH refluxed with KOH 12 hours 65%
3 Theobromine + 3a in DMF and K>COs at r.t. 24 hours 56%
4. Theobromine + 3a in THF with K,CO; & KI as base under reflux | 6 hours 59%
5 Theobromine +3a in MeOH with NaOMe as base at r.t. 3 hours 80%

Volume 7 Issue 1 ¢ January - June 2023 < G P Globalize Research Journal of Chemistry



Synthesis and Biological Evaluation of Theobromine Analogs Based on Purine Alkaloids

As it is clear from the Table 2, the best reaction condition
to synthesize the theobromine analogs was NaOMe as
base in methanol as solvent. Therefore, all the twelve
theobromine analogs (4a-41) were prepared by N-
alkylation of theobromine with various benzyl bromides
(3a-31) (Scheme 1). The theobromine analogs synthesized
by following the above methodology, with their yields
and m.ps are recorded in Table 3.

The structures of all 1N-substituted theobromine analogs

(4a-41) and the precursors were fully established by their
spectral data (IR, 'H, “C NMR and MASS) except benzyl
alcohols, which were used in subsequent reactions
without purification.

Biological Activity

All the theobromine analogs (4a-4l) were evaluated for
their in vitro antioxidant (free radical scavenging activity)
and antibacterial activity. The results are summarized in
Table 4 and 5.

Table 3: Theobromine Analogs (4a-4l)

S. No. Compounds R, R; R3 Yield (%) M. P. (°C)

1. 4a H H H 90 282-285

2. 4b H OMe OMe 85 290-293

3. 4c Br OBz OMe 76 332-335

4. 4d H H OCH2Ph 82 295-298

5. 4e H H OMe 86 285-287

6. 4f H OMe OBz 89 310-311

7. 4g H H OBz 80 298-299

8. 4h OMe | OMe OMe 92 302-304

9. 4i OMe |H H 92 281-282

10. 4j H OCH;Ph | OCH,Ph 79 320-321

11. 4k H OBz OBz 68 315-316

12. 41 H H NO, 75 330-332
Experiment 1: Determination of free radical where, A = was the absorbance of the control and
scavenging activity by 1, 1-diphenyl-2-picrylhydrazyl A was the absorbance in the presence of the sample.

(DPPH) method (Table 4, Graph 1).

All the synthesized 1-aryl-3,7-dimethyl-1H-purine-
2,6(3H,7H)-dione analogs (4a-41) were separately
dissolved in methanol to prepare samples of different
concentrations (1000 pg/mL, 500 pg/mL, 250 pug/mL,
100 pg/mL). To determine the DPPH free radical
scavenging activity the absorbance of each prepared
samples (sample with DPPH) was recorded at 517 nm
by UV spectro-photometer. The % inhibition and IC,;
were calculated by the following formula:

Acontrol

DPPH radical scavenging activity (%) =

- Asample

x100

control
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sample

The antioxidant activity in terms of percentage of DPPH
scavenging activities were determined using BHT
(butylated hydroxyl toluene) as standard. The results are
listed in Table 4 and Graph 1.

The absorbance at 517 nm for free radical scavenging
activity by DPPH was compared with the standard BHT
at 517 nm at four concentrations viz. 1000 pg/mL, 500
pg/mL, 250 pg/mL and 100 pg/mL. The standard BHT
has shown an increase in absorbance as the concentration
decreases. The absorbance obtained for BHT at the
concentrations 1000 pg/mL, 500 pg/mL, 250 pg/mL and



N

<
i

100 pg/mL were 0.014, 0.021, 0.026 and 0.0202
respectively (Table-4).

Among all the 12 samples (4a-4l) at concentration 1000
pg/mL only four samples 4b, 4d, 4h and 41 have shown
comparable absorption value (0.0386, 0.023, 0.0557 and
0.0567 respectively) with the standard BHT (0.014). At
concentration 500 ig/mL, three samples 4b, 4d and 41
have shown absorption values 0.0592, 0.0977 and 0.0731
respectively as compared to the standard BHT (0.021).
Similarly at concentration 250 pg/mL, only two samples
4b and 4d have shown absorption values 0.0858 and
0.0854 respectively comparable with the standard BHT
(0.026). Similarly at concentration 100 pg/mL, one
sample 41 has shown absorption value 0.0876 comparable
with the standard BHT (0.020). All the results of
absorption values at different concentrations are listed
in Table 4.

The study of percentage of DPPH scavenging activity in
12 samples (4a-41) has also been carried out and

s

7

demonstrated that the four samples 4b, 4d, 4h and 4l
have the highest value of % inhibition at concentrations
1000 pg/mL (98.55, 99.13, 97.91, 97.87 respectively)
comparable with the standard BHT at concentration 1000
pg/mL (99.35). The compound 4b also exhibited the %
inhibition values at 97.78 and 96.78 at concentrations
500pg/mL and 250pg/mL respectively comparable with
standard BHT which showed the % inhibition 98.99 and
99.02 at 500pg/mL and 250pg/mL respectively. Similarly
compound 4l have % inhibition values 97.26 and 96.80
at concentrations 500pg/mL and 250ug/mL respectively
comparable with standard BHT (Table-4, Graph-1).

The results therefore demonstrated that amongst all the
synthesized compounds only 41 with nitro substituent
showed values of absorption and % inhibition comparable
The free radical
scavenging activity and % inhibition are related to the
concentration of compounds and the most suitable

with BHT at all concentrations.

concentration of the synthesized compounds are 250 pg/
mL -1000 ig/mL as compared to standard BHT.

Table 4: Absorbance (517 nm) and % Inhibition at different concentrations for free radical

scavenging activity by DPPH

in compounds 4a-41 and BHT

Sample Concentration (ug/ml )
1000 500 250 100
Absor- % Absor- % Absorbance % Absor- %

bance Inhibition bance Inhibi- (517 nm) Inhibition bance Inhibi-

(517 nm) (517 nm) tion (517 nm) tion

4a 0.3268 87.75 0.3261 87.78 0.3275 87.73 0.2853 89.31
4b 0.0386 98.55 0.0592 97.78 0.0858 96.78 0.256 92.50
4c 0.342 87.18 0.2183 91.82 0.2441 90.85 0.2682 89.95
4d 0.023 99.13 0.0977 96.34 0.103 96.14 0.1846 93.08
4e 0.1936 92.74 0.1134 95.75 0.2366 91.13 0.2584 90.32
4f 0.035 97.32 0.2357 91.17 0.2676 89.97 0.2859 89.29
4g 0.047 97.27 0.1842 93.09 0.2285 91. 0.3208 87.98
4h 0.0557 97.91 0.1599 94.01 0.1668 93.75 0.1749 93.44
4i 0.118 95.57 0.2081 92.20 0.241 90.97 0.2689 89.92
4j 0.2181 91.82 0.286 89.28 0.3574 86.61 0.2846 89.33
4Kk 0.2244 91.59 0.374 85.87 0.4109 84.60 0.4497 83.15

41 0.0567 97.87 0.0731 97.26 0.0854 96.80 0.0876 96.3
BHT 0.014 99.35 0.021 98.99 0.026 99.02 0.0202 99.24
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Experiment 2: Determination of antibacterial activity
of theobromine analogs (4a-4l) (Table 5, Graph 2).

All the theobromine analogs 4a-41 were evaluated for
their antibacterial activity and the results are summarized
in Table 5.

Antibacterial Activity- The antibacterial activity was
evaluated against five pathogenic bacterial strains viz.
Agrobacterium tumefaciens (gram -ve), Erwinia
chrysanthemi (gram -ve), Xanthomonas phaseoli (gram

-ve), Escherichia coli (gram -ve) and Bacillus subtilis

8

S0

50

30

% of DPPH Scavenging Activity
S

20

1o

4d 4de 4f

d4a 4b 4c

4g 4h 4i 4]

(gram +ve) with standard antimicrobial agent

streptomycin.

The antimicrobial activity was carried out against the
above mentioned organisms by following the cup-plate
method using Muller-Hinton Agar medium for bacteria.
The compounds were screened for their antibacterial
activity at 200 pg/mL concentration level using DMSO
as solvent.

The zone of inhibitions of the synthesized compounds
against five pathogenic (Gram positive and Gram
negative) bacteria are presented in Table 5.

Sample Cone.
(ug/mL)
I 1000
Wl 500
@250

E 100

4k 41 BHT

Graph 1: % inhibition of DPPH scavenging activity of 4a-4l

Amongst all the tested compounds 41 and 4k have shown
remarkable antibacterial activity against all the five
pathogens as compared to standard streptomycin. Other
compounds which showed mild antibacterial activity are
4c, 4d, 4f, 4g, 4h, 4i and 4j as compared to standard
drug (Table 5).
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In the evaluation of antibacterial activity, the zone of
inhibition (ZOI) for the most active compound 4k and
41 was between 20-29 and 16-28 respectively for A.
tumefaciens, E. chrysanthemi, X. phaseoli, E. coli and
B. subtilis. The compounds 4d, 4f, 4g and 4j exhibited
good antibacterial activity against Gram —ve bacteria E.
chrysanthemi with zone of inhibition as 26, 25, 25, and



25 respectively. However 4j exhibited high activity
against Gram +ve bacteria B. subtilis with ZOI as 27.
The mild activity against Gram +ve bacteria B. subtilis
was shown by compounds 4¢, 4d, 4f and 4i with zone
of inhibition as 21, 23, 20 and 20 respectively. Compound
4b was found to be active against only one Gram —ve
bacteria E. chrysanthemi with zone of inhibition as 24
while it has shown very poor activity against other
pathogens tested.

As predicted by the SAR in general it is clear that value
of zone of inhibitions was greater for compounds having
electron withdrawing groups as compared to compounds

having electron donating groups. Compounds 4k and 41

due to the presence of electron withdrawing groups i.e.
the OBz groups in 4k and —-NO, group in 4l at phenyl
ring had greater value of ZOI whereas compounds 4b,
4h and 4i have shown relatively less values of zone of
inhibition due to the presence of methoxy groups
(electron donating group) as compared to other analogs
bearing electron withdrawing groups thus supporting the
SAR prediction that electron withdrawing groups enhance
the antibacterial activity.

The graphical representations of zone of inhibition of all
the tested compounds are displayed in Graph 2.

Table 5: Antibacterial activity (ZOIl)* of theobromine derivatives 4a-4l

S. No. Samples Gram negative bacteria Gram Positive bacteria
A. tumefaciens E. chrysanthemi X. phaseoli E. coli B. subtilis
1. 4a 10 9 5 7 12
2. 4b 14 24 12 11 16
3. 4c 20 17 19 14 21
4. 4d 17 26 14 10 23
5. 4e 13 12 10 13 16
6. 4f 19 25 10 17 20
7. 4g 21 25 15 20 14
8. 4h 15 22 14 13 19
9. 4i 13 15 17 15 20
10. 4j 17 25 15 19 27
11. 4k 28 28 20 16 18
12. 41 29 27 24 20 28
17. #Std. 38.23 40.33 27.57 39.57 39.76

#Std. Streptomycin (+control), All the compounds were screened at 200 pug/ml concentration

20 1 B A. tumefaciens
B E. chrysanthemi
40 1 O X. phaseoli
W E coli

@ B. subtilis

Zone of inhibition {mm)

72a 72b TJ2c¢ 72d 72e 72f

F2g 72h 721 T72) T2k 721 #std.

Graph 2: Zone of inhibitions (ZOIl) of the theobromine analogs. #std streptomycin
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Conclusions

We have synthesized a series of twelve new and novel
theobromine analogs (4a-4l) by a three step reaction
predicted by retrosynthetic analysis. All the synthesized
analogs were screened for antioxidant (free radical
scavenging activity) and antibacterial activity.

The biological studies revealed that out of all synthesized
analogs only four analogs 4b with 3,4-dimethoxybenzyl
substituent, 4d with -OCH,Ph substituent, 4h with 2-3-
4-trimethoxybenzyl substituent and 41 with 4-nitrobenzyl
substituent showed free radical scavenging activity with
% inhibition 98.55 %, 99.13 %, 97.91 % and 97.87 %
as compared to standard BHT (99.35 %) at 1000 mg/ml
concentration.

In the evaluation of antibacteraial activity it was found
that amongst all the novel analogs (4a-41), only two
compounds 4k with -OBz and 41 with 4-nitrobenzyl
substituents were found to exhibit moderately active
against all five bacterial strains.
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Abstract

The present paper discuss how students can use their programming skills in BASIC language to estimate the equation
that describes the relationship between two variables in “Phenol-water” experiment. Usually, undergraduate students
of Chemistry are familiar with the programs that deal with linear relationships. The program written in this paper
will help the students with programming abilities to handle the nonlinear relations'. Furthermore, this will help in
understanding how the program written in BASIC will derive the same results as obtained from machine learning.

Introduction

With the development of Machine learning (ML)
methods, it is extremely useful to use ML to replace
orthodox approaches to fitting data measured in
Chemistry experiments, especially for students at
undergraduate level. In our previous report’> we have
introduced ML and analyzed raw data collected from a
Phenol-water experiment to arrive at the best fit curve.
We have demonstrated how statistical machine learning
technique can be used to fit data obtained from
experiments performed in the lab. As an illustration,
“Phenol-water” experiment was chosen. Based on
feedback received, we have shown here how one can
achieve similar results by using computer programming.
In our research group, we are trying to incorporate basic
computer application to study chemistry laboratory
experiments.® In this case we have used BASIC
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programming*® which is taught in the existing curriculum
frame-work. This is a step up from free hand fitting,
which is the normal method used by undergraduate
science students.

Theory Phenol-water system is an example of partially
miscible liquids. This experiment is performed to study
the liquid-liquid phase equilibrium. When phenol is added
to water at a given temperature (T) in small amounts
slowly and successively, phenol will be dissolved
completely until it reaches its solubility limit. A single
phase homogeneous solution exists up to this point. With
excess addition of phenol, it will split up into two layers.
These two liquid layers are called conjugate solutions.
Phenol being heavier than water, the lower layer contains
phenol saturated with water and upper layer consists of
water saturated with phenol. The same phenomenon of
two conjugate solutions can be observed when water is
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added to phenol slowly and successively. As a result the
solution becomes turbid. The turbidity goes off on heating
and reappears on cooling. The mutual solubility increases
with the increase of temperature. Hence the mutual
solubility temperature (Ts) will be different at different
compositions. The highest miscible temperature above
which both the liquids are soluble at all proportions is
called upper critical solution temperature (CST). It is
obtained from the graph between mutual solubility
temperature (T) and mass % of phenol®®. The graph
generated from the experimental data form a curve which
is often called umbrella curve.

Experimental Difficulty: During the experiment, the
students face the following difficulties which lead to
erroneous determination of temperatures which gets
reflected in graph plotting.

a. Student finds difficulty to observe the turbidity ap-
pearing and disappearing in the solution for initial
few compositions.

b. Sometimes there is a lot of difference between the
two temperatures at which turbidity appears and
disappears due to overheating of water bath.

.‘~

i

Hence it makes an impact while drawing a free hand
smooth curve from these experimental data points. As a
result, students report wrong CST and its corresponding
composition. One can use regression method to overcome
this difficulty.

Method: The free hand plotting of the data shows that
the curve depicting the relationship is nonlinear. A
common nonlinear relationship is the quadratic
relationship. Let us consider a quadratic equation of the
form:

yv=ax"+bx+c

The co-efficient ‘a’, ‘b’ and ‘¢’ are to be estimated with
the relations given below. Substituting the values of a,
b and c in the above equation, the estimated values of
y are obtained. Our estimated equation yields a value of
R?= 0.94.

The computer program has been written to solve for
three coefficients (a, b and c) and estimate y (mutual
solubility temperature T ). The program also plots the
value of estimated y i.e. T_ against the value of x (mass%
of phenol).

