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nic catalyst (taurine) promoted
one-pot synthesis of (R/S)-2-thioxo-3,4-
dihydropyrimidine(TDHPM)-5-carboxanilides:
chiral investigations using circular dichroism and
validation by computational approaches†

Mehul P. Parmar, a Disha P. Vala, a Savan S. Bhalodiya, a Dipti B. Upadhyay, a

Chirag D. Patel, a Subham G. Patel, a Srinivasa R. Gandholi,b Althaf H. Shaik, b

Amy Dunne Miller, c Joaquina Nogales, c Sourav Banerjee, c
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Owing to the massive importance of dihydropyrimidine (DHPMs) scaffolds in the pharmaceutical industry

and other areas, we developed an effective and sustainable one-pot reaction protocol for the synthesis

of (R/S)-2-thioxo-DHPM-5-carboxanilides via the Biginelli-type cyclo-condensation reaction of aryl

aldehydes, thiourea and various acetoacetanilide derivatives in ethanol at 100 °C. In this protocol, taurine

was used as a green and reusable bio-organic catalyst. Twenty-three novel derivatives of (R/S)-TDHPM-

5-carboxanilides and their structures were confirmed by various spectroscopy techniques. The

aforementioned compounds were synthesized via the formation of one asymmetric centre, one new

C–C bond, and two new C–N bonds in the final product. All the newly synthesized compounds were

obtained in their racemic form with up to 99% yield. In addition, the separation of the racemic mixture of

all the newly synthesized compounds was carried out by chiral HPLC (Prep LC), which provided up to

99.99% purity. The absolute configuration of all the enantiomerically pure isomers was determined using

a circular dichroism study and validated by a computational approach. With up to 99% yield of 4d, this

one-pot synthetic approach can also be useful for large-scale industrial production. One of the

separated isomers (4R)-(+)-4S developed as a single crystal, and it was found that this crystal structure

was orthorhombic.
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1 Introduction

The current organic synthesis research is mainly focused on
competency, creating synthetic libraries, and constitutional
structural diversity.1,2 In this regard, one-pot multicomponent
reactions (MCRs) constitute an incredible method for producing
bioactive heterocycles because of their versatility, cost-
effectiveness, sustainability, ability to minimize waste, as well
as potential to simplify a variety of chemical processes.3–7

Heterocyclic compounds play a pivotal role in medicinal chem-
istry as well as in drug discovery and in the regulation of bio-
logical activities. Among these heterocycles, pyrimidine is the
most studied ring system as it is present in vitamins, nucleic
acids, drugs and chemotherapeutic agents.8 Comparing the two
main structural isomers of pyrimidine (i.e., 3,4-dihydropyr-
imidine-2(1H)-one and 5,6-dihydropyrimidine-2(1H)-one), 3,4-
DHPM has received tremendous attention. 3,4-DHPMs were rst
synthesized by Pietro Biginelli through a single-pot cyclo-
condensation reaction of an aryl aldehyde, urea, and b-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ketoester using an acid catalyst in ethanol at reux
temperature.9–11 The diversely substituted products obtained
were correctly identied by Biginelli as 3,4-dihydro-2(1H)-pyr-
imidinones (DHPMs). Because of their wide range of pharma-
cological characteristics, 3,4-DHPM-5-carboxanilide scaffolds are
effective chemical moieties that fascinate chemical innovations
in both synthetic and medicinal context. The synthetic and
medicinal uses of 3,4-DHPM-5-carboxanilide scaffolds are fasci-
nating due to their wide range of pharmacological properties,
such as anticancer,2 anti-inammatory,12 antimicrobial and
antimycobacterial,13 antibacterial,13 antiretroviral,14 anti-HIV-1,15

and anti-HSV16 effects. Some of the biologically active 2-thioxo/2-
oxo-3,4-DHPM nucleus-bearing scaffolds such as monastrol17

(antitumoral), [II],1 [III],2 [IV] and [V]5 are shown in Fig. 1.
Later on, the scope of this reaction was expanded by the vari-

