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HIGHLIGHTS GRAPHICAL ABSTRACT

e Molnupiravir is an oral antiviral drug.
e Green adherence and minimal environ-
mental impact.
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ARTICLE INFO ABSTRACT
Keywords: Molnupiravir is an oral antiviral drug developed to provide significant benefit in reducing hospitalizations or
Molnupiravir deaths in mild COVID-19. Integrated green computational spectrophotometric method was developed for the

Green, computational
8-Hydroxyquinoline
Diazo coupling

determination of molnupiravir. Theoretical calculations were performed to predict the best coupling agent for
efficient diazo coupling of molnupiravir. The binding energy between molnupiravir and various phenolic
coupling agents, a-naphthol, p-naphthol, 8-hydroxyquinoline, resorcinol, and phloroglucinol, was measured
using Gaussian 03 software based on the density functional theory method and the basis set B3LYP/6-31G(d).
The results showed that the interaction between molnupiravir and 8-hydroxyquinoline was higher than that
of other phenolic coupling agents. The method described was based on the formation of a red colored chromogen
by the diazo coupling of molnupiravir with sodium nitrite in acidic medium to form a diazonium ion coupled
with 8-hydroxyquinoline. The absorption spectra showed maximum sharp peaks at 515 nm. The reaction con-
ditions were optimized. Beer’s law was followed over the concentration range of 1-12 pg/ml molnupiravir. Job’s
continuous variation method was developed and the stoichiometric ratio of molnupiravir to 8-hydroxyquinoline
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was determined to be 1:1. The described method was successfully applied to the determination of molnupiravir
in pure form and in pharmaceutical dosage form. The results showed that the proposed method has minimal
environmental impact compared to previous HPLC method.

1. Introduction

Trends toward the development of environmentally friendly
analytical chemistry play an essential role in protecting the environment
by monitoring pollutants in air, water, or soil. Many solvents and re-
agents are used in analytical procedures, resulting in toxic residues.
Hazardous solvents should be replaced with more environmentally
friendly ones to shorten analysis time, reduce sample volume, and
consume less energy. Green analytical chemistry was introduced to
eliminate the adverse effects of analytical procedures on the environ-
ment. The green chemistry approach has attracted considerable interest
from chemists, especially those involved in environmentally friendly
laboratory practices in analytical chemistry [1-3]. Computational
chemistry represents an integral approach, in HPLC [4,5], spectropho-
tometry [6,7] and electrochemistry [8], to the development of greener
methods based on theoretical testing of compound interactions and
reducing the use of toxic solvents [9]. Many analytical methods have
been developed to demonstrate the quality of the drug materials
including HPLC [10], TLC [11], specroflorimetry [12-17] as well as
spectrophotometry [18-28].

Color-based spectrophotometric methods are a simple, cost-effective
continental tool widely used in quantitative pharmaceutical analysis
[29,30]. Among the color-based spectrophotometric methods, diazoti-
zation coupling is generally used for the determination of compounds
containing free aromatic amino groups. The reaction is based on the
coupling of the diazonium salts with various coupling agents [31-34]. It
is believed that the selection of the best coupling agent can improve the
spectrophotometric determination of the compound of interest. In
addition, computer-aided calculations can lead to shorter analysis time,
smaller sample volume, and thus a more environmentally friendly
analytical procedure.

Molnupiravir [MLP], Fig. 1, is a new oral bioavailable ribonucleotide
antiviral drug that shows significant benefit in reducing hospitalizations
or deaths in mild COVID-19 and may be an important weapon in the
fight against SARSCoV-2. MLP is activated by metabolism in the body.
Once it enters the cell, it becomes an RNA-like component. In the first
step, RNA polymerase incorporates these components into the RNA
genome of the virus. In the next step, the RNA-like components are
paired with components of the viral genome. The viral RNA contains
multiple mutations as it replicates to produce new viruses, preventing
the pathogen from replicating. This viral drug causes mutations in other
RNA viruses and prevents their spread [35-38].