Table1: The formula for estimating a, b and ¢
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Programme The programme (given in Appendix-I) has
been written to help the students to find out the values
of estimated y directly. The students have to input the no
of observations (n) and data obtained from experiment
(x,y) in the programme. The output of the program
provides the best fit equation, plots the graph and
indicates CST and the composition at CST.

Data source The experiment is performed the laboratory
of Hansraj College, University of Delhi, India. The
experimental data is shown in Table 2.

Table 2: Experimental values of mutual solubility
temperature at various mass% of Phenol

Table 3: Comparison of mutual solubility
temperatures (T ) between experimental and
estimated value

S. Mass % of Mean temperature of
No. Phenol disappearance and
reappearance of turbidity/ ° C
Estimated | Experimental
1. |70.00 40.11 37.5
2. |67.00 45.17 44.8
3. | 6449 49.02 49.6
4. 15985 55.21 56.8
5. | 5777 57.60 59.0
6. |55.83 59.61 62.1
7. | 54.02 61.30 62.8
8. |46.47 66.38 65.1
9. 140.77 68.13 65.5
10. | 36.32 68.24 66.0
11. | 32.74 67.54 65.3
12. | 27.36 65.14 64.8
13. [23.49 62.42 63.9
14. | 18.32 57.50 61.0
15. | 15.01 53.57 56.5
16. | 12.71 50.48 51.3
17. | 10.67 47.50 42.9

Sl. | Mass (%) of Mean temperature of
No. Phenol disappearance and reappearance
of turbidity / °C
1. 70 37.5
2. 67 44.8
3. 64.49 49.6
4. 59.85 56.8
5. 57.77 59.0
6. 55.83 62.1
7. 54.02 62.8
8. 46.47 65.1
9. 40.77 65.5
10. 36.32 66.0
11. 32.74 65.3
12. 27.36 64.8
13. 23.49 63.9
14. 18.32 61.0
15. 15.01 56.5
16. 12.71 51.3
17. 10.67 42.9

Results The estimated and experimental values of mutual
solubility temperatures (Ts) are shown in Table-3. Output
from the computer program is given in Fig 1.

|

1
1
1
i
1
1
1
1

Fig. 1: Output from the computer programme
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Fig. 2: The best fit line obtained from computer programme using the same experimental data.

A number of free hand curves passing through the
experimental data points make it difficult to isolate the
best fit one. The graph obtained from regression analysis
gives the best fit. The free hand curves and the best fit
line obtained from computer programme are displayed
in Figure 1.

Conclusions

The paper presents a programme in BASIC for the
students to use quadratic regression analysis to handle
experimental data in Chemistry. Classroom experience
shows a lack of knowledge among the undergraduate
students of Chemistry beyond linear regression analysis.
This paper seeks to address this gap.

In our earlier paper, we have demonstrated how machine
learning (ML) can be applied in Chemistry experiments.
The result obtained from the programme in BASIC
matches with the values of coefficients obtained through
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the application of machine learning in our earlier paper.
However, in ML the computer has been instructed to
find out the degree of polynomial that yields the best fit.
Our finding was that polynomial of degree two is the
appropriate one. Accordingly, we have used a quadratic
regression in BASIC. The basic programme would have
required several programmings to be written to run the
iteration for the desired degree of polynomial to be
known. This is beyond the scope of the paper.
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Appendix-I

CLS
REM n is the no of observations
Print “ INPUT no of observations = n”
Input n
DIM x(n), y(n), y1(n)
REM x,y are experimental value and y1 is estimated value
REM INPUT THE VALUE OF x(1) & y(I)
FORi=1TOn
Input x(i), y(i)
NEXT i
FORi=1TOn
PRINT x(i), y(i)
NEXT |
REM to arrange mass % of Phenol in decreasing order for setting the
scale
FORi=1TOn-1
FORj=i+1TOn
IF x(i) > x(j) GOTO 2
temp = x(i)
templ = y(i)
x(i) = x(j)
y(i) = y(j)
x(j) = temp
y(j) = templ
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2 NEXTj
NEXT i
REM to calculate the coefficients a,b,c
FORi=1TOn
sumx = sumx + x(i)
sumy = sumy + y(i)
sumxsq = sumxsq + (x(i) » 2)
sumxsqy = sumxsqy + ((x(i) » 2) * y(i))
sumxy = sumxy + (x(i) * y(i))
sumxcube = sumxcube + (x(i) * 3)
sumxfour = sumxfour + (x(i) » 4)
NEXT i
avx=sumx/n
avy=sumy/n
avxsq = sumxsq / n
sxxy = (sumxsqy) - (n * (avy) * (avxsq))
sxx = (sumxsq) - (n * ((avx) ~ 2))
sxy = (sumxy) - (n * (avx) * (avy))
sxxsq = (sumxcube) - (n * (avx) * (avxsq))
sxsqgxsq = (sumxfour) - (n * ((avxsq) * 2))
a = ((sxxy * sxx) - (sxy * sxxsq)) / ((sxx * sxsqxsq) - ((sxxsq) * 2))
b = ((sxy * sxsqxsq) - (sxxy * sxxsq)) / ((sxx * sxsqxsq) - ((sxxsq) * 2))
c=avy - (a * avxsq) - (b * avx)
'PRINT avx, avy, avxsq
REM 2o =aVy; Pomm =avx; 25mm =avxsq
REM 7p29p=5XXY; Pm=5XX; Thm= SXy
REM 7pp2=5xXSQ; 7272 =SXSOXSQ
REM storing of estimated value
FORi=1TOn
y1(i) = (@ * (x(i) ~ 2)) + (b * x(i)) + ¢
NEXT i
'PRINT a, b, ¢
‘FORiI=1TOn
FORi=1TOn
y1(i) = (@ * (x(i) » 2)) + (b * x(i)) + ¢
NEXT i
'PRINT a, b, ¢
FORi=1TOn
'PRINT i, x(i), y(i), y1(i)
NEXT i
REM determination of xmin,ymin,xmax,ymax
xmin =x(n) -5
xmax =x(1) +5
ymin = 1E+10
ymax = -1E-10
FORi=1TOn
IF y1(i) < ymin GOTO 10
GOTO 11
10 ymin = y1(i)
p=i
11 NEXT i
'PRINT ymin
FORi=1TOn
IF y(i) < ymin GOTO 12
GOTO 13
12 ymin = y(i)
13 NEXT i
'PRINT ymin
FORi=1TOn
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IF y1(i) > ymax GOTO 14 NEXT y
GOTO 15 LINE (x(n) - 5, y1(p1))-(x(p1), y1(p1))
14 ymax = y1(i) LINE (x(p1), y1(p1))-(x(p1), ymin - 5)
pl=i LOCATE 25, 25
15 NEXTi PRINT “mass%phenol”
FORi=1TOn ‘LOCATE 24, 28
ssr=ssr+ ((y1(i) - avy) A 2) ‘PRINT x(p1)
sst = sst + ((y(i) - avy) A 2) ‘LOCATE 6, 1
NEXT i ‘PRINT y1(p1)
RSQ = (ssr) / (sst) c$ = “TEMPERATURE”
'PRINT "RSQ="; RSQ L = LEN(c$)
'PRINT ymax cl1=8
FORi=1TOn FORi=1TOL
IF y(i) > ymax GOTO 16 LOCATE c1, 3
GOTO 17 d$ = MIDS(cS, i, 1)
16 ymax = y(i) PRINT d$
17 NEXT i LOCATE c1, 2
'PRINT ymax cl=cl+1
PRINT NEXT i
PRINT " " LOCATE 27, 4
PRINT TAB(2); "S.N"; TAB(8); "mass % of phenol"; TAB(27); PRINT “CST="; y1(p1); “C”; “ COMPOSITION="; x(p1); “% of phenol”
"ESTIMATED TEMP/C"; TAB(48); "EXPERIMENTAL TEMP/C" LOCATE 28, 3
PRINT " " PRINT “xmin”, “ymin”, “xmax”, “ymax”
PRINT " THE CO-EFFICIENTS a,b,c OF QUADRATIC LOCATE 29, 2
EQUATION:a* (xA2)+b*x+c" PRINT xmin, f1, xmax, f2
PRINT TAB(6); "a"; TAB(20); "b"; TAB(30); "c" 70 PRINT “here it ends™

PRINT TAB(3); a; TAB(18); b; TAB(29); ¢

PRINT " RSQ MEASURES THE GOODNESS OF FITTING OF CURVE"
PRINT "RSQ="; RSQ

PRINT "do you want a graph also?"

PRINT "write down your answer either Y or N"

INPUT g$

IF g$="Y"GOTO 50

GOTO 70

REM xmin is set to negative to label the yaxis
50 SCREEN 12
WINDOW (-2, ymin - 20)-(100, ymax + 10)
FOR x3 =x(n) TO x(1) STEP 0.1
y3=(a*((x3)*2))+(b*x3)+c

PSET (x3, y3)
NEXT x3
FORi=1TOn

CIRCLE (x(i), y(i)), 0.3
NEXT i

REM “X-axis” to be drawn

LINE (x(n) - 5, ymin - 5)-(x(1) + 5, ymin - 5)

REM “Y-axis” to be drawn

LINE (x(n) - 5, ymin - 5)-(x(n) - 5, ymax + 5)

fl = ymin -5

f2 = ymax + 5

REM “calibration of X-axis”

FOR x = x(n) - 5 TO x(1) + 5 STEP 5
LINE (x, ymin - 5)-(x, ymin - 4.5)

NEXT x

REM “calibration of Y-axis”

FOR y = ymin - 5 TO ymax + 5 STEP 10
LINE (x(n) - 5, y)-(x(n) - 4.0, y)
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(Abstract \

This paper reports the synthesis of Chalcone based Fulgide by step-wise Stobbe Condensation for it photochromic
properties. Stobbe condensation is an important C=C bond forming reaction. The Stobbe condensation reaction of
Benzaldehyde with Dimethyl succinate was carried out with solvent tert-butanol in the presence of potassium metal
which gave 3-(methoxycarbonyl)-4-phenylbut-3-enoic acid which upon methylation underwent Stobbe condensation
with 3,5-diiodo-4-hydroxy-3°,4 -methylenedioxy Chalcone, which was synthesized using Friedel-Crafts acylation and
gave the corresponding ester product 4-Benzo [1, 3] dioxol-5-yl-2-(benzylidene)-6-(3, 5-diiodo-4-methoxyphenyl)-3-
(methoxycarbonyl) hexa-3, 5-dienoic acid which was further saponified to the corresponding dicarboxylic acid called
2-(-1-(benzo [1, 3] dioxol-5-yl)-3-(3, 5-diiodo-4-methoxyphenyl) allylidene)-3-(-benzylidene) succinic acid which
further underwent dehydration to give an anhydride product Fulgide known as (Z)-3-((E)-1-(benzo[d][1,3]dioxol-5-
vl)-3-(3,5-diiodo-4-methoxyphenyl)allylidene)-4-((Z)-benzylidene)dihydrofuran-2,5-dione. The product was confirmed
using melting point, IR, UV and proton NMR. This fulgide was used to study photochromism. Photochromism is a
change in colour, usually colourless to coloured, brought about by UV irradiation in an immersion well photochemical
reactor.

\Keywords: Stobbe Condensation, Chalcone, Fulgide, Photochromism /

Introduction

Photochromism is defined as a reversible transformation
in chemical species between two forms having different
absorption spectra by photo irradiation'. This reversible
physical phenomenon makes them applicable in the field
of opto-electric materials and devices®® for example light
— density optical memory devices switches®’ etc. For
this purpose, organic photochromic compounds are often
incorporated in polymer, liquid crystalline materials or
other materials.
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Fulgides derived from Fulgenic acids are of great interest
for their photochromic properties®!?. Santiago and
Becker!! have suggested that photochromism was
observed only if one of the substituted group was an
aromatic moiety. This makes Fulgide a substituted 1,2,5
— hexatriene in which an aromatic bond serves in place
of one of the double bonds of the triene. This
photochromism occurs in fulgides having either phenyl,
substituted phenyl, furyl or styrl substituents'!?
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Material and Methods

Materials

All the chemicals used were of analytical grade and
with highest purity. The chemicals used were Dimethyl
succinate, Benzaldehyde, Potassium metal, Butanol,
3-(benzo[d][1,3]dioxol-5-yl)acryloyl 2,6-
diiodphenol,zinc oxide, dichloromethane, Acetone,

chloride,

Potassium carbonate , Dimethyl sulphate, 2M NaH,
Benzene, Ethanol , 2M Sodium hydroxide , Ethyl acetate
and chloroform, Rotary Evaporator, Column for
chromatography setup, Immersion well Photochemical
reactor (SAIC-model IQW-I), UV lamp (254nm), UV/
VIS/NIR Spectrometer lambda -750 were used.

Methods
1. Synthesis of 3, 5-diiodo-4-methoxy-3’,
4’-methylenedioxy Chalcone [3]

The straightforward route leading to the synthesis of
Chalcone is Friedel-Crafts acylation of arenes with
o,B-unsaturated aryl acid halides'#!%. 3, 5-diiodo-4-
hydroxy-3’°, 4’-methylenedioxy Chalcone was prepared
by stirring a mixture of 3-(benzo[d][1,3]dioxol-5-
yl)acryloyl chloride (3mmol), 2,6-diiodphenol (3mmol)
and zinc oxide (1.5 mmol) which was stirred at room
temperature (25-30°C). The process was monitored using
TLC. The product was extracted with dichloromethane
(3 x SmL) and washed with ag. NaHCO, . The organic
layer was dried over anhydrous Na,SO, and the removal
of solvent under pressure furnished analytically pure
product.'®

A solution of Chalcone (1.761 g, 0.0035 M) in dry
acetone (180 mL) containing anhydrous K,CO, (1.37 g)
was refluxed in dimethyl sulphate (0.66 mL) for 4 hours.
After refluxing, the solution was filtered and the inorganic
residue was washed with hot acetone. The acetone
solution was distilled and the residue was treated with
crushed ice, extracted in ether and dried using anhydrous
sodium sulphate!”. (Mol wt.: 534, Practical Yield: - 1.26g,
% Yield: 70, NMR: & 3.83 (3H.,S), 6.06 (2H, S), 7.60
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(1H, =CH), 8.08 (1H, =CH), 7.67 (2H, Ar). IR: 1675
cm-1 (C=0 stretching, ketone) See Scheme 1.

2. Synthesis of (Z)-3-((E)-1-(benzo[d][1,3]dioxol-5-
yD)-3-(3,5-diiodo-4-methoxyphenyl)allylidene)-4-((Z)-
benzylidene)dihydrofuran-2,5-dione.

An equivalent mixture of dimethyl succinate (26.20g)
and Benzaldehyde (19.02g) was added to a well-stirred
solution of potassium tert-butanol prepared by dissolving
potassium metal (7g) in 190 mL of butanol under dry
anhydrous condition and stirred for about 1 hour. The
reaction mixture, was acidified with ice-cold 3N HCI
solution and tertiary butanol was removed under pressure
using rotatory evaporator. After extraction with diethyl
ether and washing with 10% solution of sodium
bicarbonate under ice-cold conditions, acidification
resulted in the isolation of 3-(methoxycarbonyl)-4-
phenylbut-3-enoic acid (1) as a semi-solid which was
crystallized from alcohol-water as a yellow colored solid.
Eq.wt (found): 284, M.P 143!, UV A_ : 291 (3.60);
LR: 1710 (C=0, ester), 1690 (C=0, acid), 1610 (C=C)
and 1235 cm? (C-ostr); NMR: 8 3.76 (3H, s), 3.3
(2H, s), 7.17 (5H, Ar), 7.8 (1H, =CH).