ation in reagents and reaction conditions with the change in
catalyst, reaction temperature, and reaction time that generated
differentmultifunctionalized 2-thioxo-3,4-DHPM-5-carboxanilides
(TDHPM-5-carboxanilides). In the past few decades, enormous
attention has been paid to the synthesis of TDHPM-5-
carboxanilides using a variety of catalysts such as zirconium(IV)
tetrachloride,18 concentrated HCl,19–21 uranyl nitrate hexahy-
drate,22 and p-TSA.1 Table 1 describes the comparative study of
the previously reported work towards the construction of
(R/S)-TDHPM-5-carboxanilide derivatives 4 using the one-pot
reaction of aryl aldehyde 1, thiourea 2, and acetoacetanilides 3.
These previously reported reaction protocols have suffered from
several shortcomings such as the use of harsh reaction conditions,
potentially hazardous and corrosive catalysts, and a limited
substrate scope with a lower yield as well as a longer reaction time.
Some of these methods required the use of classical purication
techniques such as column chromatography to obtain pure
products. There are very few research studies which utilized
Fig. 1 Biologically active 3,4-DHPMs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
taurine as a catalyst with a limited number of substrates. More-
over, the racemic mixture of all developed compounds has not
been properly separated and characterized as its AC.23,24 According
to the reported method,24 the synthesis of (R/S)-TDHPM-5-
carboxanilides 4(a–w) has been carried out and all the parame-
ters have been checked, which clearly indicate that it does not
produce the claimed percentage yield within the given time
periods, while the present protocol offers the corresponding (R/S)-
TDHPM-5-carboxanilides in good to excellent yields in the short-
est reaction time compared to the previously reported works. This
reaction protocol provides the titled (R/S)-TDHPM-5-
carboxanilides in pure form without any need for a classical
purication technique. Furthermore, green metric calculations
were also included for the present protocol. The reaction occurred
in the presence of taurine as a green bioorganic catalyst in
ethanol. Taurine (2-aminomethanesulphonic acid) is a key b-
amino acid, which is found in large amounts in the living
organisms, particularly in animals, and it also exists in a zwitter-
ionic form, which enhances the reaction rate as well as leads to
essential biological properties.25 It is an important part of the bile
and it forms one-tenth per cent of the total human weight as well
as also used in energy drinks and diet supplements, and possesses
several biological properties in the human body. The easy avail-
ability in nature, good to excellent yields, eco-friendliness,
commercial availability, cost-effectiveness as well as easy recycla-
bility of taurine inspire us to use it for the studied transformation.

The construction and isolation of optically active/chiral
molecules have received signicant attention in various elds
such as food products, functional and fragrant materials
(ferroelectric liquid crystals and optically active non-linear
molecules), agrochemicals and pharmaceutical elds. There
are two different ways to obtain optically active compounds: the
rst called the asymmetric synthesis and the second the
RSC Adv., 2024, 14, 9300–9313 | 9301



Table 1 Comparative study of the previously reported work to obtain 2-thioxo-DHPM-5-carboxanilides 4

Sr. no. Reaction conditionsa Yieldb (%) Time (h) References

1 Zirconium(IV)tetrachloride, ACN, reux 35–41 6–8 18
2 Concentrated HCl, EtOH, reux 58–80 20–24 19–21
3 UO2NO3$6H2O, ACN, reux 77–87 7–8 22
4 p-TSA, EtOH, RT 67–97 24–30 1
5 Taurine, EtOH, 100 °C 92 3 Our work

a Reaction conditions: aryl aldehyde (1 mmol) 1, thiourea (1.5 mmol) 2, acetoacetanilides (1 mmol). b Isolated yield.
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resolution of racemates into distinct enantiomers.26 It might
occasionally be a challenge to acquire both the isomers by
employing the rst method. However, by implementing the
second method, both isomers are obtained. There are different
methods to resolve the racemic mixture, but the direct enan-
tioseparation by utilizing chiral stationary phases (CSPs) in
HPLC is a simple, practical, and more signicantly used
method from both analytical and preparative perspectives.27,28

In the past, to determine the absolute conguration (AC),
generally single-crystal XRD, stereoselective synthesis, and
NMR have been mostly used.29 These conventional approaches
have several drawbacks including the need for high-quality
crystals, chiral synthesis processes, and diastereomeric
substances, respectively. However, the chiroptic spectroscopic
techniques do away with the aforementioned requirements,
and the analyses can be performed in either a native solution
phase or a vapour phase. By relating their chirotopic properties,
these empirical methods for nding the AC have attracted
remarkable attention that involve the ndings of the Cotton
effect through the utilization of the octant rule based on ORD
(optical rotary dispersion) via circular dichroism.30 Further-
more, by comparing the theoretical and calculated results of
one of the enantiomerically pure isomer with the experimental
results, the AC can be found through the use of chiroptical
properties such as optical rotation/specic optical rotation (OR/
SOR), electronic circular dichroism (ECD), and vibrational
circular dichroism (VCD), as determined by DFT (density
functional theory) calculations.31,32 Since ECD has been proved
to be a valuable tool for stereochemical assignment, time-
dependent DFT (TDDFT) is most frequently used to generate
UV and ECD spectra. TDDFT has shown to be a highly effective
technique for chirality assignment over a wide variety of organic
scaffolds.33–36