Although LC-MS /MS [39,40] and HPLC [41] have been reported for
the determination of MLP in the presence of its active metabolite and in
the presence of various antiviral drugs. Unfortunately, the use of organic
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Fig. 1. Chemical structure of MLP.

solvents in LC-MS /MS and HPLC can lead to environmental contami-
nation and potential health risks to analysts if improperly disposed of.
One study states that an average chromatographic process can generate
up to 1 L of organic waste per day, which adds up to millions of liters of
hazardous waste per year. Considering these hazardous impacts, greener
analytical methods should be developed to replace them with more
environmentally friendly methods [42].

In this work, integral calculations were performed to select the best
coupling agent for diazo coupling of MLP and to provide a more envi-
ronmentally friendly analytical method. The best coupling agent, 8-
hydroxyquinoline, was used for the spectrophotometric determination
of MLP in pure form and in pharmaceutical preparation. The method
was based on the formation of a red colored azo dye upon the reaction of
MLP with sodium nitrite in acidic medium to form a diazonium ion
coupled with 8-hydroxyquinoline. In addition, the environmental
friendliness of the described method was evaluated on a scientific basis
using the national environmental method index [43], the analytical eco-
scale [44], the green analytical procedure index [45], and the AGREE
evaluation method [46].

2. Experimental
2.1. Materials

Pure analytical standard of MLP [98.99%] was kindly supplied by
EPICO Pharmaceutical Company, Tenth of Ramadan city, Egypt. Mol-
nupiravir EVA Pharma® capsules [200 mg MLP per capsule] was pur-
chased from local pharmacy store. Sodium nitrite (Win lab, UK),
solution was prepared as 4% aqueous solution (w/v). 8-hydroxyquino-
line (Koch-Light Laboratories Ltd, England) was prepared in 1% (w/v)
sodium hydroxide solution in 50% (v/v) aqueous ethanol. Hydrochloric
acid (El-Nasr Company, Egypt), was prepared as 0.5 M aqueous solution.
Sodium hydroxide (El-Nasr Company, Egypt), was prepared as 2 M
aqueous solution.

2.2. Apparatus
Shimadzu UV-Visible 1650 Spectrophotometer, Tokyo, Japan.
2.3. Standard solutions

A standard stock solution of MLP [100 pg/ml] was prepared by
dissolving 10 mg analytical standard pure MLP in 50 mL ethanol, and
the volume was made up to 100 mL with ethanol.

2.4. Procedures

2.4.1. Computational calculations for the study of the interaction energy
between MLP and different coupling agents

The structural formulas of MLP, the coupling agents [a-naphthol,
B-naphthol, 8-hydroxyquinoline, resorcinol, phloroglucinol] and the
corresponding complexes were drawn and optimized in Gauss-view
software using the density functional theory method at B3LYP/6-31G
(d) basis set level [47]. The energy of the optimized structures was
measured. In addition, the binding energy of the diazotized MLP -
coupling agent products, AE, was calculated as follows:

AE:EA_B—EA—HEB.(I)

where A is the energy of an optimized MLP, B is an optimized energy of
the coupling agents.
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Table 1
Computationally calculated binding energy between various phenolic coupling
agents and MLP.

Compounds under the study Binding energy

AE (Hartree)* AE (KJ/mol)
MLP-8-hydroxyquinoline —0.0205 —53.81
MLP- « naphthol —0.0160 —42.00
MLP- f naphthol —0.0120 —-31.51
MLP-phloroglucinol —0.0112 -29.41
MLP- resorcinol —-0.0110 —28.88

*1Hartree = 2625.5 KJ/mol.