3-(methoxycarbonyl)-4-phenylbut-3-enoic acid was
refluxed for 8 hours with 8% alcoholic KOH solution
and excess alcohol was distilled off. On acidification
2-benzylidenebutanedioic acid(2) was obtained, which
was crystallized from ether-pet ether (40:60) as a faint
orange thick oil The dicarboxylic acid was then refluxed
with EDC (250 mL) with methanol (75 mL) and a few
drops of H,SO, to give Dimethyl-2-benzylidene
succinate(2)'*'* (Eq.wt (found):135. Yield: 40%. IR 1839
and 1772 cm'(C=o, ester). Melting point: Chars at
218°C.)

A mixture of Dimethyl-2-benzylidene succinate (0.552
g) and 3, 5-diiodo-4-methoxy-3’, 4’-methylenedioxy
Chalcone 1.26 g was added drop-wise using a syringe
for 3 hours to a solution containing Benzene and 2M
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NaH 1.88g. A few drops of ethanol was then added to
increase the entropy of the reaction. As the reaction
proceeded, an orange layer started developing above the
yellow solution and the solution was stirred for 48 hours.
A red solution was obtained consisting of the desired
product, half-ester and the unreacted chalcone. The
solution was then added to crushed ice, resulting in the
formation of two separate layers, which were separated
using separating funnel and given washings using
benzene. The product obtained was dark red. The product
was added to NaOH and then extracted using ethyl
acetate. The desired product was then separated by
column chromatography by giving washing of Benzene
3 mL and Chloroform 3-4 drops. The reaction was
monitored using TLC. After the separation of the product
from silica where washing were given using acetone,
faint red crystals of 4-Benzo [1, 3] dioxol-5-yl-2-
(benzylidene)-6-(3, 5-diiodo-4-methoxyphenyl)-3-
(methoxycarbonyl) hexa-3, 5-dienoic acid (4) could
be seen.

IR: 1674cm™ (C=0, acid), 1297cm-1 (C-O stretching,
ester); NMR: &: 3.83 (3H, S), 3.71(3H, S), 6.06 (2H, S),
15.12 (1H, S), 6.81(1H, = CH), 6.85 (1H = CH), 7.76
(2H, Ar); Eq.Wt (found): 483

]

[+} O

4-Benzo [1, 3] dioxol-5-yl-2-(benzylidene)-6-(3, 5-diiodo-
4-methoxyphenyl)-3-(methoxycarbonyl) hexa-3, 5-
dienoic acid was refluxed for 8 hours with 8% alcoholic
KOH. The excess of alcohol was distilled off. On
acidification, the reaction mixture gave the dicarboxylic
acid as a red sticky product. The dibasic product was
then separated and removed from acetone and separated
using column chromatography, where the washing was
given using ethyl acetate and chloroform in 3:1 ratio.
The reaction was monitored continuously using TLC
and finally the solution was separated into three different
beakers, each giving a single spot in TLC (using
chloroform). The product 2-(-1-(benzo [1, 3] dioxol-5-
yD)-3-(3, S-diiodo-4-methoxyphenyl) allylidene)-3-(-
benzylidene) succinic acid (5) obtained had yellow
crystals.

IR: 1674cm™ (C=0, acid), 1611cm? (C=C); NMR: o:
3.83 (3H,S), 6.06 (2H,S), 15.21 (1H,S), 6.81 (1H, =CH),
6.85 (1H, =CH), 7.67 (2H, Ar) ; Eq wt. (found): 234.5.
The dicarboxylic acid (5) was then refluxed with acetyl
chloride for 2 hours on an oil-bath. Excess of acetyl
chloride was removed under reduced pressure and
triturated with diethyl ether giving brown crystals of
Fulgide (Z)-3-((E)-1-(benzo[d][1,3]dioxol-5-y1)-3-(3,5-
diiodo-4-methoxy phenyl) allylidene)-4-((Z)-
benzylidene)dihydrofuran-2,5-dione (6)
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Scheme 1
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Percent yield 80. IR: 1732 cm™! (C=0, anhydride), 1611cm™ (C=C); NMR: &: 3.83 (3H, S), 6.06 (2H, S), 6.81 (1H,
=CH), 0.85(1H, =CH), 7.67(2H, Ar). See Scheme (2)
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Photochromism was irradiated for 5, 10 and 15 minutes the main peak

To achieve the best conditions for photochromic studies
a 1x10% mol dm? solution of compound (6) was taken
and irradiated in a photochemical reactor at 254 nm for
5,10,20,25 and 30 minutes and structural changes were
studied. It is usual to monitor the progress of the reaction
by noting the disappearance of a characteristic absorption
band in UV spectrum of the starting material.>> The same
technique has been applied here. When the compound

Volume 7 Issue 1 < January -

appeared at 287.80 nm whereas when exposed for 20,25
and 30 minutes, the main peak shifted from 287.80 nm
to 346.50 nm (Table 1). Thus the UV irradiation at 254
nm in an inert atmosphere of compound 6 was done in
an immersion well reactor (model IQW-1) for 20 minutes
and the sample were scanned between 200-400nm by
using instrument type; UV/VIS/NIR Spectrometer y =
750 nm. The observed shift was 38.70 nm. (Figure 1)
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Synthesis and Characterization of Chalcone based Photochromic Fulgide

Table 1: Main peaks before and after irradiction

Time in | Main peaks before Main peaks after
Minutes | irradiation in nm irradiation in nm
5 287.8 287.8
10 287.8 287.8
15 287.8 287.8
20 287.8 346.5
25 287.8 346.5
30 287.8 346.5
1.000
/N
-\
0.800
\
\
0.600 \
-’\\\//»\F/ \
Absdrbance
0.400
A
0.200
/
0.000 ‘ ‘ N

200 250 300 350 4Db0 450 nm

Fig. 1: uv spectrum of compound 6
Result and Discussion

The synthesis of 3, 5-diiodo-4-methoxy-3’, 4’-methy-
lenedioxy Chalcone was done by Friedel-Crafts acylation
of arenes with a,B-unsaturated aryl acid halides with 70
percent yield. Photochromic Chalcone based Fulgide was
synthesized by a multistep-reaction starting from dimethyl
succinate and other chemical species with 5-diiodo-4-
methoxy-3’, 4’-methylenedioxy Chalcone. The reactions
steps consist of the first Stobbe condensation, hydrolysis
and esterification the second Stobbe condensation,
hydrolysis and dehydration to yield photochromic
chalcone based fulgide (6).

Volume 7 Issue 1 < January - June 2023 < G P Globalize Research Journal of Chemistry

When chalcone based fulgide were irradiated in an
immersion well photochemical reactor for 20 minutes
by UV 254 nm lamp, a shift in wavelength of 38.70 nm.
was observed. Shift in wave length after irradiation shows
that the compound has photochromic nature. The
argument of Santiago and Becker that in 1, 3, 5-
hexatriene an aromatic bond serves in place of one of
the double bonds of triene holds good for anhydride.

Conclusions

The synthesized compound is photochromic and it
validates the Santiago and Becker mechanism.
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(Abstract \
Despite being indigenous to India, Nepal, and the highlands of the Himalayas, Moringa oleifera flourishes in all
tropical and subtropical regions of the world. Drumsticks or horseradish trees are frequently used words for this
plant. Moringa plant is affordable, readily available, and extremely nutritious, and it is widely used for its therapeutic
properties. The little softwood tree Moringa oleifera grows swiftly and adapts well to a dry, sandy environment.
Moringa plants include substances that are anti-inflammatory, anti-cancer, anti-tumor, cardiovascular, and central
nervous system support. The manufacturing of antifungal and antibacterial drugs, the production of biofuels and oils,
and the treatment of wastewater are just a few of the many uses _for which Moringa plants have been one of humanity s
most significant suppliers. This review discusses the various medical applications of Moringa as well as its morphology,
nutritional needs, notable pharmacological qualities, commercial uses, safety studies, and commercial viability.

Q(eywords: Moringa oleifera, Antidiabetic, Anticancer, Antimicrobial, safety studies. )

Introduction food, and providing lumber. Plants have long been used

as a treatment for a range of illnesses. The key benefit
Since plants fulfill the role of producers in the ecosystem,  of using herbs as medicine and why they are preferred
they are independent of other species in terms of food.  more is that they have fewer side effects, which boosts
There are many different types of plants on our planet. public trust in plant-based therapies. Various ailments
Plants are essential to life for a variety of reasons, can be treated using plant components such as roots,
including providing oxygen, conserving soil, producing leaves, bark, and extracts!. The World Health
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Organization (WHO) has stated that the finest sources
of pharmaceuticals are medicinal herbs and plants.
Human beings benefit considerably from therapeutic
plants, especially those who are frail owing to poverty,
unemployment, illness, and low-income sources. Hence
it is important to treat them with easily available plant
components with little cost and also boost public
confidence in plant-based therapy. Again, WHO has said
that herbs and plants with medicinal properties are the
finest sources of medication. Moringa oleifera is the
most common plant throughout various parts of the
world, from Asia to Africa. The healing properties of
this plant, also known as “Mother’s best friend,” “the
miracle tree,” “the horseradish tree,” and “the drumstick
tree,” have made it a blessing to mankind. The Moringa
plant is widely available, affordable, very nourishing,

and well-known for its therapeutic properties®*. Moringa
leaves include a wide variety of macronutrients and
micronutrients that are essential to both human beings

and other living things. It contains many sources of
proteins, vitamins, minerals, and carotenoids. Moringa
is frequently referred to as the “Miracle plant” because
of its beneficial therapeutic properties. Moringa oleifera
is a little softwood tree that may grow quickly and bear
fruit in a dry, sandy environment. One of the
distinguishing features of the species is its long,
drumstick-shaped pods, which contain seeds. In its first
year of development, Moringa has shown the ability to
grow up to 4 meters and bear fruit, both of which are
shorter than average. The seeds, flowers, leaves, roots,
and pods of the Moringa plant are all extremely valuable
both commercially and medicinally.

YRR Moringa tree
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Fig. 1. Moringa oleifera
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There are a few traditional and medicinal uses for
Moringa. It has been used as a nutritional supplement
for more than 20 years in Ghana and other countries.
Hence, it has grown to be a well-known plant worldwide.
Regardless of the nutraceutical value, the plant’s diverse
effects.
Malnutrition is very well treated by the Moringa tree,

sections have unique pharmacological
especially in mothers and newborns. The entire plant,
including leaf, flowers, root, bark, gum, seed, and seed
oil, has been used for a variety of purposes in South
Asian traditional medicine, including the treatment of
infectious and inflammatory diseases as well as
hematological, cardiovascular, gastrointestinal, and
hepato-endocrine disorders™®’. The leaves of the Moringa
plant contain a variety of chemicals, including flavonoids,
ascorbic acid, phenolics, and carotenoids, which are good
sources of natural antioxidants®. The juice from the leaves
is used to treat eye infections. The leaf is exceptionally
nutrient-dense and contains significant amounts of rough
protein (20-29%), vitamins, and minerals®!®. Moringa
seeds are said to have antibacterial properties. The roots
and seeds have demonstrated antibacterial activity''. The
antimicrobial action of the Moringa leaves is attributed
to their ethanolic extract'?. The plant is renowned for a
variety of medicinal qualities, including the ability to
treat tumors, prevent infertility, lower blood pressure,
and have antibacterial effects'*!4. Urinary stone formation
is reduced and prevented by using the aqueous and
alcoholic extracts of Moringa root wood'. The Moringa
plant has been linked to a sizable number of primary
and secondary metabolites as well as pharmacological
actions.

Morphology

The slender, freely branching Moringa tree can grow
incredibly quickly (Figure 1). Although it can grow taller
than 10 meters, it is typically classified as a small to
medium-sized tree, having green to dim green, fluffy,
tripinnate numerous leaves 2cm long elliptical leaflets.
The large finely fragmented blooms of the tree are carried
on inflorescences 10 to 25 cm long and are typically
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white to cream in color, though they can occasionally be
tinted with pink in some kinds. The tree is frequently
mistaken for a legume because of its leaves. The fruit,
which has a three-lobed shell, is frequently called a
“pod”. Light green, and in certain varieties, reddish, are
the colors of immature pods. The fast-growing, drought-
tolerant tree can withstand poor soil, a wide range of
annual rainfall (28-300), and a pH range of 5.3-9.0. Dried
seeds have a round or triangular shape when fully grown
and a faintly forested capsule with three papery wings
surrounding the kernel. It has been discovered that the
composition of Moringa oleifera, includes a fatty acid
profile, and that Moringa oleifera oil is high in oleic
acid (>80%). Moringa oleifera seeds contain between
33 and 41% w/w of vegetable oil. The oil found in the
seed, which is shown to be a source of biofuel makes up
about 40 to 50 percent of the seed.

Different parts of Moringa plant

Stem: The stem is naturally lengthy but occasionally
has an improper form. The tree is 1.8 to 3 meters tall
and has a short, straight trunk!'e.

Branch: The branches are formed in an irregular pattern,
and the covering has the shape of an umbrella.

Leaves: Tripinnate complex leaves are fluffy and have
1-4 cm long, green, curving leaflets. Because of its leaves,
the tree is frequently mistaken for a leguminous plant.
In general, the branch tips are where the alternating twice
or three times pinnate leaves appear (shown in Figure
2). They range in length from 20 to 70 cm, with a long
petiole with 8 to 10 pairs of pinnae, each bearing two
sets of inverted elliptic leaflets and one at the apex that
is 1-2 cm long, and are greyish in color when young!'’.
Flowers: Inflorescences 15-25 cm long bear prominent,
delicately scented flowers that are 2.5 cm in diameter,
primarily white to cream in color, and tinged pink in a
few variations (shown in Figure 2). The 2.5 cm broad,
agreeably scented flowers are delivered in abundance on
supplementary, 10 to 25 cm long panicles. They have
white dots at their bases. Straight lanceolate five-reflexed



sepals are seen. The five petals are speculatively thin.
Except for the lowest, they consist of the five stamens
and five staminodes and are reflexed.

Fruits: Fruits have three lobes and are frequently referred
to as pods. Young pods are green and, in some varieties,
have radish-like coloring. Pods are triangular, brown,
and split longitudinally into three pieces when dried.
They are between 35 and 130 cm long and 12.8 cm
wide.

Flower

Nutritional Properties

Every component of the Moringa oleifera plant contains
valuable nutrients and antinutrients. Minerals like
Calcium, Potassium, Zinc, Magnesium, Iron, and copper
are abundant in Moringa oleifera leaves'. There are
vitamins like Vitamin A’s beta-carotene, Vitamin B’s
pyridoxine, nicotinic acid, and folic acid, as well as
Vitamins C, D, and E*. Anti-cancerous substances such
as glucosinolates, isothiocyanates, glycoside compounds,
and glycerol-1-9-octadecanoic are present along with
phytochemicals like tannins, sterols, terpenoids,
flavonoids, saponins, anthraquinones, alkaloids, and
reducing sugar?'. Low in calories, Moringa leaves can
be included in an obese person’s diet. Fibrous pods are
useful for treating digestive issues and preventing colon
cancer’*?, A study reveals that immature pods have a
protein level of about 20.66% and a fiber content of

about 46.78%. Amino acid concentration is 30% in pods,
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Seeds: The oval, tan, semi-permeable seeds have three
papery wings and are arranged in an oval shape
(Figure 2). The majority of seed arrangements are brown
to dark brown, although they can sometimes be white if
there are insufficiently viable sections. Within a week,
viable seeds begin to grow. The body itself features three
white wings that continuously beat at 130 seconds
intervals from beginning to end.

Seed

Fig. 2. Morphology of various tissues in M. oleifera'®.