As per the green chemistry perspectives, it is inevitable to
alter the hazardous and volatile solvents for any organic trans-
formations. Therefore, in the present work, we avoided the use
9302 | RSC Adv., 2024, 14, 9300–9313
of dichloromethane, 1,4-dioxane, N,N-dimethyl formamide,
chloroform, carbon tetrachloride and diethyl ether, as they are
potentially harmful in nature. Due to the magnicent versa-
tility, here in the present article, we delineate a water-tolerant
taurine as a green-bioorganic catalyst for the environmentally
safe and cost-efficacious one-pot synthetic procedure of
TDHPM-5-carboxanilides 4(a–w) in ethanol. In order to
synthesize 4(a–w), we employed aryl aldehydes 1(a–d), thiourea
2 and diverse acetoacetanilides 3(a–g) as key precursors. We
chose N-(2-chlorophenyl)-4(R/S)-(4-hydroxyphenyl)-6-methyl-2-
thioxo-3,4-DHPM-5-carboxamide 4a as a representative and in
ethanol, the implementation of taurine as a promoter enhanced
the productivity of (R/S)-4a (92%). Furthermore, we successfully
isolated all of the racemic mixtures 4(a–w) for the rst time
using Prep-LC and achieved up to 99.99% purity for pure (S)-
and (R)-enantiomers, respectively. Thereaer, their absolute
conguration was correctly identied using an experimental
electronic circular dichroism (ECD) study and validated
through utilization of a computational approach, i.e., TD-DFT
calculation utilizing the B3LYP method with the 6-
311G++(d,p) basis set. In addition, we developed a single crystal
of one of the separated isomer, 4s, which has (R)-conguration.
The main attraction of this protocol includes an economic and
reusable bio-organic catalyst, low environmental factor values,
a shorter reaction time, exquisite atom economy, a large
substrate scope with good to excellent yields up to 99%,
industrial scale application, and chiral resolution of all the
synthesized 4(a–w), which gave up to 99.99% of purity.
2 Result and discussion
2.1 Chemistry

In order to build the sustainable approach for the titled deriv-
atives, we rst chose the one-pot three-component treatment of
4-hydroxybenzaldehyde 1a (1 mmol), thiourea 2 (1.5 mmol), and
acetoacetanilide derivative 3a as a determinant reaction. In the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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beginning, we carried out the reaction using 15 mol% catalyst
under solvent-free conditions. The results from TLC observa-
tion showed that the reaction did not initiate with taurine under
solvent-free conditions (Table 2, Entry 1). Hence, we synthesized
4(a–w) using various preferred and useable solvents such as t-
butyl alcohol, methanol, isopropyl alcohol, water, water–
ethanol, acetone, ethanol, and acetonitrile and acetic acid
respectively. Recommended solvents mean “solvents to be
tested rst in a screening exercise if, of course, there is no
chemical incompatibility in the process condition”.37 At the
beginning, the model reaction was performed using polar
aprotic solvent acetonitrile and acetone (Table 4, Process D and
H). The reaction was also carried out in polar protic solvents
such as t-butyl alcohol, methanol, IPA, water, water–ethanol,
and ethanol (Table 4, Process A–C, F, G–I). The greenness and
comparability of these recommended solvents were expressed
utilizing green metrics to yield 4(a–w).

Thereaer, we further performed the model reaction by
utilizing different organo-acid catalysts such as p-TSA, AcOH, D-
10 camphor sulphonic acid, and taurine (Table 2, Entries 1–12),
in which we found that the catalyst plays a dominant role in the
accomplishment of the reaction. Among them, p-TSA- and
acetic acid-catalyzed reactions yielded a mixture of products
(Table 2, Entries 2 and 3), while the D-camphor sulphonic acid-
catalyzed reaction gave complete conversion of aldehydes, but it
took more time (Table 2, Entry 4). For the successful conversion
of the reaction utilizing ethanol as the green reaction media,
taurine was found to be an efficacious catalyst among all of the
screening catalysts. We observed that during the reaction,
a yellowish solid mass started to fall out within half an hour and
Table 2 Optimization of the reaction conditionsa

Entry Catalyst Solvent Tempera

1 15 mol% taurine — 100 °C
2 15 mol% p-TSA EtOH 100 °C
3 15 mol% AcOH EtOH 100 °C
4 15 mol% D-10 camphor sulphonic acid EtOH 100 °C
5 10 mol% taurine EtOH 100 °C
6 12 mol% taurine EtOH 100 °C
7 14 mol% taurine EtOH 100 °C
8 15 mol% taurine EtOH 100 °C
9 15 mol% taurine EtOH 80 °C
10 15 mol% taurine EtOH 90 °C
11 18 mol% taurine EtOH 120 °C

a Reaction condition: 4-hydroxybenzaldehyde (1 mmol) 1a, Thiourea (1.5 m
EtOH. b Isolated yield. c Observed from TLC analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
then ethanol was added and the reaction was continued. Aer
3 h, product 4a fell out inside the reaction pot which made the
workup procedure easy (Table 2, Entry 9). Thereaer, we oen
investigated the effect of the amount of catalysts on the isolated
yield, which showed that the decrease in the amount of catalyst
caused a decrease in the isolated yield of 4a, while compared to
this, an increase in catalyst amount did not signicantly affect
the isolated yield of 4a (Table 2, Entries 5–9). Aer that, to reach
the ideal temperature, we then conducted several different
temperature tests (Table 2, Entries 9–12). The results from the
temperature examination showed that by decreasing the
temperature, the isolated yield of 4a decreased. In contrast, an
increment in the temperature from 100 °C to 120 °C did not
show any sensible change in the isolated yield of 4a. The TLC
investigation indicated distinct spot formation. Therefore, in
order to provide the most optimal conditions for the model
reaction, we selected ethanol as the solvent system at 100 °C and
15 mol% taurine as the catalyst.
2.2 Evaluation of green chemistry metrics