2.4.2. General procedure

Aliquots of MLP standard solution [100 pg/mL] corresponding to
[10-120 pg] were transferred to a series of 10-ml volumetric flasks,
followed by adding 0.5 mL of hydrochloric acid [0.5 M] and 0.5 mL
sodium nitrite [4%]. The prepared solutions were shaken for 5 min to
provide enough time for efficient diazotization of MLP. 1 mL of 8-
hydroxyquinoline [0.35%] was added. Then 0.5 mL sodium hydroxide
[2 M] was added and the prepared solutions were allowed to stand for 5
min. Finally, the volume was completed to the mark with ethanol. The
absorbance of the red colored azo dye complexes was measured at 515
nm against a blank treated similarly.

2.4.3. Application of the proposed method for the determination of the
pharmaceutical dosage form

Ten Molnupiravir EVA Pharma® capsules were accurately weighed,
and average weights were calculated. The capsule contents were mixed
thoroughly and definite weight corresponding to one capsule was placed
in a 100 mL volumetric flask and the volume was made up to 50 mL with
ethanol. The solution was shaken and completed the mark with ethanol.
The obtained solution was serially diluted to obtain different concen-
trations. Then, the general procedure for the described method was
followed.

3. Results and discussion

MLP is the first orally administered antiviral drug to show significant
benefit in reducing hospitalizations or deaths in mild COVID-19 and
could be an important weapon in the fight against SARS-CoV-2 [35-38].
Since MLP has recently entered the market, the development of vali-
dated analytical methods is recommended to enable accurate determi-
nation and quality control approach of MPL in different analytical
laboratories. Previous work has proposed the use of LC-MS /MS [39,40]
and HPLC [41] for the determination of MLP, recommending the
disposal of organic wastes that have a negative impact on the environ-
ment. Spectrophotometry represents a simple continental tool for
quantitative analysis of drugs. The diazotization- based spectrophoto-
metric method is commonly used for the determination of compounds
with a free amino group [29,30]. MLP is an amino group-containing
compound suitable for diazotization with nitrous acid and coupling of
the resulting complex with phenolic coupling agents.

3.1. Computational calculations for selecting the best phenolic coupling
agent provided an efficient diazo coupling of MLP

Computational calculations provide integral approach to more
environmentally friendly analytical methods. Density functional theory
[DFT] is a computational theory used to predict the electronic structure
of compounds. DFT derives the actual properties of the compound based
on a measurement of electron density. It is assumed that relevant data
can be predicted from the measurement of the electron density of a
compound [47]. In order to evaluate the binding efficiency between
MLP and various phenolic coupling agents [a-naphthol, p-naphthol, 8-
hydroxyquinoline, resorcinol, phloroglucinol], DFT was performed at
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Fig. 3. Absorption spectra of the reaction product between MLP (8ug/mL) and
8-hydroxyquinoline [ ] and reagents only [— — ——] at 515 nm.

B3LYP/6-31G (d) basis set level. The studied compounds were
geometrically optimized and the minimum energy of MLP, coupling
agents and MLP-coupling agent complexes was determined. The binding
energy between MLP and coupling agents was calculated to evaluate the
strength of the interaction, Table 1. The coupling agent with higher
binding energy could be the best for diazotization of MLP compared to
the other coupling agents. From the data given in Table 1, 8-hydroxyqui-
noline could be the suitable reagent for diazotization of MLP.

3.2. Spectral characteristics

The UV absorption spectra of MLP showed an absorption maximum
at 272 nm, Fig. 2. Since MLP is an amine-containing compound, an
attempt was made to develop an analytical method for its determination.
The diazotization reaction with an optimally selected phenolic coupling
agent, 8-hydroxyquinoline, yields an intensely red colored azo dye
product that can be measured spectrophotometrically. The method
described was based on diazotization of MLP with sodium nitrite in
acidic medium. Subsequently, the diazonium salt formed was coupled
with 8-hydroxyquinoline. The medium was made alkaline with sodium
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Fig. 4. Scheme for the diazotization reaction pathway of MLP followed by diazo coupling with 8-hydroxyquinoline.

hydroxide, and the developed color was measured in comparison with
the reagent blank at 515 nm, as shown in Fig. 3. The proposed diazo-
tization reaction pathway of MLP and diazo coupling with 8-hydroxy-
quinoline was shown in Fig. 4.