44% in leaves, and 31% in flowers. Similar quantities of
palmitic, linolenic, linoleic, and oleic acids are found in
the immature pods and flowers**. Among the several
elements found in Moringa that are crucial for growth
and development, Calcium is regarded as one of the key
minerals for human growth. Moringa leaves can be
consumed for 1000mg of Ca and Moringa powder can
be consumed for more than 4000mg, compared to the
300-400mg found in 8 ounces of milk. In order to treat
anemia, Moringa powder can be used in place of iron
supplements. While Moringa leaf powder contains 28
mg of iron, beef has only 2 mg. According to some
reports, Moringa has a higher iron content than spinach?.
Zinc needs to be consumed in adequate amounts for
DNA and RNA production as well as for healthy sperm
cell development. The zinc content of Moringa oleifera
leaves ranges from 25.5 to 31.03 mg/kg, which matches
the recommended daily intake of zinc?.
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Linoleic, linolenic, and oleic acids are PUFAs that have
the power to regulate cholesterol. According to research,
Moringa seed oil has about 76% PUFA, which makes it
a good alternative to olive oil*’. The content of the
nutrients varies depending on the place. The nutrient
composition is affected by the seasons, according to
Fuglie?. It has been demonstrated that whereas Vitamin

Table 1. The nutrient compositions of leaves, leaf powder,

C and iron were more prevalent in the cool-dry season,
Vitamin A was more prevalent in the hot, wet season?.
The variance in results can be related to the fact that the
nutrient content of the tree is greatly influenced by the
location, climate, and environmental factors®®. Tables 1
and 2 provide a comprehensive list of the nutrients found
in leaves, pods, and seeds along with their medicinal
uses.

seeds, and pods3® 3! 32,

Nutrients Fresh Leaves Dry Leaves Leaf Powder Seeds Pods
Calories(cal) 92 329 205 - 26
Protein(g) 6.7 29.4 27.1 35.97+0.19 2.5
Fat(g) 1.7 5.2 2.3 38.67+0.03 0.1
Carbohydrate(g) 12.5 41.2 38.2 8.67+0.12 3.7
Fiber(g) 0.9 12.5 19.2 2.87+0.03 4.8
Vitamin B1(mg) 0.06 2.02 2.64 0.05 0.05
Vitamin B2(mg) 0.05 21.3 20.5 0.06 0.07
Vitamin B3(mg) 0.8 7.6 8.2 0.2 0.2
Vitamin C(mg) 220 15.8 17.3 4.5+0.17 120
Vitamin E(mg) 448 10.8 113 751.67+4.41 -
Calcium(mg) 440 2185 2003 45 30
Magnesium(mg) 42 448 368 635+8.66 24
Phosphorus(mg) 70 252 204 75 110
Potassium(mg) 259 1236 1324 - 259
Copper(mg) 0.07 0.49 0.57 5.20+0.15 3.1
Iron(mg) 0.85 25.6 28.2 - 53
Sulphur(mg) - - 870 0.05 137

Table 2. Nutritional compositions and medicinal uses of different parts of Moringa32.

Dyslipidemia, flu, heartburn,
syphilis, malaria, pneumonia,

Cu, Fe, and S. Vitamins like Vitamin-A
(Beta-carotene), vitamin B-choline,

Part of tree | Medicinal Uses Nutritive Properties Suggestion
Leaves Moringa leaves treat asthma, | Moringa leaves contain fiber, fat The presence of
hyperglycemia, proteins and minerals like Ca, Mg, P, K, | flavonoids give leaves

the antidiabetic and
antioxidant properties.

diarrhea, headaches, scurvy,
Skin diseases, bronchitis, eye
and ear infections. Also
reduces, blood pressure and
cholesterol and acts as an
anticancer, antimicrobial,
Antioxidant, antidiabetic and
anti-atherosclerotic agents,
neuroprotectant.

vitamin B1-thiamine, riboflavin,
nicotinic acid and Ascorbic acid is
present. Various amino acids like Arg,
His, Lys, Trp, Phe, Thr, Leu, Met, Ile,
and Val are present. Phytochemicals
like tannins, sterols, saponins,
terpenoids, phenolics, alkaloids and
flavonoids like quercetin,
isoquercetin, kaemfericetin,
isothiocyanates and glycoside
compounds are present.

The isothiocyanates are
anticancer agents.
Flavonoids like quercetin
and others are known for
anti-proliferative,
anticancer agent. The
presence of minerals and
vitamins help in
boosting the immune
system and cure a myriad
of diseases.
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Part of tree | Medicinal Uses Nutritive Properties Suggestion

Seeds Seeds of moringa help in Contains oleic acid (Ben oil), The presence of
treating hyperthyroidism, An antibiotic called pterygospermin, flavonoids give anti-
Chrohn's disease, anti herpes and fatty acids like Linoleic acid, inflammatory
simplex virus arthritis, linolenic acid, behenic acid, property. The antibiotic
rheumatism, gout, cramp, Phytochemicals like tannins, pterygospermin is
epilepsy and sexually saponin, phenolics, phytate, responsible for
transmitted diseases can act as | flavonoids, terpenoids, and lectins. antimicrobial properties.
antimicrobial and anti- Apart from these, fats, fiber, proteins, The other phytochemicals
inflammatory agents. minerals, vitamins like A, B, C, and help in treating various

amino acids. diseases

Root Bark Root bark acts as a cardiac Alkaloids like morphine, moriginine, The alkaloid helps the
stimulant, anti-ulcer, and anti- | minerals like Calcium, Magnesium and | bark to be antiulcer, a
inflammatory agent. Sodium. cardiac stimulant and

helps to relax the muscles.

Flower Moringa flowers act as It contains calcium and potassium The presence of nectar
hypocholesterolemia, and amino acids. They also contain makes them viable for
antiarthritic agents that can nectar. use by beekeepers.
cure urinary problems and
colds.

Pods Moringa pods treat diarrhea, Rich in fiber, lipids, non-structural The presence of PUFA
liver and spleen problems, and | carbohydrates, protein, and ash. Fatty in the pods can be used
joint pain. acids like oleic acid, linoleic acid, in the diet of the obese.

palmitic acid, and linolenic acid are
also present.

Phytochemical Properties

Simple sugar, rhamnose, also known as glucosinolates,
and isothiocyanates are among the substances found in

Moringa oleifera®*.

Two alkaloids, Moringinine and
Moringine, are present in the bark and stem of the
Moringa plant*®. Galactose, glucuronic acid, L-arabinose
and L-rhamnose, xylose, mannose, and degraded-gum
polysaccharide consisting of Glucuronic acid, L-mannose,
and L-galactose have all been identified in purified gum
exudate from M. oleifera. This information was obtained
by mildly hydrolyzing the whole gum with acid*’. From
the stem of M. oleifera, isolation of substances such as
sitosterol, -sitostenone, vanillin, 4-hydroxymellin, and
octacosanoic acid has been done®®. Nine amino acids,
D-glucose, sucrose, quercetin, wax, traces of alkaloids,
and kaempferol are all found in the Moringa flower; the
ash is abundant in Calcium and Potassium?. In addition,
alkaloids, rhamnetin,

kaempferitrin, kaempferol,
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isoquercitin, and other flavonoid pigments are found. It
has been discovered that the acetate phase of the ethanol
extract of Moringa oleifera pods contains isothiocyanate
and thiocarbamate glycosides*’. The fruit has been
reported to contain cytokinins*'. Recently, research into
extracting growth hormones and promoters from M.
oleifera leaves has gained attention. Even if the nature
of the active ingredient is unclear, it has been
demonstrated that the application of an aqueous-ethanol
extract of Moringa leaves increases black gram
nodulation*?. Because of the presence of numerous types
of antioxidant components, including flavonoids,
phenolics, ascorbic acid, and carotenoids, Moringa leaves
serve as a good source of natural antioxidants**#, The
leaves and pods of the Moringa plant have high
concentrations of Calcium, Iron, Phosphorus, Copper,
Vitamins A, B, and C, -tocopherol, folic acid, riboflavin,
nicotinic acid, pyridoxine, beta-carotene, protein, ascorbic
acid, oestrogenic substances, -sitosterol, and some
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specific essential amino acids like tryptophan, methionine
while stigmasterol, -sitosterol, campesterol, Claro sterol,
and 5-avenasterol make up the majority of the sterols in
Moringa seed oil, there are also trace levels of
stigmasterol, 7-campesterol, 28-isoavenasterol, and 24-
methlenecholesterol*>#, The sterol composition of major
Moringa seed oil fractions differs significantly from that
of traditional edible oils*’. According to its fatty acid

profile, M. oleifera seed oil decreases in the category of
high-oleic oils (C18:1, 67.90%-76.00%). Essential
components are the fatty acids C16:0 (6.04%-7.80%),
C18:0 (4.14%-7.60%), and C20:0 (2.76%-4.00%). The
concentration of certain tocopherols (alpha-, gamma-,
and delta-) in Moringa oleifera is found to range from
96.72 to 124.45, 29.90 to 95.70, and 46.00 to 73.26 mg/
kg, respectively.

Some of the important bioactive Phytocompounds from Moringa oleifera:
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Medicinal Properties

More than 300 ailments can be cured by Moringa
oleifera, which is frequently regarded as a panacea. Local
populations in Asian nations have traditionally used
Moringa as an herbal remedy. It works well as a
medicinal agent because of the phytochemicals contained.
The following list of its significant health advantages is
provided.

Anti-Diabetic Properties

Type 1 and Type 2 diabetes have both been found to be
cured by Moringa. Patients with type 1 diabetes do not
produce insulin, a hormone that is necessary to keep
blood glucose levels in the desired normal range. Insulin
resistance is one that is connected to type 2 diabetes.
Beta cell malfunction, which fails to detect glucose levels
and lowers insulin signaling, as a result, may also
contribute to type 2 diabetes and result in elevated blood
sugar levels*. Research has demonstrated the anti-
diabetic properties of Moringa. According to a study,
aqueous extracts of Moringa oleifera aqueous extracts
can treat rats with both insulin-resistant Type 2 diabetes
and Type 1 diabetes caused by streptozotocin®®. In a
different study, researchers observed a decrease in fasting
blood glucose levels after feeding Moringa seed powder
to STZ-induced diabetes mice’'. Additionally, the serum
levels of antioxidant enzymes rose when the rats were
given 500 mg of Moringa seed powder per kg of body
weight. This demonstrates that the antioxidants in
Moringa can reduce the ROS that STZ induction causes
in the Beta-cells. In Beta cells, STZ induces ATP
dephosphorylation processes that aid xanthine oxidase
in producing superoxide and reactive oxygen species
(ROS)*. Patients with hyperglycemia experience beta
cell destruction. As a result, when there is excessive
glucose inside the mitochondria, reactive oxygen species
are released. Beta cells undergo apoptosis because they
have a low level of antioxidants>-4. As a result, there
will be less insulin secreted, which will cause
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hyperglycemia and eventually Type-2 diabetes. It has
been suggested that flavonoids like quercetin and
phenolics act as antioxidants by scavenging ROS. The
flavonoids in Moringa are thought to scavenge the ROS
generated from mitochondria, preserving the beta cells
and, in turn, preventing hyperglycemia®-!. Diabetes can
cause retinopathy, nephropathy, atherosclerosis, and other
problems. Such illnesses can be prevented with Moringa.
Blood glucose combines with proteins in hyperglycemia
to produce advanced glycated end products (AGEs).
RAGE, which is expressed on the surface of immune
cells, is bound by these AGEs. Interleukin-6 and
interferon transcription are both elevated as a result of
this relationship. The surface endothelium of arteries
expresses cell adhesion molecules concurrently®®. This
promotes trans-endothelial migration, which results in
artery irritation and atherosclerosis. Atherosclerotic agents
are treated with Moringa®’. The antioxidant qualities of
Moringa can be used to explain its antiatherogenic
tendency.

Anticancer Properties

MO has the potential as an anticancer agent against
several cancers®®. MO leaf extract inhibited the cell
viability of hepatocellular carcinoma, acute lympho-
blastic, and myeloid leukemia®*. The bioactive com-
pounds responsible for the inhibition were attributed to
niazimicin, B-sitosterol-3-O- B-D-glucopyranoside, and
4-(a-L-rhamnosyloxy) benzyl isothiocyanate. Berkovich
et al., showed that MO leaves inhibited pancreatic cancer
cell growth®. Tt targeted the cell cycle resulting in cell
accumulation at the sub-G1 phase. In addition, MO leaves
downregulated the IxBo pathway by decreasing the
expression of IkBa, p- IkBa, and p65 proteins. It
synergistically induced cytotoxicity with cisplatin in
pancreatic cancer cells. It is also effective against breast
cancer cells®®. In rats, diethyl nitrosamine was used to
develop liver cancer, and Sandek et al. demonstrated
that MO leaves had the ability to prevent cancer®'. The
hot water MO leaf extract was studied by Madi et al.



because it had antiproliferative effects on A549 lung
cancer cells®?. The extract induced p53, caspases, and
PARP-1 cleavage through increasing reactive oxygen
species. The cancer cell line underwent apoptosis as a
result of this. Additionally, it was demonstrated that both
A549 lung cancer cells and SNO esophageal cancer cells
were resistant to the proliferative effects of the hot water
crude aqueous extract®*. The extract caused DNA
fragmentation and controlled oxidative stress.
Additionally, the extract increased apoptotic signals,
which caused cancer cells to die. In human melanoma
A2058 cells, MO fruit extract boosted ROS generation,
caspase 9, -3/7 activity, and MAPK activation to cause
apoptosis via the mitochondria®. The MO’s glucosinolate
content prevents cancer®. It is able to trigger apoptosis.
Anticancer medications are needed to target the high
rate of proliferation of cancer cells. It is interesting to
note that MO has been demonstrated to have a wide
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range of activities and can target a number of proteins
and molecules to impede the growth of cancer cells®.
As depicted in Figure 4, MO has the potential to be used
in the creation of a brand new complementary and
alternative therapeutic agent for the treatment of cancer.
Effective anticancer compounds can be found in the
leaves and bark®®. It displayed antiproliferative effects in
HCT-8 and MDA-MB-231 cancer cell lines. However,
the seed extract was not effective. Apoptosis occurred
with G2/M phase cell cycle arrest. The anticancer effect
was attributed to bioactive compounds such as D-allose,
hexadeconoic acid ethyl ester, eugenol and isopropyl
isothiocyanate. This is particularly important as the
bioactive compounds identified possessed a sugar moiety,
aromatic rings and long chain hydrocarbons. Therefore,
it can be seen that MO has potential in novel drug
development.

e 4 Cytoprotective
enzymes

CARCINOGEN
DETOXIFICATION

Lipid
peroxidation

-__-\\

i Cyclins,Cdk4

Bcl-2,Bcl-xl,
Survivin, XIAP

ANTIOXIDANT
EFFECTS

CARCINOGEN
ACTIVATION

MICROTUBULE
ASSEMBLY

TUMOR CELL
PROLIFERATION

MIGRATION,
INVASION

Fig. 4. The anticancer potential and molecular targets of Moringa oleifera®
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Antioxidant Properties