The green metrics enable us to compare the environmental
impact of each simulated approach. Thus, from the greenness
and sustainability point of view, we assess the green metrics38–40

calculation by utilizing well-known parameters, namely, atom
economy (AE), atom efficiency (AE), carbon efficiency (CE),
reaction mass efficiency (RME), optimum efficiency (OE), mass
productivity (MP), and mass intensity (MI) as described in
Table 4 (Process A–H) and process mass intensity (PMI), E-
factor, solvent and water intensity (SI & WI) as described in
Table 3 (Process A–H). The lower values of the parameters
ture Yieldb (%) Time (h) Conversation concerning aldehydec

74 24 Completed
52 8 Mixture of products
74 4 Mixture of product
90 4.5 Complete
77 5 Complete
81 4 Complete
86 3.5 Complete
92 3 Complete
83 4 Complete
87 3.5 Complete
92 3 Complete

mol) 2, 2-chloro-acetoacetanilide (1 mmol) 3a, 15 mol% taurine, 4 mL

RSC Adv., 2024, 14, 9300–9313 | 9303



Table 3 Green metrics (PMI, E-factor, SI, and WI) for processes A–Ia

Process Solvent Time (h)
PMI (g
g−1)

E-factor
(g g−1) SI (g g−1) WI (g g−1)

A t-Butyl alcohol 4 60.63 59.63 35.88 27.78
B Methanol 4 41.71 40.71 25.19 19.11
C Isopropyl alcohol 4 40.92 39.92 24.53 18.75
D Acetonitrile 4 37.85 36.85 22.44 17.34
E Water 4 29.23 28.23 22.25 13.39
F Acetic acid 4 23.55 22.55 18.87 10.79
G Water–ethanol 4 21.97 20.97 15.01 10.06
H Acetone 4 21.26 20.26 12.73 9.74
I Ethanol 3 19.04 18.04 9.18 8.72

a Reaction conditions: 4-hydroxybenzaldehyde (1 mmol) 1a, thiourea (1.5 mmol) 2, and 2-chloro-acetoacetanilide (1 mmol) 3a, 15 mol% taurine,
100 °C.

RSC Advances Paper
included in Table 3 indicate the greenness of the process. It
could be observed that the PMI, E-factor, SI, andWI of processes
E–I are higher among the processes E–I. Among the two polar
aprotic solvents (Table 3, Processes D & H), acetone was found
to have a greener parameter as compared to acetonitrile. In the
processes E & G involving polar protic solvents water and
aqueous alcohol (1 : 1), the aqueous alcohol-mediated process
appeared greener than the water-mediated process (Table 3,
Processes E & G). Then we carried out the process with various
polar protic alcohols and found that the long-chain alcohols
produced 4a less efficiently than small and sterically less
hindered alcohols (Table 3, Processes A–C & I). We observed that
Process I (ethanol) showed the lowest values of PMI, E-factor, SI,
and WI and was completed in a shorter reaction time than the
remaining processes (Table 3). Thus, process I which proceeded
in ethanol is found to be greener as than others.
9304 | RSC Adv., 2024, 14, 9300–9313
Followed by this, the green perspective of the ongoing protocol
was explored in terms of AE, RME, OE, and CE.41 The higher value
of these parameters as in Table 4 indicates the sustainability of the
process. The calculated result from Table 4 (Processes A–I) indi-
cates that in comparison to processes A–H, the ethanol-mediated
process I exhibited the greatest values in percentage for the
parameters, yield, AE, AEf, CE, RME, OE, and MP.

Following the computation of green chemistry metrics and
the identication of optimal reaction conditions, we explored
the substrate scope for the synthesis of TDHPM-5-
carboxanilides 4(a–w), which involves one-pot three-
component treatment of discrete aryl aldehydes 1(a–d), thio-
urea 2 and acetoacetanilides 3(a–g) (Table 5). Then we inves-
tigated the effect of various electron-donating and electron-
withdrawing groups on the aryl ring of acetoacetanilides on
the yield of 4(a–w). To our delight, the reaction goes uently
with different aryl aldehydes 1(a–d) bearing different electron-
© 2024 The Author(s). Published by the Royal Society of Chemistry



Table 4 Green metrics (AE, AEf, CE, RME, OE, and MP) for processes A–Ia

Process Solvent Yieldb (%) AE (%) AEf (%) CE (%) RME (%) OE (%) MP (%)