3.3. Optimization of the reaction conditions

The diazotization reaction is mainly based on many parameters.
These parameters include the amounts of hydrochloric acid, sodium
nitrite, 8-hydroxyquinoline, and sodium hydroxide. A high acidity
condition is recommended for the diazo coupling reaction to obtain a
strong nitrosating agent. It was found that 0.5 mL of 0.5 M hydrochloric
acid was the best condition, as shown in Fig. 5a. Sodium nitrite plays an
essential role in the conversion of amines to diazo compounds. It was
found that 0.5 mL of a 4% sodium nitrite solution provided efficient
absorption intensity, as shown in Fig. 5b. In addition, the results showed
that 1 mL of 0.35% 8-hydroxyquinoline was efficient for the determi-
nation of MLP, as shown in Fig. 5c. Sodium hydroxide restores the sta-
bility of the benzene ring and provides an effective medium for the
diazotization of MLP. The results show that 0.5 mL of 2 M sodium hy-
droxide provides the best conditions, as shown in Fig. 5d.

3.4. Molar ratio assessment of the reaction

Job’s method of continuous variation [48] have been suggested to
measure the stoichiometry of the chemical reactions. In the current
study, Job’s method of continuous variation was applied regarding to
the simplicity. Graphical representation of the absorbance values at 515
nm versus MLP mole fraction was created as shown in Fig. 6. The stoi-
chiometry of the complex formed between MLP and 8-hydroxyquinoline
was found to be [1:1].

3.5. Validation of the method

The described method was validated according to the guidelines of
ICH. The linearity of the method was evaluated by generating different
calibration curves on different days. Calibration curves were generated
within concentration ranges selected based on sensitivity parameters.
Each concentration was repeated three times. The concentration ranges,
regression equations, and other statistical parameters are listed in
Table 2. The general procedures for drug determination were valid for
triplicate determination of [3, 6, 9 ug/mL] MLP. Accuracy was expressed
as % recovery, as shown in Table 2. Precision, expressed as percent
relative standard deviation, was determined by the determination of [3,
6, 9 ug/mL] MLP. For repeatability, it was performed within one day and
for mean precision, it was performed on three consecutive days. The low
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Fig. 6. Graphical representation of the absorbance values at 515 nm versus
MLP mole fraction considering the reaction of [1.37 x 10~3 M] FV with [1.37
x 1072 M] 8-hydroxyquinoline using job’s method.

values of %RSD indicate high precision of the proposed method, as
shown in Table 2.

3.6. Application of the proposed method for determination of the
pharmaceutical capsule

The described method succeeded to determine MLP in the pharma-
ceutical capsules. The results were statistically compared with the re-
sults of the previously reported HPLC method [41]. By applying t-test
and F-test, no significant differences were found at 95% confidence
level, indicating the acceptability of the described method for the
spectrophotometric determination of MLP in the pharmaceutical dosage
form, Table 3.

Table 2
Regression and validation parameters for the described spectrophotometric
determination of MLP.

Obtained data

Parameters
Wavelength (nm) 515
Linearity range (pg/ml) 1.00-12.0
— Regression values 0.0420

— Slope 0.0011

— Intercept
Coefficient of determination (%) 0.9996
Accuracy (%R)” 99.820
Precision (%RSD)" Repeatability 0.623

Intermediate precision 0.782

@ Value corresponding to 9 determinations (3 concentrations repeated 3
times).

Y Values corresponding to 9 determinations (3 concentrations repeated 3
times).

Table 3

Application of the proposed method for spectrophotometric determination of
MLP in the pharmaceutical preparation with statistical assessment of the ob-
tained results with results of the reported HPLC method.