By defeating the cell’s antioxidant defense system,
reactive oxygen species oxidize biological molecules,
resulting in damage to DNA, proteins, and carbohydrates
as well as cell membranes (Figure 4). This oxidative
stress is brought on by a number of clinical conditions,
including diabetes, heart failure, and hypertension®.
Consumers always choose natural antioxidants over
synthetic ones since they are superior to them®. Strong
antioxidants discovered in Moringa Oleifera leaves
include quercetin, kaempferol’”, ascorbic acid,
B-carotene’!, isothiocyanates, polyphenols, and rutin’.
Researchers have discovered that the extracts of leaves
in a variety of organic solvents, including methanol,
diethyl

chloroform, and ethyl acetate, possess antioxidant

acetone, dichloromethane, water, ether,
capabilities”’*. The superoxide anion radical (O ) can
be more effectively neutralized by the ethyl acetate extract
of Moringa Oleifera, which decreases tissue damage by
preventing the interaction of free radicals with biological
macromolecules. The linear association between phenolic
chemicals and the leaves’ greater antioxidant activity’™
aids in the development of products that increase the
oxidative stability of food goods. Due to the presence of
a greater polyphenolic content, the extract of Moringa
Oleifera methanolic leaves demonstrated reasonable
antioxidant activity (ICSO 49.86 g/mL) in comparison
to ascorbic acid (ICSO 56.44 g/mL)”. Additionally, it
has been claimed that leaves’ antioxidant profile agrees
with plants’ ability to preserve themselves from freezing’®
and that its components are employed as a natural
preservative for fat’’. The antioxidant capacity of
Moringa Oleifera tea (81% inhibition of DPPH radicals
compared to Vitamin-C (0.1 mg/Ml) with 76.5%
inhibition) may be useful in preventing chronic illnesses
linked to stress’®. In a recent study, Khalofah et al.”
found that cadmium stress had a deleterious impact on
Lepidium sativum but that Moringa leaf extract
considerably lessened that impact. Intoxicated rats with

aluminum phosphide experience an increase in
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antioxidant levels and a decrease in malondialdehyde
after receiving a dose of 100 mg/kg body weight of
Moringa Oleifera extract (MDA). As a result, it can be
utilized as adjuvant therapy to treat cardiotoxicity brought
on by aluminum phosphide (AIP)*. Alavrez Roman et
al.¥! prepared topical formulations (nanoparticles and gel)
from the hydroalcoholic fraction of Moringa leaves and
identified the phytochemical profile’s moisturizing and
antioxidant potential. The viscosity, pH, and particle size
of both formulations were good, indicating that they
were suitable for use as a formulation. There were
discovered to be seven distinct substances, including
phenolic acids and flavonoids. Additionally, this
formulation could be exploited as a new skin medication
delivery system due to its increased antioxidant activity
and positive skin biophysical evaluation results (higher
stratum corneum water content and lower trans-epidermal
water loss). Moringa leaves were substituted for alfalfa
hay in a different trial to improve the milk and serum
quality of goats®?. Three diets containing alfalfa alone,
25% Moringa Oleifera leaves, and 25% Moringa
peregrine in the diet of goat’s fodder were all included
in their analysis. Each experiment used ten goats and
lasted two weeks to acclimate before collecting data for
six weeks. In comparison to an alfalfa-only diet, goats
fed with both types of Moringa leaves displayed higher
fat content that was free from nitrogen extract and total
phenols. Additionally, by increasing total antioxidant
activity, Vitamin C, catalase activity, and lowering the
quantity of thiobarbituric acid reactive substance
(TBARS), goats fed Moringa have improved the
oxidative status of serum and milk®. Saleem et al.®
investigated the in vitro antioxidant activity of several
extracts of Moringa leaves at doses ranging from 0.1563-
5 mg/mL. They discovered that the greatest DPPH
activity was present in the methanolic extract at all doses
and that all the extracts had radical scavenging activity
at a low dosage of 0.1563 mg/mL. Likewise, at a
concentration of 1 mg/mL, the methanolic extract
displayed the best H O, scavenging activity (70.56 +
0.43%) and reducing power (925.48 + 0.45%). The
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methanolic extract has a higher total phenolic content
(TPC) and total flavonoid (TFC) than other extracts,
which accounts for its high antioxidant activity. Aju et
al.® looked at the effects of a methanol extract from
Moringa leaves on the heart of diabetic rats experiencing
oxidative stress brought on by streptozotocin. For 60
days, rats were given Moringa leaves orally at a dosage
of 300 mg/kg body weight. They were divided into six
groups: normal control rats (group 1), normal rats treated
with Moringa leaves (group 2), high-energy diet control
rats (group 3), diabetic rats (groups 4 and 5), and diabetic

rats treated with metformin and atorvastatin (group 6).
According to the authors, rats from groups 3 and 4 had
significantly lower activity levels of antioxidant enzymes
like catalase (CAT), glutathione (GSH), glutathione
peroxidase (GPx), and superoxide dismutase (SOD),
whereas rats from group 2, 5 and 6 had significantly
higher activity levels of antioxidant enzymes in their
hearts. The antioxidant potential of Moringa leaves is
due to a variety of antioxidant compounds, including
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Fig. 5. Pharmacological activities of Moringa with the mechanism of action*®
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Antimicrobial Activity

The main issue of the modern era is antibiotic resistance.
Due to the widespread use of antibiotics without caution,
the majority of infectious organisms have developed a
permanent resistance to both chemotherapeutic drugs and
antibiotics. Finding novel antibacterial agents with diverse
functions is necessary. Moringa leaves contain a variety
of bioactive substances, and the antibacterial, antifungal,
antiviral, and antiparasitic properties of its many
preparations have been thoroughly established. However,
some studies claim that chemical compounds found in
Moringa leaves, such as pterygospermin, moringine, and
benzyl isothiocyanate, were what caused the plant’s
antimicrobial effects. Important studies are available on
crude extract’’. Due to the enhanced activity of some
apigenin derivatives, which have been found to be most
effective against both Gram-positive and Gram-negative
bacteria like Bacillus subtilis, Escherichia coli, and
Pseudomonas aeruginosa, apigenin is thought to be a
future green chemical to combat the problem of antibiotic
resistance®. It was also mentioned as having possible
antiviral properties against the HSV-1 and HSV-2 herpes
simplex viruses, the hepatitis C virus, the influenza virus,
the HFM virus, and the ASFV (African swine fever
virus)®®. There are numerous reports of catechin,
epicatechin, Vallin phenols, vicinin-like anthocyanates,
and glucosinolate present in Moringa leaves. These
chemicals are all lipophilic in nature, which may be the
cause of the antibacterial activity associated with the
leaf extract that has been described in several
investigations. The lipophilic nature of phenolic
compounds favours their interaction with the cell
membrane and other lipophilic cell components, which
increases their antibacterial activity®®. The contact leads
to aggregates of cell components and long-lasting
alterations to the cytoplasmic membrane, which impairs
the function of channels and enzymes. According to
reports, phenylpropanoid condensed cell content and
tanning cause channels, membrane components, and
crucial metabolic enzymes to become disrupted®’-®.
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According to Borges et al.,* phenolic acids damage the
integrity of the cytoplasmic membrane, which in turn
causes the breakdown of the osmotic equilibrium and
the integrity of the cell by leaking vital intracellular
components. It was previously reported by Bouarab-
Chibane et al.” that plant polyphenols have antibacterial
potential against a variety of food pathogens, including
L. monocytogenes ATCC19115, B. subtilis ATCC6633,
and S. aureus CNRZ3, as well as three Gram-negative
ones, P. aeruginosa ATCC2785, S. enteritidis E0220,
and E. coli ATCC25. This inhibitory effect might be
brought on by the capacity of the polyphenol’s to change
the outer membrane®'. The growth of Gram-negative
pathogenic bacteria like S. dysenteriae, E. coli, Klebsiella
pneumoniae, Enterobacter sp., and Salmonella sp. was
arrested in several solvent extracts of Moringa Oleifera,
(Rahaman et al.)** and comparable to tetracycline in terms
of antistaphylococcal potential®>. The ethanolic extract
was reported to be effective against Enterococcus
faecalis, Vibrio parahaemolyticus, and Aeromonas
caviae. Additionally, these isothiocyanates were
discovered in Moringa leaves®, and their biological
activities, such as antioxidant and antibacterial properties,
are well known. Moringa Oleifera’s glucomoringin and
other metabolites have been shown to have anti-
inflammatory, antioxidant, antibacterial, antifungal, and
antiviral properties®.
demonstrated strong antibacterial activity through a

Numerous isothiocyanates
variety of methods, including maintaining membrane
integrity and preventing bacterial quorum sensing®-*°. It
has also been noted that the Iberian variety of Moringa
Oleifera inhibits S. aureus, Paeruginosa, and E.coli.
The antibacterial potential of particular pure chemicals
extracted from Moringa leaves needs to be determined.
One of the reports indicate the antimicrobial activity of
Moringa leaf extract in ethanol, water, and chloroform
against Staphylococcus aureus and six Gram-negative
bacteria (Escherichia coli, Salmonella typhi, Enterobacter
aerogenes, Salmonella typhimurium, Shigella spp.), while
no inhibition was seen at any tested concentration, Buker
et al.”” reported this finding. But against Mucor spp. and



Rhizopus spp., the Moringa leaf extract showed

substantial antifungal ability. The ability of Moringa leaf
Candida

Saccharomyces cerevisiae at high concentrations was

extract to suppress tropicalis  and
also demonstrated in both aqueous and ethanol forms.
Candida albicans nevertheless displayed resistance to

these extracts.

Aspergillus flavus, Aspergillus fumigates, Aspergillus
niger, Cryptococcus neoformans, and Candida albicans
all showed similar responses to Moringa leaf extract®®®,

Wound Recovering Properties

In male Swiss albino mice, the aqueous extract of
Moringa Oleifera has the ability to heal wounds.
Significant improvements in skin-breaking strength,
granuloma-breaking strength, wound healing rate,
granuloma dry weight, hydroxyproline content, and scar
area reduction were noted!®. V.I. Hukkeri'” revealed
the antipyretic and wound-healing effects of the ethanolic
and ethyl acetate extracts of Moringa Oleifera leaves.
Ethyl acetate extract of dried leaves exhibits considerable
wound healing activity (10% extracts in the form of
ointment) on excision, incision, and dead space
(granuloma) wound models in rats, whilst ethanolic and
ethyl acetate extract of seeds show significant antipyretic
action in rats.

Antifertility Activity

Moringa Oleifera root extract was tested for antifertility
effects. Pre and post-implantation uterine histoarchi-
tecture of rats has been examined in relation to the action
of an aqueous extract'. In female reproductive organs
of rats, the aqueous extract of Moringa Oleifera has an
anti-implantation property, while the roots of the plant
show antifertility activity. The moist weight of the uterus
in rats with bilateral ovariectomies grew gradually after
extract administration. This estrogenic activity was kept
up by the histo-architecture of the uterus. When the
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extract was administered along with estradiol
dipropionate (EDP), there was a consistent decrease in
uterine weight as opposed to the growth with estradiol
dipropionate alone!®. Additionally, the histological

configurations of the uterus were suppressed.
Hepato-protective movement

Alaaeldin A. Hamza'* describes how the treatment of
Moringa Oleifera seed extract decreased the CCI,
induced rise of serum aminotransferase activity and level
of globulin. Treatment with Moringa Oleifera also
decreased the increases in myeloperoxidase activity and
hepatic hydroxyproline levels. The oral treatment of 20%
carbon tetrachloride (CC1,) twice a week for six weeks
promoted liver fibrosis. The findings of the histological
and biochemical tests indicated that Moringa Oleifera
decreased liver fibrosis and symptoms of liver damage.
In the case of an overdose, it is thought that oxidative
stress triggers the onset of acetaminophen toxicities'®,
Aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), and alkaline phosphate (ASP) levels, were
significantly lower in the group treated with Moringa
Oleifera than in the group treated with acetaminophen
alone, according to histopathological examination. In
animals treated with Moringa Oleifera, the amount of
glutathione (GSH) was found to be recovered. Using
male Wistar rats as a protective and curative model,
Eshwar Kumar demonstrated the in vitro antioxidant and
in-vivo hepatoprotective effects of crude ethanolic
extracts of Moringa Oleifera seeds. Moringa Oleifera’s
capacity to scavenge superoxide, hydroxyl, and DPPH
radicals was tested.
Antihypertensive, diuretic, and
cholesterol-lowering properties

This plant is highly helpful in treating cardiovascular
problems due to its potent mix of diuretic, lipid, and
blood pressure-lowering components. Blood pressure can
be stabilized by drinking Moringa leaf juice, which
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contains thiocarbamate glycosides and mustard oil
glycosides that have been isolated from Moringa
leaves!'%19719%8 "The majority of these compounds, which
have carbamate, or nitrile groups, are fully acetylated
glycosides, which are rare in nature. Four pure chemicals,
niazimicin, niazinin A+B, niazinin A, and niazinin B,
which exhibit lowering of blood pressure in rats through
a calcium antagonist effect, were isolated through
bioassay-guided fractionation of the ethanolic extract of
Moringa leaves. Additional research on the pulp, coat,
and seed of whole pods and their component parts-
aqueous and ethanol extracts has found that the seed
was more effective at lowering blood pressure, with
similar outcomes in both water and ethanolic extracts
demonstrating that activity is dispersed. Thiocarbamate
and isothiocyanate glycosides were isolated from the
ethanolic extract of Moringa Oleifera pods using activity-
directed fractionation, and these compounds are known
to be the active ingredients in hypotensive medications.
Examined in the pods of Moringa Oleifera, methyl
hydroxybenzoate and p-sitosterol also demonstrated
encouraging hypotensive action. It has been discovered
that the aqueous seed extract, flowers, leaves, roots, gum,
and seeds of Moringa all have diuretic properties. These
diuretic components may complement in lowering blood
pressure. The presence of a bioactive phytoconstituent
called S-sitosterol in the crude extract of Moringa leaves
is likely to causes it to lower cholesterol in the serum of
rats fed a high-fat diet'®. In hypercholesteremic rabbits,
Moringa fruit has been shown to lower serum cholesterol,
low-density lipoprotein (LDL), phospholipids, triglyce-
rides, very low-density lipoprotein (VLDL) cholesterol
to phospholipid ratio, atherogenic index lipid, and affect
the secretion of fecal cholesterol'!’.

Moringa against Coronavirus Infections

Surprisingly, experts recommended employing a large
dosage of bitter and cold herbs to clear heat and detoxify
the infectivity in its early beginning, as well as middle

and late stages'!! in the light of the novel universal and

remarkable circumstances surrounding the coronavirus.
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The leaves of the Moringa oleifera plant have a sweet
and bitter flavor as well as a cooling, ventilating, and
dehumidifying effect. As a result, it makes for an
excellent treatment option for the profound overall
immunological abnormalities of diseases. It is possible
to imagine a sufficient and supportive therapy for
coronavirus infection when combined with conventional
medicine. Some of the Moringa oleifera constituents
that function include kaempferol, pterygospermin,
morphine, quercetin, and apigenin. The most effective
anti-SARS agent against MPro-Cov-2 is apigenin''®. In
contrast to the well-known SARS-CoV-2 MPro inhibitor
baicalein, three flavonoids-isorhamnetin, kaempferol, and
apigenin demonstrated good binding empathy stable
protein-ligand complexes with high binding energy and

13" Rutin and isorhamnetin-3-O-

similar binding poses
rutinoside from the Moringa oleifera plant are powerful
inhibitors of the SARS-CoV-2 designated target major
protease (MPro), according to a dynamic study that was

confirmed by in vitro and in vivo research'“.