A t-Butyl alcohol 28.95 82.62 23.91 63.79 24.11 29.18 1.65
B Methanol 42.09 82.62 34.77 92.74 35.05 42.42 2.40
C Isopropyl alcohol 42.89 82.62 23.91 94.51 35.72 43.23 2.44
D Acetonitrile 46.38 82.62 38.31 102.19 38.62 46.74 2.64
E Water 59.92 82.62 49.51 132.31 50.01 60.53 3.42
F Acetic acid 74.53 82.62 61.58 164.21 62.06 75.12 4.25
G Water–ethanol 79.71 82.62 65.86 176.02 66.53 80.52 4.55
H Acetone 82.57 82.62 68.22 181.93 68.76 83.22 4.70
I Ethanol 92 82.62 76.01 203.19 76.80 92.96 5.25

a Reaction conditions: 4-hydroxybenzaldehyde (1 mmol) 1a, thiourea (1.5 mmol) 2, and 2-chloro-acetoacetanilide (1 mmol) 3a, 15 mol% taurine,
100 °C. b Isolated yield.
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donating substituents only and acetoacetanilides 3(a–g)
bearing various electron-donating and electron-withdrawing
groups, furnishing good to excellent yields of 4(a–w) (Table
5). We also found that the presence of different ERGs on an
aryl ring of aldehyde did show considerable effects on an
isolated yield of 4(a–w). EWGs containing acetoacetanilides
gave higher yields than that of ERGs. In addition, the position
of either EWGs or ERGs on acetoacetanilides affects the
product yield signicantly. All the synthesized compounds
were isolated from the reaction mixture by simple ltration in
the pure form without requiring any classical purication
technique. The highest yield of 99% and 98% were obtained
for products 4d, 4r and 4t. All the newly synthesized (R/S)-
TDHPM-5-carboxanilides 4(a–w) were characterized by various
spectroscopy techniques (ESI le†).

2.3 Isolation of the racemic mixture

The chiral resolution of racemates of 4(a–w) was successfully
carried out with polysaccharide-based CSPs under normal
phase conditions. For sample preparation, a racemic mixture of
the sample accurately weighing 0.5 mgmL−1 was dissolved in n-
hexane/ethanol, and we observed that the product was not very
soluble in it and precipitated in HPLC sample vials. Making
a homogeneous solution is important for the accurate
© 2024 The Author(s). Published by the Royal Society of Chemistry
determination of enantiomeric ratios. To a vial containing
sample, a minimal amount of DCM (30%) was added until the
solution became homogeneous. Then ethanol (70%) was added.
Thereaer, enantiomers of 4a were separated on YMC Chiral
ART Cellulose-SZ (4.6 × 250 mm) column of 5 mm size,
[cellulose-tris-(3-chloro-4-methylphenylcarbamate)] under
normal phase conditions. Separations were conducted by iso-
cratic elution with a solvent mixture of 60 : 40 : 0.1 n-hexane :
ethanol : diethylamine under normal phase conditions. In run,
10 mL of the sample was injected and the ow rate was set at 1.0
mL min−1 with a detection wavelength of 215 nm. The column
temperature was ambient. All the synthesized compounds are
racemic mixtures having a percent enantiomeric ratio of 50/50
(R/S). In viewing the CD spectra, it is evident that for all
compounds designated 4(a–w), the S-isomer always emerges as
the rst peak to elute, followed by the R-isomer. Fig. 2(a) shows
the separation of the racemates of 4a(R/S) into two individual
isomers R and S with a retention time of 7.37 min and 11.18
minutes, respectively. Moreover, Fig. 2(b) and (c) show the
separated (S) and (R) isomers of 4a with a purity of 99.78% and
99.58%, respectively.

Similarly, we separated the remaining 22 racemates, 4(b–w)
into enantiomerically pure (S)- and (R)-isomers. The chro-
matograms of all the remaining racemates 4(b–w) are shown in
RSC Adv., 2024, 14, 9300–9313 | 9305



Table 5 Substrate scope for reactionab

a Reaction condition: aryl aldehyde 1(a–d) (1 mmol), thiourea (1.5 mmol) 2, and acetoacetanilide (1 mmol) 3(a–g), 15 mol% taurine, 4 mL EtOH.
b Isolated yield.

9306 | RSC Adv., 2024, 14, 9300–9313 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chromatogram shows the separation of racemate of 4a (a) in its two enantiomers (b) and (c) using the YMC Chiral ART Cellulose-SZ
column.