Parameter Proposed method Reported HPLC method [41]
Mean" 99.68 100.29

S.D* 1.060 1.396

Variance” 1.1233 1.947

t-test 0.252 (2.306)"

F-value 1.688 (6.388)"

@ Mean recovery, % of five measurements.
b The values in the parenthesis are the corresponding theoretical values of t
and F at (p = 0.05).
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Table 4
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Greenness evaluation and comparison of the developed method and reported one using described metrics.

Proposed method

Reported HPLC method [41]

National environmental method index

Green analytical procedure index

Sample preparation @ Reagents and compounds
Sample handling @@O Instrumentation
Quantification
and general
method type

The AGREE evaluation method

1-Sample treatment
2-Sample amount
3-Device postioning
4-Sample prep. stages
5-Automation, miniaturization
6-Derivatization
7-Waste

8-Analyzis Thoughput
9-Energy consumption
10-Source of reagents
11-Toxicity
12-Operator's safety

Hazardous

Sample preparation Reagents and compounds

Sample handling @ Instrumentation

Quantification
and general
method type

1-Sample treatment
2-Sample amount
2Device postioning
4-Sample prep. stages
MY . P

6-Derivatization
7-Waste

8-Analysis Thoughput
S-Energy conzumption
10-Source of reagents
11-Toxicity
12-Operator's safety

3.7. Greenness assessment and comparison of the proposed method with
the reported HPLC method

Although there are many principles presented for green practices
evaluation of analytical procedures, the use of national environmental
index analytical eco-scale, green analytical procedure index and AGREE
together were recommended for full assessment of an analytical pro-
cedure providing synergistic results. The developed spectrophotometric
method was evaluated and compared to the reported HPLC method
using the mentioned tools as provided in Table 4. In general, national
environmental index result of the spectrophotometric method reveled
the greener adherence in comparison to the reported HPLC method.
Regarding to this tool did not take in consideration the amount of sol-
vent used nor other aspects of the procedure, the analytical eco-scale
score was additionally calculated, to complement national environ-
mental index, regarded the quantities of solvents consumed and pro-
vided more information about the environmental impact of the methods.
As the obtained score of the applied method was 79, this revealed an
excellent green analysis method with minimal negative effect on the
environment and human health. The green analytical procedure index
presented a detailed overview for different steps of the analysis pro-
cedure such as sample preparation, sample handling (collection, pres-
ervation, transport & storage), chemicals used, and instrumentation.
Every factor of the analytical procedures was colored green through
yellow to red identifying low, medium to high negative environmental
impact, respectively. The proposed method possessed the highest num-
ber of green zones and lowest number of red zones (5 green zones and
one red zone). While the reported HPLC method seemed to be lower in
greenness (4 green and 3 red zones). The details obtained from green

analytical procedure index and the easy detection of non-eco-friendly
practices makes it superior to previously mentioned methods. Howev-
er, the construction of the chart is time consuming and complex. Finally,
AGREE tool was applied, providing the greenness profile as a numerical
value, (0.81) for spectrofluorometric method and (0.58) for the reported
HPLC method, confirming the greenness superiority of the applied
method. AGREE method merges the advantages and addresses the cons
of the aforementioned tools. It considers the quantities of reagents,
simple to construct and highlights the weaknesses of a studied method.
In summary, the results obtained from all the assessment tools provided
a detailed greenness profile, complemented each other, and confirmed
compliance with green practices for the most part [48,49].

4. Conclusion

In this work, integral computational calculations were done to
choose the best coupling agent for the diazo-coupling of molnupiravir
and provide greener analytical method. 8-hydroxyquinoline, provided
the best coupling agent for diazotization of molnupiravir. The method
was developed, optimized and applied for spectrophotometric deter-
mination of molnupiravir in the pure and in pharmaceutical prepara-
tion. Additionally, the greenness of the described method was evaluated
on a scientific basis and the results revealed that the proposed method
had minimum impact on the environment in comparison to previously
reported HPLC method.
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