Safety Studies

All of the up-to-date human investigations, which will
be covered in more detail later in the text, have not
revealed any negative consequences. Additionally, a
variety of formulations have been utilized as both foods
and medicines all throughout the world without any
negative side effects being reported. Specific assessments
of the possible toxicity of various formulations of
Moringa oleifera have been made in several animal
experiments. The security of an oral administration of
an aqueous leaf extract to rats at doses of 400, 800,
1600, and 2000 mg/kg body weight was investigated!!>.
With the exception of the highest dose, the medication
was either administered as an acute single dose or every
day for 21 days. A number of factors were evaluated,
including serum enzyme levels and blood cell counts.
Scientists came to the conclusion that up to 2000 mg/kg
of Moringa oleifera leaves might be safely consumed.
Over the course of the study of 21 days, the body weights
of the rats decreased in a dose-dependent manner. In



Asare et al.l'®

various experimental conditions,
investigated the possible toxicity of aqueous Moringa
oleifera leaf extract. In one series of investigations, the
cytotoxicity of the extract at various concentrations was
tested on human peripheral blood mononuclear cells.
Cytotoxicity was seen at a dosage of 20 mg/kg, which
is insufficient for oral intake. In a further series of tests,
rats received extract doses of 1000 and 3000 mg/kg and
the animals underwent testing for as long as 14 days.
Based on blood cell research, the Moringa oleifera leaf
extract was proven to be genotoxic at a dose of 3000
mg/kg, which is still higher than most regularly used
doses. Given to rats at a dose of 1000 mg/kg, which is
still higher than most regularly used levels, it was
determined to be safe and did not cause genotoxicity.
Ambi et al.'"” fed 24 rats in four groups 25%, 50%,
75%, and control levels of Moringa oleifera powdered
leaves along with regular livestock feed for 93 days. It
is unknown how many Moringa oleifera leaves were
ingested in total. After the experiment, the treated
animals’ organs had microscopic lesions that could be
seen, while the 75% group exhibited necrosis of the
liver cells, splenic blood vessels, and neural glial cells.
In every organ inspected, the control animals lacked
detectable microscopic abnormalities. No tissue
photomicrographs were offered. Although the authors
did not quantify the amounts of leaves consumed, they
were far greater than the doses that would typically be
used in either rats or humans. For instance, even at the
modest dose of 25% of the chow, if the rats consumed
an average of 15-20g of chow daily, the daily dose for
an adult rat would be roughly 15-20g of leaves per
kilogram, which is equivalent to 195-260g for an 80 kg
human. Mice have also been used to test the toxicity of
an aqueous extract of Moringa oleifera leaves''®. Mice
were given the extract in an acute trial at doses of up to
6400 mg/kg orally and 1500 mg/kg intraperitoneally.
Mice were given oral doses of 250, 500, and 1500 mg/
kg for 60 days in a subchronic study. The lethal dose of
50% LD50 was estimated to be 1585 mg/kg. No
significant effects were observed with respect to
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hematological or biochemical parameters or sperm
quality. A high degree of safety was observed during
oral administration. The toxicological effects associated
with the consumption of 50, 100, 200, or 400 mg/kg of
methanol extract of Moringa oleifera for 8§ weeks were
performed in 30 rats''’. The extract was a 30:1
concentration. All experimental animals that received
Moringa oleifera had a significant increase in body
weight in a dose-dependent manner, contrary to what is
observed with an aqueous extract!!’. A substantial rise in
serum levels of alanine aminotransferase, aspartate
aminotransferase, blood urea nitrogen, and creatinine was
observed in rats given Moringa oleifera at 200 and 400
mg/kg. It should be noted that methanol, not water, was
used to create the extract. At a dose of 400 mg/kg, the
30:1 concentration of methanol extract would be
equivalent to 12 g of leaves per kilogram, which is a
very improbable dose. It is unclear how the composition
of the methanol extract compares with that of commonly
used aqueous extracts. According to Bakre et al.!*, mice
required more than 6.4 g/kg of an oral ethanol extract of
Moringa oleifera leaves to be fatal. Zvinorova et al.'?!
studied the dietary benefits of Moringa oleifera leaves
as a dietary supplement for liver function. The diets of
normal rat feed fed at 20% and 14% of body mass or
feed supplemented with Moringa oleifera fed at 20%
and 14% of body mass were given to 32 weanling rats
at random for 5 weeks. Supplementing with Moringa
oleifera had no effect on the levels of blood metabolites,
liver glycogen, or lipid storage. Rats were subjected to
oral dosages of up to 1000mg /kg of an aqueous Moringa
oleifera extract for 14 days and a single oral dose of
5000mg/kg of the extract, to determine any potential
toxicological effects'??. The authors reported that neither
histological nor overt adverse effects were seen at these
levels. Numerous liver enzymes showed small but
statistically significant dose-dependent increases. A
typical 400 mg dose of an aqueous extract in an 80 kg
human is more than 30 times as powerful as a dose of
1000 mg/kg in rats. Three different assay techniques,
including the Ames assay, were used to determine the
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genotoxicity of an aqueous Moringa oleifera seed
extract!'?*, Without metabolic activity, the seed extract
was not genotoxic and did not endanger human health.
A hexane extract of Moringa oleifera leaves was tested
for its impact on male rats’ reproductive systems'?*. For
21 days, the extract was administered orally at dosages
of 17,170 and 1700 mg/kg body weight. Without affecting
plasma gonadotropin levels, a dose-dependent rise in
testis and epididymis weights, seminiferous tubule
diameter, and epididymal epithelium thickness was seen.
The authors concluded that spermatogenesis had
increased as a result of the alterations. Several
investigations on Moringa oleifera seeds and roots can
be presented for the sake of completeness, even if the
findings cannot be directly compared to or equated with
those of studies on leaves. Arajo et al. assessed the
cytotoxicity of an aqueous extract of Moringa oleifera
seeds!®. After 14 days of extract administration to mice
(at doses of 500 and 2000mg/kg), no symptoms of
systemic toxicity were seen, and every animal survived.
Between the treatment and control groups, there were
no differences in organ indices. Erythrocytes, platelets,
hemoglobin, and hematocrit all underwent minor but
not appreciable modifications. Every value was within
the acceptable range. Acute and subacute toxicity tests
of rats were conducted using a methanol extract of
Moringa oleifera seeds that had been phytochemically
tested for chemical components!'?®
terpenes,
glycosides were all found during the phytochemical

. Saponins, tannins,
flavonoids, carbohydrates, and cardiac
screening, however, anthraquinones were not seen.
Mortality was documented at a dose of 5000 mg/kg of
the extract, even though indications of acute toxicity
were visible at a dose of 4000 mg/kg. At dosages less
than 3000 mg/kg, no unfavorable effects were noticed.
The authors came to the conclusion that methanol extracts
of M. Oleifera are suitable for use in food. Paul and
Didia'?” looked into the outcome of methanol extract of
M. Oleifera root on the liver and renal histoarchitecture
of 24 guinea pigs. Daily intraperitoneal injections of the
root extract at doses of 3.6, 4.6, and 7.0 mg/kg were
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used during the experiment, along with a control group,
for three weeks. All treated groups’ histological sections
showed ballooning liver deterioration, which suggests
time-dependent hepatotoxicity rather than a dose-
dependent reaction. In the 4.6 mg/kg group, examination
of the kidneys revealed little tubular damage and
interstitial inflammation, whereas, in the 7.0 mg/kg group,
the interstitium had been invaded by inflammatory cells
and amorphous eosinophilic debris. Regarding the
composition or level of concentration of the extract,
nothing was reported. Studies using aqueous leaf extracts
cannot be compared to or be comparable with the findings
of this study. This study used an intraperitoneally
administered, methanol-based root extract. In conclusion,
numerous preparations of M. Oleifera have been shown
to be effective in human, animal, and in vitro research,
as well as the extrapolation of results from animal studies
to humans. M. Oleifera leaves, including their aqueous
extracts, seem to be incredibly safe at the dosages and
quantities frequently used for thirty postmenopausal
females. The results showed significant decreases in
malondialdehyde (16.3%; lipid peroxidation), and
increases in serum glutathione peroxidase (18.0%),
superoxide dismutase (10.4%), and ascorbic acid
(44.4%), markers of antioxidant capabilities. Additionally,
it was shown that hemoglobin levels increased (17.5%),
and fasting blood glucose levels decreased significantly
(13.5%). There were no negative consequences noted.
In conclusion, previous studies on humans have shown
that whole-leaf powders of M. Oleifera administered
orally have significant anti-hyperglycemic, anti-
dyslipidemic, and antioxidant effects in human subjects
without producing any negative effects. Leaf extracts
weren’t used in any of these studies.

Conclusions

A lot of work is currently being done to identify, classify
and understand the activities of the proteins found in
Moringa oleifera. The qualities of the plant Moringa
oleifera are constantly being studied. Moringa oleifera



should therefore be thoroughly researched in order to

better understand the action mechanisms. With a better
understanding, Moringa oleifera can be used effectively
in a variety of fortified nutraceutical and health-improving
products. The use of Moringa as a natural complement
to drugs may encourage the development of new drugs.
By combining synthetic drug use with Moringa, the
negative effects could be reduced. However, thorough
risk assessment studies must be conducted to guarantee
the security of the medications and items produced using
Moringa. Moringa oleifera products’ dietary consumption
could be planned based on insightful analysis and some
legal safety regulations.
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(Abstract \
The kinetics of oxidation of four vicinal, four non vicinal diols and two of their monoethers by diethylammonium
chlorochromate (DEACC) has been studied in dimethylsulphoxide (DMSO). The main product of oxidation is the
corresponding hydroxycarbonyl compound. The reaction is first order in DEACC. Michaelies-Menten type of kinetics
was observed with respect to the diols. The reaction was catalysed by hydrogen ions. The hydrogen ion dependence
has the form: k, = a + b[H']. The oxidation of [1,1,2,2 °H,] ethanediol exhibits a substantial primary kinetic
isotope effect (k. /k, = 5.75 at 298 K). The reaction has been studied in nineteen different organic solvents and the
solvent effect has been analysed using Taft's and Swain's multiparametric equations. The temperature dependence of
the kinetic isotope effect indicates the presence of a symmetrical transition state in the rate determining step. A

suitable mechanism has been proposed.

\Keywords: Correlation analysis, diols, halochromate, kinetics, mechanism, oxidation

/

Introduction

Inorganic salts of Cr(VI) are well known oxidants for
the organic compounds. However, these salts are rather
drastic and non-selective oxidants. Further, they are
insoluble in most organic solvents. Thus miscibility is a
problem. To overcome these limitations, a large number
of organic derivatives of Cr(VI) have been prepared and
used in organic synthesis as mild and selective oxidants
in non-aqueous solvents'*. One of such compounds is
diethylammonium chlorochromate (DEACC), prepared
by reported method.” We have been interested in the
kinetic and mechanistic aspects of the oxidation by

Volume 7 Issue 1 < January -

complex salts of Cr(VI) and several reports on
halochromates have already been reported from our
laboratory®®. There seems to be no report on the oxidation
aspects of diols using diethylammonium chlorochromate
(DEACC). Therefore, it was of interest to investigate
the kinetics of the oxidation of some vicinal and non-
vicinal diols by DEACC in DMSO. A suitable mechanism
has also been postulated.

Materials and Methods

Materials: The diols (BDH or Fluka) were distilled under
reduced pressure before use. DEACC was prepared by
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the reported method®. [1,1,2,2 *H,]Ethanediol (DED) was
prepared by reducing diethyl oxalate with lithium
aluminium deuteride!®. Its isotopic purity, determined by
its NMR spectrum, was 95+4%. Due to the non aqueous
nature of the medium, toluene p sulphonic acid (TsOH)
was used as a source of hydrogen ions. TsOH is a strong
acid and in a polar solvent like DMSO, it is likely to be
completely ionized.

Product analysis: Product analysis was carried out under
kinetic conditions. In a typical experiment, ethanediol
(0.1 mol) and DEACC (0.01 mol) were taken in DMSO
(100 mL) and the mixture was allowed to stand in the
dark for ca. 10 h to ensure completion of the reaction.
Most of the solvent was removed under reduced pressure
and residue treated overnight with an excess (250 ml) of
a saturated solution of 2,4 dinitrophenylhydrazine in 2
mol dm? HCI. The precipitated 2,4 dinitrophenylhydra-
zone(DNP) was filtered off, dried, recrystallized from
ethanol and weighed. The product was found to be
identical (m.p. and mixed m.p.) with an authentic sample
of DNP of hydroxyethanal. The oxidation state of
chromium in completely reduced reaction mixture
determined by an iodometric method is 3.95+0.15.

Kinetic measurements: The reactions were followed
under pseudo first order conditions keeping a large excess
(x 15 or greater) of the diols over DEACC. The
temperature was kept constant to +0.1K. The solvent
was DMSO, unless specified otherwise. The reactions
were followed by monitoring the decrease in the
concentration of DEACC spectrophotometrically at 380
nm for up to 80% of the reaction. No other reactant or
product has any significant absorption at this wave length.
The pseudo first order rate constants, k  , were evaluated
from the linear (r = 0.995 0.999) plots of log [DEACC]
against time. Duplicate kinetic runs showed that the rate
constants were reproducible to within +4%. All
experiments, other than those for studying the effect of
hydrogen ions, were carried out in the absence of TsOH.
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Results and Discussion

Stoichiometry: The homogeneity of the DNP derivatives
indicated the formation of only one product in each case.
Under our reaction conditions, therefore, there is no
observable oxidation of the second hydroxy group. This
may be due to the presence of a large excess of the diol
over DEACC. The overall reaction may, therefore, be
written as Equation 1.

HOCH,-CH,OH + 0,CrCION"H,Et, —> HOCH,-CHO
+ H,0 + OCrCIONH,Et, (1)

DEACC undergoes a two electron change. This is in
accord with the earlier observations with structurally
similar halochromates. It has already been proved earlier
also that both pyridinium fluorochromate (PFC)!" and
pyridinium chlorochromate (PCC)' act as two electron
oxidants and are reduced to chromium (IV) species, by
determining the oxidation state of chromium by magnetic
succeptibility, ESR and IR studies.

Kinetic Dependence: The reactions are of first order
with respect to DEACC. Further, the pseudo-first order
rate constant, k = is independent of the initial
concentration of DEACC. Figure 1 depicts a typical
kinetic run.The reaction rate increases with increase in
the concentration of the diols but not linearly (Table 1).
A plot of 1/k , against 1/[Diol] is linear (r > 0.995) with
an intercept on the rate ordinate (Figure 2). Thus,
Michaelis Menten type kinetics are observed with respect
to the diol. This leads to the postulation of following

overall mechanism (2) and (3) and rate law (4).