Table 6 Percentage purity of the separated isomers of racemates
4(a–w)

Entry

% purity

Entry

% purity

R S R S

4a 97.98 99.63 4m 98.30 99.90
4b 98.04 99.52 4n 98.18 99.83
4c 99.81 99.96 4o 99.69 99.99
4d 99.58 99.78 4p 99.10 99.99
4e 95.20 99.72 4q 99.80 99.95
4f 91.92 99.17 4r 99.47 99.90
4g 99.67 99.94 4s 99.71 99.82
4h 96.59 99.70 4t 99.30 99.57
4i 96.83 98.62 4u 95.51 93.72
4j 98.76 98.85 4v 80.33 94.17
4k 98.44 93.85 4w 93.49 93.37
4l 99.17 99.92

Paper RSC Advances
Fig. S46 to S67 (ESI le).† Table 6 displays the percentage purity
of each identied enantiomer.
2.4 Identication of the absolute conguration

The most crucial task aer resolving the racemic mixture is to
nd out the absolute conguration (AC) of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
enantiomerically pure isomer through their chirotopic prop-
erties. To assign the AC of the enantiomerically pure isomers
of 4a, we compared the theoretical/calculated and
experimental/observed ECD spectra (Fig. 3(a) and (b)). The
experimental ECD spectra of enantiopure isomers of 4a were
obtained according to the procedure mentioned in Section 2.3
(ESI le†). The TDDFT calculations were performed with the
B3LYP/6-311++G(d,p) level of computations in order to
generate the theoretical/calculated ECD spectra of each of the
resolved isomers. Fig. 3(a) and (b) demonstrate that the
experimental (Black) and theoretical (Red) ECD spectra of the
enantiomerically pure isomers recorded in DMSO closely
match one another. These results from both the experimental
and theoretical ECD spectra validate and conrm that the (−)-
and (+)- enantiomers of 4a have 4S and 4R absolute congu-
rations, respectively. In a similar manner, we discovered the
ACs of every resolved enantiomerically pure molecule 4(b–w),
as illustrated in Fig. S68 to S89 (ESI le).†
2.5 Crystal data and structure renement for 4s

To develop a single-crystal compound, (4R)-(+)-4s, 50 mg was
dissolved in 60mL of ethyl acetate: methanol (7 : 3) solution and
heated until (4R)-(+)-4s dissolved completely and the solution
RSC Adv., 2024, 14, 9300–9313 | 9307



Fig. 3 (a and b) Comparison of experimental (Black) and calculated/theoretical ECD (Red) spectra [using the TD-DFT method with B3LYP/6-
311++G(d,p) as the basis set] level in the gas phase of (4S)(−)-4a and (4R)(+)-4a respectively.
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was reduced to half (30 mL), followed by the addition of 50 mg
of activated charcoal to remove coloured impurities from the
compound. Aer ltering out the content, the charcoal treat-
ment solution was kept in a clean beaker covered with
aluminium foil for a few days. When ethyl acetate andmethanol
were evaporated, a single crystal of compound (4R)-(+)-4s
formed over the course of 10–15 days. It evolved into a yellow
rectangular shape with approximate dimensions of 0.330 mm
× 0.250 mm × 0.130 mm.

Compound (4R)-(+)-4s crystallises (Fig. 4) with the ortho-
rhombic crystal system, space group P21212 (18), and unit cell
Fig. 4 Molecular structure of compound (4R)-(+)-4s, showing the atom-

9308 | RSC Adv., 2024, 14, 9300–9313
parameter: a = 14.6984(8) Å, b = 17.4270(8) Å, c = 19.6342(10)
Å, a = 90°, b = 90°, g = 90° and Z = 8. The density calculated
is 1.379 g cm−3. The single crystal image, ORTEP diagram,
unit cell, and packing congurations are shown in Fig. 4, and
other observed data for the single crystal investigation
including crystal data and structure renement for compound
(4R)-(+)-4s (CCDC 2324474) are provided in Table 7.

O. Kappe42 provided mechanistic investigations of the
Biginelli reaction. On the basis of that, a plausible reaction
mechanism for the taurine-promoted synthesis of (R/S)-
TDHPM-5-carboxanilides 4(a–w) is depicted in Fig. 5.23 As
labelling scheme and displacement ellipsoids at a 40% probability level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Crystal data and structure refinement for compound 4s

Crystal description yellow
Crystal size 0.330 × 0.250 × 0.130 mm
Empirical formula C24H28ClN3O6S
Formula weight 522.00
Radiation, wavelength Mo Ka, 0.71073 Å
Unit cell dimension a = 14.6984(8) Å a = 90°

b = 17.4270(8) Å b = 90°
c = 19.6342(10) Å g = 90°

Crystal system Orthorhombic
Space group P21212 (18)
Unit cell volume 5029.28 Å3

No. of molecule per unit cell, Z 8
Temperature 296(2) K
Absorption coefficient 0.280 mm−1

F(000) 2192
Scan mode Multi-scan
q range for the entire data collection 2.38 to 21.36°
Density (calculated) 1.379

Fig. 5 A plausible mechanism for taurine-catalyzed synthesis of 4(a–w)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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taurine exists in its more stable zwitterionic form initially, it
can simultaneously activate the carbonyl group of an aryl
aldehyde 1(a–d) and the active methylene (–CH2–) group of
acetoacetanilides 3(a–g). This makes the Knoevenagel
condensation reaction easier, where activated 3(a–g) attacks
the activated carbonyl group of 1(a–d) to generate I. Now, the
removal of water molecules from I forms the Knoevenagel
adduct II. Here, taurine can further activate thiourea 2 which
attacks on benzylidene carbon of adduct II, which forms
intermediate III. Here, taurine can further activate the N-atom
of thiourea and the ketocarbonyl carbon in intermediate III
followed by the Michael addition to obtain the intermediate
IV. Aerwards, the removal of water molecules from the
intermediate IV gives the nal product 4(a–w) and the catalyst
was recovered. As taurine is a metal-free bio-organic catalyst,
its separation procedure is quite simple and environmentally
friendly. It should be noted that taurine has a number of
notable benets over other homogeneous Lewis acid and
organo-acid catalysts that have been identied. According to
the literature, when O. Kappe had treated aldehyde, urea and
.
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Fig. 6 Reusability of the catalyst for the model reaction.
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ethyl acetoacetate, he obtained the desired
dihydropyrimidine-2-one. Moreover, when he treated alde-
hyde, thiourea and ethyl acetoacetate, he obtained 2-amino-
1,3-thiazine and not the desired dihydropyrimidine-2-thione.
However, in our case, when we treated aldehyde, acetoaceta-
nilide and thiourea, we obtained the desired
dihydropyrimidine-2-thione instead of 2-amino-1,3-thiazine.
We conrmed the formation of the desired DHPM-2-thione
by utilizing the NMR spectra of each of the synthesized
compounds 4(a–w) [see ESI†]. For Kappe's product, 1H NMR =

7.13 ppm (NH2), 13.38 ppm (NH–Me) and 2.81 (CH3–N);
13C

NMR = 159.3 ppm [N]C–S in ring (compound 10a, R]H)]
and 166.5 ppm [N]C–S in ring (compound 10b, R]CH3)].
However, in our case, 1H NMR peaks appeared at 9.38 (=C–
NH–C]S) and 9.31 (chiral C–NH–C]S), in which both N-
atoms were present in the ring, and 13C NMR peaks
appeared at 174.03 ppm (NH–C(=S)–NH) in which S is not
a part of the ring instead of Kappe's compounds 10a and 10b.
Furthermore, one of the separated isomer (4R)-(+)-4S devel-
oped as a single crystal, and it was found that this crystal
structure was orthorhombic. This conrms that, our reaction
proceeded through the plausible mechanism, as illustrated in
Fig. 5.
2.6 Recycling procedure for taurine

Once the reaction was completed (as indicated by TLC), water
was added to the crude reaction mixture for the purpose of full
solidication of the product 4a and the mixture was stirred and
then ltered. Taurine was then recycled from the ltrate by
loading the ltrate in a rotary evaporator under vacuum at 65 °
C. As the solvent was evaporated from the ltrate, absolute
alcohol was added to it in which taurine remains insoluble and
the remaining impurities also get solubilised in it. Thereaer, it
was again ltered to attain pure taurine. Considering the fresh
run, the recovered catalyst was reused for up to four consecutive
runs without measurable change in the isolated yield of 4a
(Fig. 6).
9310 | RSC Adv., 2024, 14, 9300–9313
3 Conclusion

In summary, we effectively outlined a simple, eco-competent
and environmentally friendly one-pot procedure for the
synthesis of novel derivatives of (R/S)-TDHPM-5-carboxanilide
scaffolds. This is achieved by treating aryl aldehydes with
thiourea and acetoacetanilides using taurine as a green bio-
organic catalyst in ethanol as a reaction medium. All the
synthesized compounds were obtained with up to 99% yield.
From the industrial application point of view, we have also
performed a gram-scale procedure, which gives a yield of 99%
(4d). The shorter reaction time, low catalyst loading, mild
reaction conditions, higher atom economy, use of reusable bio-
organic catalysts, good to excellent yields, and a large substrate
scope are some of the vital benets of the protocol presented
here. All the newly synthesized (R/S)-TDHPM-5-carboxanilides
were well characterized by various spectroscopy techniques.
Aer synthesizing the aforementioned scaffolds, all the race-
mates 4(a–w) were isolated into their individual isomers using
a Prep-LC column at room temperature on CSPs. Cellulose-tris-
(3-chloro-4-methylphenylcarbamate), cellulose-tris-(3,5-
dichlorophenylcarbamate), and cellulose-tris(3,5-dimethyl-
phenylcarbamate) are the various CSPs employed under
normal phase conditions. The purity of the resolved isomers is
up to 99.99%. Thereaer, the ACs of all the isolated enantiopure
compounds were assigned by analyzing and comparing the
theoretical and experimental ECD spectra. Practical ECD
spectra were recorded using a circular dichroism spectrometer,
while theoretical ECD spectra were recorded with TDDFT
calculations using the B3LYP method with the 6-311++G(d,p)
basis set. It is anticipated that, with the improvement in
computational technologies, ECD calculations will evolve into
a routine tool for the assignment of AC. Furthermore, we have
also developed a single crystal of one of the separated isomer 4s,
which has an orthorhombic crystal structure and a (R)-cong-
uration. An anti-proliferative study of all the enantiopure
isomers of the title scaffold on six solid tumor cell lines is under
investigation.
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activity; Nasser Amri: review and editing; Nagesh Kumar
Kandukuri: writing – review and editing, chiral separation;
Hitendra M. Patel: conceptualization, data analysis, writing –