K
Diol + DEACC — [complex] 2)
(_
ky
[Complex] — Products 3)
Rate =k, K [Diol] [DEACC]/ (1+k [diol]) 4



P~
SOFa
N4

Table 1. Rate constants for the oxidation of propan-1,2-diol by DEACC at 298 K

10° [DEACC] [Diol] 10 kobs
(mol dm™) (mol dm™) (mol dm™)
1.0 0.10 4.47
1.0 0.20 6.82
1.0 0.40 9.27
1.0 0.60 10.8
1.0 0.80 11.3
1.0 1.00 11.8
1.0 1.50 12.6
1.0 3.00 13.5
2.0 0.40 6.66
4.0 0.40 6.75
6.0 0.40 6.92
8.0 0.40 6.84
1.0 0.20 9.36"
2.5 0.25
2 0.2
%15 0.15
$ :
80
o N
2 % 0.1
o~
0.5 0.05
0 0
0 500 1000 1500 0 5 10 15
Time (sec) 1/Diols

Fig. 1. Oxidation of Propane-1,2-diol by DEACC: Fig. 2. Oxidation of Propane-1,2-diol by DEACC:
A typical Kinetic Run A double reciprocal plot

The dependence of reaction rate on the reductant concentration was studied at different temperatures and the values
of K and k, were evaluated from the double reciprocal plots. The thermodynamic parameters of the complex
formation and activation parameters of the decomposition of the complexes were calculated from the values of K
and k, respectively at different temperatures (Tables 2 and 3).
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Table 2. Rate constants for the decomposition of DEACC-Diol complexes and activation parameters

10* k»/ ( dm’ mol ' s) AH" - AS” AG®

Diols 288K | 298 K | 308 K | 318 K | (kJmol?) (Jmol'K") | (kJ mol™)
Ethane-1,2 2.33 5.90 14.4 342 66.630.6 86+2 91.4+0.4
Propan-1,2 9.55 21.6 50.4 107 59.4+0.5 9742 88.2+0.2
Butane-2,3 38.7 82.8 170 350 52.240.5 108+2 84.8+0.3
Butane-1,2 12.8 83.9 63.9 135 58.5+0.9 99+3 87.5+0.4
Propan-1,3 17.9 269 89.1 198 58.5+0.7 9612 86.610.1
Butane-1,3 22.3 40.1 98.1 206 53.1+0.8 109+3 86.2+0.7
Butane-1,4 25.9 459 126 269 56.7+0.7 9742 85.84+0.5
Pentane-1,5 35.1 55.8 153 322 53.0+0.8 108+2 85.110.7
DED 0.37 | 1.03 2.61 6.10 70.240.7 88+2 95.4+0.9
ku/kp 6.29 5.75 5.52 5.10

Table 3. Formation constants for the decomposition of DEACC-Diols complexes
and thermodynamic parameters

K (dm? mol™) - AH' - AS" - AG"
Diols 288 K | 298 K | 308 K | 318K | (kJ mol?) (Jmol’K™") | (kJ mol™)
Ethane-1,2 5.76 5.13 4.50 3.96 12.1+0.3 19+1 6.53+0.2
Propan-1,2 6.94 6.39 5.69 5.04 10.7+0.4 131 7.09+0.3
Butane-2,3 5,14 4.51 3.87 3.24 14.2+0.4 28+1 6.18+0.3
Butane-1,2 6.90 6.30 5.72 5.08 10.3+0.3 12+1 7.04+0.2
Propan-1,3 6.48 5.94 5.25 4.60 11.2+0.4 15+1 6.861+0.3
Butane-1,3 5.49 6.21 4.27 3.63 13.0+0.5 23+1 6.39+0.4
Butane-1,4 6.84 5.22 5.65 4.95 10.61+0.3 13+1 7.02+0.3
Pentane-1,5 5.83 6.03 5.50 3.92 12.7+0.5 21+2 6.56+0.4
DED 6.67 | 590 | 535 | 4.68 10.9+0.4 141 6.8410.3

Test for free radicals: The oxidation of diols, by
DEACC, in an atmosphere of nitrogen failed to induce
the polymerisation of acrylonitrile. Further, addition of
acrylonitrile had no effect on the rate (Table 1). To further
confirm the absence of free radicals in the reaction
pathway, the reaction was carried out in the presence of
0.05 mol dm? of 2,6-di-t-butyl-4-methylphenol (butylated
hydroxytoluene or BHT). It was observed that BHT was
recovered unchanged, almost quantitatively.
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Effect of hydrogen ions: The reaction is catalyzed by
hydrogen ions (Table 4). The hydrogen ion dependence
has the form: k= a + b [H']. The values of a and b
for ethanediol are 4.49+0.23 x 104 s! and 8.40+0.38 x

104 mol ' dm? s! respectively (r> = 0.9920).



L~

(7

=
)

Table 4. Dependence of the reaction rate on hydrogen-ion concentration

[IDC] = 0.001 mol dm?; [Ethane Diol] = 1.0 mol dm; Temp. =298 K

[H']/mol dm™ 0.10 0.20 0.40 0.60 0.80 1.00

10* kovs/s™! 5.30 6.21 7.75 9.54 11.7 12.6
Kinetic isotope effect: To ascertain the importance of «—+

the cleavage of the oo C-H bond in the rate determining
step, the oxidation of DED was studied. The results
(Tables 2 and 3) showed that the formation constants, K,
of the intermediate complex of the deuteriated and
protiated diols do not differ much, however, the rate of
disproportionation of the intermediate exhibited the
presence of a substantial primary kinetic isotope (k /k
= 5.75 at 298 K).

Reactive oxidizing species: The observed hydrogen ion
dependence suggests that the reaction follows two
mechanistic pathways, one is acid independent and the
other is acid-dependent. The acid catalysis may well be
attributed to a protonation of DEACC to yield a
protonated Cr(VI) species which is a stronger oxidant
and electrophile (Eq.5).

[0,CrCION'H Et,] + H = [HOCrOCION'H,Et,]  (5)
Formation of a protonated Cr(VI) species has earlier
been postulated in the reactions of structurally similar
halochromates.

Effect of organic solvents: The oxidation of ethanediol
was studied in 19 different organic solvents. The choice
of solvents was limited due to the solubility of DEACC
and its reaction with primary and secondary alcohols.
There was no reaction with the solvents chosen. The
values of formation constants K and decomposition
constants of the complex, k, are recorded in Table 5.

Table 5. Effect of solvents on the oxidation of Propan-1,2-diol by DEACC at 308 K

Solvents K 10° kovs | Solvents K 10° Kobs

(dm> mol!) | (s (dm?mol!) | (s
Chloroform 5.67 41.7 Toluene 4.86 18.2
1,2-Dichloroethane 5.58 51.3 | Acetophenone 5.88 77.6
Dichloromethane 6.30 49.0 THF 4.90 31.6
DMSO 4.50 144 t-Butylalcohol 5.45 19.9
Acetone 6.12 57.5 1,4-Dioxane 5.60 27.5
DMF 5.40 95.4 1,2-Dimethoxyethane 5.49 14.8
Butanone 5.94 34.7 CS, 6.01 9.77
Nitrobenzene 5.85 63.1 Acetic Acid 5.75 8.32
Benzene 5.67 22.4 | Ethyl Acetate 5.80 24.5
Cyclohexane 6.03 2.81

A satisfactory linear correlation (r> = 0.9064) between the values of activation enthalpies and entropies of oxidation

of diols indicated the operation of compensation effect in this reaction'®. The reaction also exhibited an excellent

isokinetic effect, as determined by Exner’s criterion'*. An Exner’s plot between log k, at 288K and at 318K was
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linear (r? = 0.9984) (Figure 3). The value of isokinetic
temperature is 788+108 K. The linear isokinetic
correlation implies that all the diols are oxidized by the
same mechanism and the changes in rate are governed
by the changes in both the enthalpy and entropy of the
activation.

2+log k318

0 2 4
2+log k288

Fig. 3. Exner’s Isokinetic Relationship in the
oxidation of Diols by DEACC

Solvent effect: The rate constants, k,, for the oxidation
of ethanediol in 18 organic solvents (CS, was not
considered, as the complete range of solvent parameters
was not available) did not exhibit any significant
correlation in terms of the linear solvation energy
relationship (Eq. 5) of Kamlet et al'.
logk, = A, +pIl" +bp + aa 5)

In this equation, IT" represents the solvent polarity,  the
hydrogen bond acceptor basicities and a is the hydrogen
bond donor acidity. A is the intercept term. It may be
mentioned here that out of the 18 solvents, 13 have a
value of zero for a.. The results of correlation analyses
in terms of Equation 5, a biparametric equation involving
IT" and B, and separately with IT" and 3 are given below
Equations 6-9.

log ky =-4.54+ (1.40 £ 0.18) " + (0.22+ 0.15) B - (0.26 £ 0.14) & (6)
R* = 0.8659; sd=0.16; n=18; ¥ =0.40

logky =-4.47 +(1.49+0.18) ' + (0.14 £ 0.15) B (7)
R = 0.8327; sd=0.17; n=18; ¥ =043

loghk, = -4.50 +(1.53+0.18) (8)
P = 0.8236; sd=0.17; n=18; ¥ =0.43

logky = -3.66+(0.40 + 0.33) B 9)

= 0.0848; sd=0.40; n=18; ¥ =0.98

Here n is the number of data points and y is the Exner’s statistical parameter'®.

Kamlet’s" triparametric equation explains ca. 86% of the effect of solvent on the oxidation. However, by Exner’s

criterion'® the correlation is not even satisfactory (¢/. Equation 6). The major contribution is of solvent polarity. It

alone accounted for ca. 82% of the data. Both B and a play relatively minor roles.

The data on the solvent effect were analysed in terms of Swain’s!” Equation 10 of cation and anion solvating

concept of the solvents also.
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logk, =aA +bB + C

(10)

Here A represents the anion solvating power of the solvent and B the cation solvating power. C is the intercept

term. (A + B) is postulated to represent the solvent polarity. The rates in different solvents were analysed in terms
of Equation 11, separately with A and B and with (A + B).

log k> = (0.37 £0.05) A +(1.57 £ 0.03) B - 3.65
R* = 0.9930; sd = 0.04; n=19; ¥ =0.09

log k» = 0.15(+0.52) A —2.57

= 0.0048;sd=0.42;n=19; ¥=1.02
log k> = 1.54(+0.07) B - 3.53

” = 0.9633;sd=0.08;n=19; ¥=0.20
log k> = 1.17+0.16 (A + B) - 3.61

” = 0.7698;sd=0.20; n=19; ¥ =0.49

The rates of oxidation of ethanediol in different solvents
showed an excellent correlation in Swain’s equation (cf.
Equation 11) with the cation solvating power playing
the major role. In fact, the cation solvation alone account
for ca. 96% of the data. The correlation with the anion
solvating power was very poor. The solvent polarity,
represented by (A + B), also accounted for ca. 77% of
the data. In view of the fact that solvent polarity is able
to account for ca. 77% of the data, an attempt was
made to correlate the rate with the relative permittivity
of the solvent. However, a plot of log k, against the
inverse of the relative permittivity is not linear (r? =
0.5345; sd = 0.29; ¢y = 0.70).

an

(12)

(13)

(14)

Correlation analysis of reactivity: The rates of
oxidation of the four vicinal diols in DMSO showed the
excellent correlation with Taft’s 6" values'® with negative
reaction constants (Table 6), this indicates the presence
of an electron-deficient rate-determining step. Here X
c" represents the sum of the substituent constants for
the substituents present on the two alcoholic carbons of
the vicinal diols. The fact that ¢* values alone account
for 99% of the data showed that steric factors do not
play any significant role in the reaction. The magnitude
of the reaction constants decreases with an increase in
the temperature, indicating that selectivity decreases with
an increase in the reactivity.

Table 6. Reaction constants of the oxidation of vicinal diols by DEACC

Temp./ K —p" r? Sd y
288 1.2620.09 0.9890 0.06 0.12
298 1.17£0.07 0.9933 0.05 0.09
308 1.09+0.09 0.9865 0.06 0.13
318 1.01£0.07 0.9909 0.05 0.11

Mechanism

The presence of a substantial primary kinetic isotope effect confirms the cleavage of an a C H bond in the rate
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determining step. The negative values of the polar
reaction constant together with substantial deuterium
isotope effect indicate that the transition state has an
electron-deficient carbon centre. Hence the transfer of a
hydride ion from diol to the oxidant is suggested. The
hydride transfer mechanism is also supported by the
major role of cation solvating power of solvents.

The hydride ion transfer may take place either by a
cyclic process via an ester intermediate or by an acyclic
one-step bimolecular process. Kwart and Nickle!” have
shown that a study of the dependence of the kinetic
isotope effect on temperature can be gainfully employed
to resolve this problem. The data for protio and deuterio
ethandiols, fitted to the familiar expression k/k = A,/
A exp(E/RT)***' show a direct correspondence with
the properties of a symmetrical transition state in which
the activation energy difference (DE)) for k /k is equal
to the zero point energy difference for the respective C
H and C D bonds ( = 4.5 kJ/mol) and the frequency
factors and the entropies of activation of the respective
reactions are nearly equal. Bordwell*? has documented a
very cogent evidence against the occurrence of concerted
one step bimolecular processes by hydrogen transfer and
it is evident that in the present studies also the hydrogen
transfer does not occur by an acyclic bimolecular process.
It is well established that intrinsically concerted
sigmatropic reactions, characterized by transfer of

hydrogen in a cyclic transition state, are the only truly
symmetrical processes involving a linear hydrogen
transfer?®. Littler* has also shown that a cyclic hydride
transfer, in the oxidation of alcohols by Cr(VI), involves
six electrons and, being a Huckel type system, is an
allowed process. Thus the overall mechanism is proposed
to involve the formation of a chromate ester in a fast pre
equilibrium step and then a disproportionation of the
ester in a subsequent slow step via a cyclic concerted
symmetrical transition state leading to the product
(Scheme 1). The observed hydrogen ion dependence can
be explained by assuming a rapid reversible protonation
of the chromate ester (A) with the protonated ester
decomposing at a rate faster than (A) (Scheme 2).

It is of interest to recall that pinacol is oxidized by
chromic acid but not by DEACC. Chatterjee and
Mukher;ji*® reported an abrupt change from butane 2,3
diol to pinacol, the latter reacting very fast. As pointed
out by Littler*®, a cyclic ester mechanism is forbidden in
the diol Cr(VI) reaction. Chromic acid oxidation of
pinacol may therefore involve two one electron steps.
Chromic acid oxidations are known to induce
polymerization of acrylamide under certain conditions®.
No such observation has yet been recorded with DEACC.
Thus the capability of chromic acid and the inability of
DEACC to act as a one electron oxidant may explain

the different behaviour of pinacol towards these two

oxidants.
#
H HO
O +
N - ONHEL | |
HOCH, —CH,OH Cr OHCH, — ¢ — 0—Cr —ON'H.EL
2 # / - e i .
0 g }) AN
o cl
H
(A)
Slow
H HO‘
HOCH, —CHO  +  (OH).CICIONHEl, -=-=—— OHCH,—— C===0--0r — O N H,E1.
P cl
H -0

1 Scheme - 1)

Volume 7 Issue 1 < January - June 2023 < G P Globalize Research Journal of Chemistry



o~
ita)
%
2l

/4 ~
(i
\

<4

_ i
H HC||
Y e OHCH,—— C — 0—=Cr  ON'H.EL
| / \m
HO
H
Slow
"|| HO
HOCH; —CHO + H.0 + [(OHLCrCIO-N'H.El, =-—7 OHCH; —— C==0---Zr —0O'N"H.Et,
] N
i E o]
H —eee HO
{Scheme - 2)

Conclusions

Oxidation of these diols indicated the involvement of
the formation of a chromate ester in fast pre-equilibrium
and then a disproportionation of the ester in a subsequent
slow step via a cyclic concerted symmetrical transition
state leading to the product, carbonyl compound.
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(Abstract \

Kinetics and mechanism of oxidation of formic and oxalic acids by tributylammonium chlorochromate (TBACC) have
been studied in dimethylsulphoxide. The main product of oxidation is carbon dioxide. The reaction is first order with
respect to TBACC. Michaelis-Menten type kinetics was observed with respect to organic acids. The reaction is acid
catalysed and the acid dependence has the form k, = a + b[H"]. The oxidation of a deuterioformic acid exhibits
a substantial primary kinetic isotope effect (k. /k, = 5. 30 at 298 K). The reaction has been studied in nineteen
different organic solvents and the solvent effect has been analysed using Taft’s and Swain's multiparametric equations.
The temperature dependence of the kinetic isotope effect indicates the presence of a symmetrical cyclic transition state

in the rate determining step. Suitable mechanisms have been proposed.

\Keywords: Acids, halochromate, kinetics, mechanism, oxidation

/

Introduction

For the selective oxidation of organic compounds,
halochromates have long been used as mild and selective
oxidizing reagents in synthetic organic chemistry'*.
Tributylammonium chlorochromate (TBACC) is also one
such compound used for the oxidation of alcohols and
hydrocarbons®. We have also been interested in the kinetic
and mechanistic aspects of oxidation by complexed
Cr(VI) species and several reports on mechanistic aspects
of organic functions have already been published from
our laboratory®’. There seems to be no report on the
kinetics and mechanism of oxidation by tributylammo-
nium chlorochromate (TBACC). Therefore, we report in
this article the kinetics of oxidation of Oxalic and Formic

Volume 7 Issue 1 < January -

acids by TBACC in dimethylsulphoxide (DMSO) as
solvent. The mechanistic aspects are discussed. A suitable
mechanism has also been proposed.

Materials and Methods

Materials: TBACC and a deuterioformic acid (DCO,H
or DFA) were prepared by the reported methods>!°. Due
to the non aqueous nature of the medium, toluene p
sulphonic acid (TsOH) was used as a source of hydrogen
ions. TsOH is a strong acid and in a polar solvent like
DMSO it is likely to be completely ionised. Solvents
were purified by the usual methods!'.