review and editing, supervision.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
Conflicts of interest

The authors declare no conict of interest.

Abbreviations
DHPM
© 2024 The Au
Dihydropyrimidines

TDHPM
 2-Thioxo-3,4-Dihydropyrimidine

THPM
 Tetrahydropyrimidine
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 High-Performance Liquid Chromatography
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 Liquid Chromatography

AC
 Absolute Conguration
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 Chiral Stationary Phases

NMR
 Nuclear Magnetic Resonance

HRMS
 High Resolution Mass Spectroscopy

EWG
 Electron Withdrawing Group

ERG
 Electron Releasing Group

TLC
 Thin Layer Chromatography

CD
 Circular Dichroism

ECD
 Electronic Circular Dichroism

VCD
 Vibrational Circular Dichroism

ORD
 Optical Rotary Dispersion

OR
 Optical Rotation

SOR
 Specic Optical Rotation

DFT
 Density Functional Theory

TDDFT
 Time-Dependent Density Functional Theory

AE
 Atom Economy

AEf
 Atom Efficiency

CE
 Carbon Efficiency

RME
 Reaction Mass Efficiency

OE
 Optimum Efficiency

MP
 Mass Productivity

MI
 Mass Intensity

SI
 Solvent Intensity

WI
 Water Intensity

DMSO
 Dimethyl Sulphoxide
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30 Ö. V. Rúnarsson, C. Benkhäuser, N. J. Christensen, J. A. Ruiz,
E. Ascic, M. Harmata, V. Snieckus, K. Rissanen, P. Fristrup,
A. Lützen and K. Wärnmark, Resolution and
Determination of the Absolute Conguration of a Twisted
Bis-Lactam Analogue of Tröger’s Base: A Comparative
Spectroscopic and Computational Study, J. Org. Chem.,
2015, 80(16), 8142–8149.

31 P. L. Polavarapu, Optical rotation: Recent advances in
determining the absolute conguration, Chirality, 2002,
14(10), 768–781.

32 C. Diedrich and S. Grimme, Systematic Investigation of
Modern Quantum Chemical Methods to Predict Electronic
Circular Dichroism Spectra, J. Phys. Chem. A, 2003, 107(14),
2524–2539.

33 X.-C. Li, D. Ferreira and Y. Ding, Determination of absolute
conguration of natural products: theoretical calculation of
electronic circular dichroism as a tool, Curr. Org. Chem.,
2010, 14(16), 1678–1697.

34 T. D. Crawford, M. C. Tam and M. L. Abrams, The Current
State of Ab Initio Calculations of Optical Rotation and
Electronic Circular Dichroism Spectra, J. Phys. Chem. A,
2007, 111(48), 12057–12068.

35 S.-D. Zhao, L. Shen, D.-Q. Luo and H.-J. Zhu, Progression of
absolute conguration determination in natural product
chemistry using optical rotation (dispersion), matrix
determinant and electronic circular dichroism methods,
Curr. Org. Chem., 2011, 15(11), 1843–1862.

36 A. Wakai, H. Fukasawa, C. Yang, T. Mori and Y. Inoue,
Theoretical and Experimental Investigations of Circular
Dichroism and Absolute Conguration Determination of
Chiral Anthracene Photodimers, J. Am. Chem. Soc., 2012,
134(10), 4990–4997.

37 D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy,
S. Abou-Shehada and P. J. Dunn, CHEM21 selection guide
of classical-and less classical-solvents, Green Chem., 2016,
18(1), 288–296.

38 D. B. Upadhyay, R. M. Vala, S. G. Patel, P. J. Patel, C. Chi and
H. M. Patel, Water mediated TBAB catalyzed synthesis of
spiro-indoline-pyrano[3,2-c]quinolines as a-amylase
inhibitor and in silico studies, J. Mol. Struct., 2023, 1273,
134305.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
39 P. J. Patel, D. M. Patel, R. M. Vala, S. G. Patel, D. B. Upadhyay,
Y. Pannerselvam and H. M. Patel, Catalyst-Free, Room-
Temperature Accessible Regioselective Synthesis of
Spiroquinolines and Their Antioxidant Study, ACS Omega,
2023, 8(1), 444–456.
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