Stoichiometry: To determine the stoichiometry, an excess
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of TBACC (x 5 or greater) was reacted with the organic
acid in DMSO (100 mL) and the amount of residual
TBACC after the completion of reaction was measured
spectrophotometrically at 346 nm. The results indicated
1:1 stoichiometry. No quantitative determination of
carbon dioxide formed was carried out. The oxidation
state of chromium in completely reduced reaction
mixtures, determined by an iodometric method, was 3.90
+ 0.10.

Kinetic measurements: The reactions were followed
under pseudo first order conditions by keeping a large
excess (x15 or greater) of the organic acid over TBACC.
The temperature was kept constant to +0.1°K. The solvent
was DMSO, unless specified otherwise. The reactions
were followed by monitoring the decrease in the
concentration of TBACC spectrophotometrically at 346
nm for up to 80% of the reaction. No other reactant or
product had any significant absorption at this wavelength.
The pseudo first order rate constants, k  , were evaluated
from the linear (r = 0.995 0.999) plots of log [TBACC]
against time. Duplicate kinetic runs showed that the rate
constants were reproducible to within £3%.

Results and Discussion

The oxidation of organic acids leads to the formation of
carbon dioxide. The stoichiometric determination

indicated the following overall reactions:

(COOH), + 0,CrCIONH'(C H,), —> 2CO, + H,0 +
OCrCIONH'(C,H,), (1)

HCOOH + O, CrCIONH'(CH,), —> CO, + HO +
OCrCIONH'(C,H,), )

TBACC undergoes a two-electron change. This is in
accordance with the earlier observations with structurally
similar PCC'? and PFC". It has already been shown that
both PCC' and PFC'® act as two electron oxidants and
are reduced to chromium (IV) species by determining
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the oxidation state of chromium by magnetic
susceptibility, ESR and IR studies.

Rate Laws: The reactions are of first order with respect
to TBACC (Figure 1). Further, the pseudo-first order

rate constant, k  is independent of the initial

obs
concentration of TBACC. The reaction rate increases
with increase in the concentration of the organic acid
but not linearly (Table 1). A plot of 1/k , against 1/[FA]
is linear (r > 0.995) with an intercept on the rate ordinate
(Figure 2). Thus, Michaelis Menten type kinetics is
observed with respect to the acids. This leads to the
postulation of following overall mechanism (3) and (4)

and rate law (5).

K
Organic Acid + TBACC S [complex] 3)
kZ
[Complex] —— Products 4)

Rate = &, K [Organic Acid] [TBACC] / (1 + K [Organic
Acid]) 6]

The dependence of reaction rate on the reductant
concentration was studied at different temperatures and
the values of K and &, were evaluated from the double
reciprocal plots. The thermodynamic parameters of the
complex formation and activation parameters of the
decomposition of the complexes were calculated from
the values of K and k, respectively at different
temperatures (Tables 2 and 3).



Table 1. Rate constants for the oxidation of oxalic and formic acids by TBACC at 298 K

2.5

2+log(a-x)

10° [TBACC] [Acid] 10* kops s™!
mol dm’ mol dm’ (OA) (FA)
1.00 0.10 21.9 2.90
1.00 0.20 27.8 4.55
1.00 0.40 32.1 6.35
1.00 0.60 33.9 7.31
1.00 0.80 35.0 7.91
1.00 1.00 35.5 8.32
1.00 1.50 36.3 8.94
1.00 3.00 37.2 9.66
2.00 0.20 26.1 4.41
4.00 0.20 28.8 4.68
6.00 0.20 27.0 4,14
8.00 0.20 27.9 4.59
1.00 0.40 33.3* 6.48*
2 contained 0.001 M acrylonitrile

0.4

0.35

0.3

0.25

4
= 0.2
—

0.15

0.1

0.05

| | | D

500 1000

time(sec.)

1500

Fig. 1 Oxidation of Formic Acid:

A typical kinetic run

5 10 15
1/[Acid]

Fig. 2 Oxidation of Formic Acid:
A Double Recl\iprocal Plot
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Test for free radicals / induced polymerization of
acrylonitrile: The oxidation of organic acids by TBACC,
in an atmosphere of nitrogen, failed to induce the
polymerization of acrylonitrile. In blank experiments,
with organic acid absent, no noticeable consumption of
TBACC was observed. Further, the addition of
acrylonitrile had no effect on the rate (Table 1). Thus a

one-electron oxidation giving rise to free radials is
unlikely. To further confirm the absence of the free
radicals in the reaction pathways, the reaction was carried
out in the presence of 0.05 mol dm™ of 2,6-di-t-butyl-4-
methylphenol (butylated hydroxytoluene or BHT). It was
observed that BHT was recovered unchanged, almost
quantitatively.

Table 3. Rate constants for the decomposition of TBACC-Organic acid complexes and
activation parameters

10* k2/ (dm’ mol ' s1) AH" —AS" AG"
Acids | 288K [ 298K | 308K  |318K | (K a (J mol™)
mol ) mol 'K ™)
OA 18.4 38.1 75.7 153 511+0.6 | 120+1 86.8+0.5
FA 5.31 10.5 21.7 44.1 51.9+£09 | 12842 90.0+0.8
DFA 0.93 1.98 4.06 8.73 54.1+£0.9 | 135£3 94.1+0.7
ku/kp 5.52 5.30 5.19 5.05

Table 4. Formation constants for the decomposition of TBACC-Organic acids complexes and
thermodynamic parameters

K (dm* mol ™) —AH" —AS" —-AG"
Acids 288K 298K 308K 318K (kJ mol™) (J mol"'K™") (kJ mol™)
OA 28.8 13,5 6.15 3.30 58.0£0.6 16542 8.9140.6
FA 4.95 3.82 291 2.28 22.310.2 56+1 5.67+0.2
DFA 5.52 4.35 3.46 2.58 21.6+0.7 5242 6.12140.6

Effect of acidity / Hydrogen ion effect: The reaction is catalysed by hydrogen ions. The hydrogen ion dependence

has the following form (Table 4).k , = a + b [H']

(6)

The values of a and b, for oxalic acid, are 4.96+0.17 x 10° s 'and 8.774£0.27 x 10° mol ' dm® s' respectively (1>
= 0.9959). The corresponding values for the oxidation of formic acid are 1.324+0.06 x 10* and 2.39+0.10 x 103

mol ! dm? s! (r? = 0.9928).

Table 5. Dependence of the reaction rate on hydrogen-ion concentration

[TBACC] = 0.001 mol dm™ [Acid] = 1.0 mol dm™ Temp. = 298 K
[H"]/mol dm™® 0.10 0.20 0.40 0.60 0.80 1.00
OA -10* kobs/s™! 29.1 36.3 52.2 71.1 84.6 101
FA -10* kops/s™ 3.87 4.95 6.93 9.36 11.2 13.5

Volume 7 Issue 1 < January - June 2023 < G P Globalize Research Journal of Chemistry



Kinetic isotope effect: To ascertain The importance of
the cleavage of the a C H bond in the rate determining
step, the oxidation of a-deuterio formic acid (DFA) was
studied. The results recorded in Table 2, exhibited a
substantial primary kinetic isotope effect (k,/k, = 5.30
at 298 K).

Effect of solvents: The oxidation of formic acid was
studied in 19 different organic solvents. The choice of
solvents was limited due to the solubility of TBACC
and its reaction with primary and secondary alcohols.
There was no reaction with the solvents chosen. The
kinetics were similar in all the solvents. The values of
K and k, are recorded in Table 5.

Table 6. Effect of solvents on the oxidation of formic acid by TBACC at 298 K

Solvents K 10° Kobs Solvents K 10° Kobs
(dm?mol?) | (s (dm mol™) (s

Chloroform 427 36.3 Toluene 3.214.66 7.08
1,2-Dichloroethane 4.58 34.6 | Acetophenone 3.3.5467 37.2
Dichloromethane 4.14 33.1 THF 3.49 13.5
DMSO 3.82 105 t-Butylalcohol 4.55 16.2
Acetone 3.76 28.8 1,4-Dioxane 4.23 12.3
DMF 4.06 50.1 1,2-Dimethoxyethane 3.88 7.59
Butanone 4.88 214 | CS, 4.58 3.24
Nitrobenzene 3.95 35.5 | Acetic Acid 14.8
Benzene 3.96 8.91 Ethyl Acetate 10.2
Cyclohexane 4.25 0.72

Reactive oxidizing species: The observed hydrogen ion (Eq. 8) of Kamlet et al'é.

dependence suggests that the reaction follows two

mechanistic pathways, one is acid independent and the log k, = A/ + pn* + bp + aa ®)

other is acid dependent. The acid catalysis may well be
attributed to a protonation of TBACC to yield a
protonated Cr(VI) species which is a stronger oxidant
and electrophile (Eq. 7).

[0,CrCIONHY(C,H,),] + H' -5
[HOCrOCIONH'(C H,),]* (7)

Formation of a protonated Cr(VI) species has earlier
been postulated in the reactions of structurally similar
halochromates like QFC!* and DEACC?,

Solvent effect: The rate constants, k,, in eighteen
solvents (CS, was not considered, as the complete range
of solvent parameters was not available) were correlated
in terms of the linear solvation energy relationship

Volume 7 Issue 1 < January -

In this equation, m* represents the solvent polarity, o
the hydrogen bond acceptor basicities and [ is the
hydrogen bond donor acidity. A is the intercept term.
It may be mentioned here that out of the 18 solvents, 12
have a value of zero for a.

The results of correlation analyses in terms of Eq. 8, a
biparametric equation involving n* and [, and separately
with ©* and 3 are given below as Equation 9-12.
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log ko = — 4.13 + 1.72(£0.19)m* + 0.14(0.15)B + 0.27(0.15)0.

R? =0.8783;sd=0.17;n=18; y = 0.38

log ko =—4.20 + 1.62 (£0.19) n* + 0.24 (£0.16)B
R? =0.8484;sd=0.18;n=18; y = 0.41

log ko =—4.25+1.69 (£0.19) n*
r? =0.8256;sd =0.25;n=18; y =0.43

logk,=—5.15+0.53 (£0.36)p
> =0.1197;sd =0.12; n = 18; y = 0.97

Here n is the number of data points and y is the Exner’s
statistical parameter.'’

Kamlet’s'¢ triparametric equation explains ca. 88% of
the effect of solvent on the oxidation. However, by
Exner’s!’ criterion the correlation is not even satisfactory.
(cf. Eq. 9). The major contribution is of solvent polarity.
It alone accounts for 82% of the data. Both B and o play
relatively minor roles.

The data on solvent effect were also analyzed in terms

log ko =1.23(+0.03) A + 1.62 (£0.02) B —3.92
R? =0.9976; sd = 0.02; n=19; y = 0.01

log k, = 1.01 (£0.53) A —2.97
> =0.1710;sd =0.43;n=19; y = 0.94

log ks = 1.53 (+0.22)B — 3.68
2 =0.7414;sd = 0.24;n = 19; y = 0.52

log k» = 1.49+0.05 (A + B) - 3.93
2 =0.9792;sd=0.07;n=19; y = 0.15

The rates of decomposition of the complex in different
solvents showed an excellent correlation in Swain’s
equation [cf. Eq.14] with the cation solvating power
playing the major role. In fact, the cation solvation alone
account for ca. 74% of the data. The correlation with the
anion solvating power was very poor. The solvent
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(10)

(11)

(12)

of Swain’s equation'® of cation and anion solvating
concept of the solvents also (13).
log k, =aA +bB + C (13)
Here A represents the anion solvating power of the
solvent and B the cation solvating power. C is the
intercept term. (A + B) is postulated to represent the
solvent polarity. The rates in different solvents were

analysed in terms of equation (12), separately with A
and B and with (A + B).

(14)

(15)

(16)

(17)

polarity, represented by (A + B), also accounted for ca.
98% of the data. In view of the fact that solvent polarity
is able to account for ca.98% of the data, an attempt was
made to correlate the rate with the relative permittivity
of the solvent. However, a plot of log (rate) against
the inverse of the relative permittivity is not linear



-~
S0
o

s

(r* = 0.4557; sd = 0.32; y = 0.76).

Mechanism:

In view of the absence of any effect of acrylonitrile on
the rate of the reaction and failure to induce the
polymerization of acrylonitrile, it is unlikely that a one-
electron oxidation, giving rise to free radicals, is operative
in this reaction. The presence of a substantial kinetic
isotopic effect confirmed that a a C H bond is cleaved
in the rate determining step. The observed solvent effect
also indicated that the transition state of the reaction is
more polar than the reactants.

For the formic acid oxidation, the cation solvating power
of the solvents plays a relatively more important role,
supporting the preposition that an electron-deficient
carbon center is formed in the transition state. Thus the
transfer of a hydride-ion from the acid to the oxidant is
indicated.

This hydride ion transfer may take place either via an
anhydride or by an acyclic process. The involvement of
a concerted cyclic process is supported by a study of the
temperature dependence of the kinetic isotope effect!’.
The data for protio and deuterio formic acids when
fitted in the familiar expression k, /k = A /A, exp(-A
H*/RT) show a direct correspondence with the properties

<
i

of a symmetrically transition state in which the differences
in the activation energies for the protio and deuterio
compounds are equal to the differences in the zero point
energies of the corresponding C H and C D bonds
(ca. 4.5 kJ mol") and the entropies of the activation of
the respective reactions are almost equal.?®*' Similar
phenomena were observed earlier in the oxidation of
benzhydrol by PCC?? and of diols by BPCC*. Bordwell**
has documented a very cogent evidence against the
occurrence of concerted one step bimolecular processes
by hydrogen transfer and it is evident that in the present
studies also the hydrogen transfer does not occur by an
acyclic biomolecular process. It is well established that
intrinsically concerted sigmatropic reactions, characte-
rised by transfer of hydrogen in a cyclic transition state,
are the only truly symmetrical processes involving a linear
hydrogen transfer®. Littler®® has also shown that a cyclic
hydride transfer, in the oxidation of alcohols by Cr(VI),
involves six electrons and, being a Huckel type system,
is an allowed process. Thus, a transition state having a
planar, cyclic and symmetrical structure can be envisaged
for the decomposition of the ester intermediate. Hence,
the overall mechanism is proposed to involve the
formation of a chromate ester in a fast pre equilibrium
step and then a decomposition of the ester in a subsequent
slow step via a cyclic concerted symmetrical transition
state leading to the product (Schemes 1 and 2).

0
C OOH 0 O'N'HBuU, 0=—=c—0, | ,ONHeu
N K ) (\ /
+ cr Cr " HZO
C OCH ] N| Q=—=2C —0 Cl
(A)
K
¥
O=C T.._O___‘ || / O N.HEU3
200 t CroCION HEU, - _,::{:r
0—C ==0 \{II

Scheme -1
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It is of interest to compare here the mode of oxidation
of organic acids by PFC?®, QFC?, PBC*, BTEACC?!
and TBACC. The oxidation by PFC, QFC, PBC and
TBACC presented a similar kinetic picture, i.e. Michaelis
Menten type kinetics, with respect to the reductants.
However, the oxidation by BTEACC exhibited a first
order dependence with respect to the reductants. It seems
that the values of the formation constants for the
intermediate compound are very small in the oxidation
by BTEACC and is, therefore, not reflected in the rate-
laws. Kinetic isotope effects, solvent effects and the
dependence on the hydrogen ions are of similar nature
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in all these reactions, for which essentially similar
mechanisms have been proposed.

Conclusions

The reaction is proposed to proceed through a hydride-
ion transfer from acid to the oxidant. The hydride ion
transfer mechanism is also supported by major role of
cation solvating power of the solvents. Both deprotonated
and protonated forms of TBACC are the reactive
oxidising species. An a-C-H bond is cleaved in the rate-
determining step.
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