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Through this research, we have established an environmentally friendly and sustainable approach for the

synthesis of spirobarbiturate (SB) derivatives, which hold significant potential in the field of medicinal

chemistry. The methodology emphasizes the design of safer synthetic routes, judicious selection of

reagents, waste minimization, and the advantages of using green solvents. The spirobarbiturate

derivatives were synthesized utilizing a one-pot, three-component reaction of arylidene-1,3-

dimethylpyrimidine-2,4,6(1H,3H,5H)-triones with dimethylacetylenedicarboxylate and triphenylphosphine

in cyclopentyl methyl ether (CPME), a bio-based green solvent, under room temperature conditions. The

synthesized compounds were characterized and in silico assessed by molecular docking and molecular

dynamics (MD) simulations using GABA(A) and NMDA receptors. The methoxy-substituted

spirobarbiturate showed the strongest binding and highest dynamic stability with the GABA(A) receptor,

as determined by MMGBSA free energy calculations. The presented methodology highlights the

importance of employing eco-friendly synthetic techniques in drug design research while the results of

docking and simulation studies are indicative of exploring the potential use of synthesized compounds as

neuronal drugs. Furthermore, this paper also provides the methodology of calculations for the ‘green

quotient’ of the protocol employed, thereby advocating the promotion of green chemistry practices and

skills in the newer generation of chemists.
Sustainability spotlight

This work features an environmentally friendly and sustainable approach for the synthesis of pharmacologically signicant spirobarbiturate motifs and their
molecular simulations for assessment as potential neuronal drugs. The protocol employs CPME as a bio-based green solvent that has a prominent position in
the GSK and CHEM21 solvent selection guides. Additionally, the protocol's ‘green quotient’ has been quantitatively evaluated through relevant green chemistry
metrics such as atom economy, carbon efficiency, reaction mass efficiency, E-factor, etc., reinforcing the importance of integrating sustainable development
principles and skills into the training of future chemists. Designing benign syntheses of spirobarbiturate compounds and their in silico evaluation bridges green
chemistry with drug design research, fostering interdisciplinary collaboration and laying the groundwork for future breakthroughs that could benet both the
environment and society at large.
Introduction

Green chemistry holds a vital place in the chemical community
research as it aims at reducing or eliminating the use or
generation of hazardous substances in the design, manufac-
ture, and applications of chemical products.1 With the elevating
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levels of pollution, it has become increasingly relevant to
incorporate green chemistry into modern laboratory practices.2

Guided by the twelve principles, it enables researchers to chal-
lenge their traditional chemical thinking and design more
environmentally benign routes for previously reported
reactions.3

This work features the synthesis of spiro-barbiturates under
environmentally benign reaction conditions. The synthesized
compounds were subjected to in silico analysis, including
molecular docking and molecular dynamics (MD) simulations,
focusing on GABA(A) receptors, N-methyl-D-aspartate receptors
(NMDARs), and glutamate receptors.4

Balancing neurotransmitters like glutamate and GABA is
critical for maintaining homeostasis and overall well-being.5

Barbiturates, once widely used for their anesthetic properties by
RSC Sustainability, 2025, 3, 5167–5175 | 5167
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Fig. 1 Pharmacologically significant spirocyclic ring systems.

Scheme 1 Synthesis of benzylidene-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-triones.
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modulating GABA(A) receptors,6 have fallen out of favor due to
their high abuse potential.7 This has spurred interest in devel-
oping safer analogues, such as spirobarbiturates, which retain
therapeutic benets while reducing side effects. These
compounds, characterized by a unique closed ring at the h
carbon position,8 have shown promise as anti-convulsants,
hypnotics, anesthetics, and anti-cancer agents (Fig. 1).9,10

Traditional synthetic approaches for spiro-barbiturates
typically rely on ring-closure reaction methodologies which
oen require hazardous organic solvents and harsh reaction
conditions, raising serious environmental and health
concerns.11–13 For example, Zheng and co-workers documented
a phosphine-catalyzed method involving [3 + 2] and [4 + 2]
annulation of ynones with barbiturate-derived alkenes,
providing access to structurally diverse and potentially bioactive
spirobarbiturates.14 Although the reaction led to the formation
of desired products with moderate to good yield, the use of
toluene as the solvent and the requirement of high temperature
and an inert atmosphere raised concerns regarding the green
and sustainable applicability of this method. Similarly, Chen
and co-workers employed a domino [3 + 2] aza-MIRC (Michael
Induced Ring Closure) reaction between barbiturate-derived
alkenes and N-alkoxy a-haloamides to synthesize a diverse
array of spirobarbiturate-pyrrolidinones which were obtained in
excellent yields (>99%).15 The use of K2CO3 as a base and DCM
as the solvent under ambient conditions enabled efficient
cycloaddition without the need for strong bases or uorinated
solvents, likely due to the high intrinsic acidity of the N-alkoxy
a-haloamides. Despite its efficiency, the use of DCM, a haloge-
nated solvent, posed serious limitations with regard to its large-
scale application owing to environmental and regulatory
concerns. More recently, Khurana et al. employed THF as
a solvent for a one-pot, three-component reaction involving
triphenylphosphine, dialkyl acetylenedicarboxylates, and 5-
arylidene-1,3-dimethylpyrimidine-2,4,6-triones to synthesize
triphenylphosphanylidene-7,9-diazaspiro[4.5]dec-1-ene-2-
carboxylates.16 Furthermore, a comprehensive review by Magoo
et al. presents a comparative study of various synthetic
5168 | RSC Sustainability, 2025, 3, 5167–5175
protocols of spirobarbiturates having 5-membered rings with
their distinctive features.17 Apart from the issues of use of toxic
reagents, many of the reported methodologies also suffer from
prolonged reaction times, low yields and poor selectivity. Our
report addresses this issue by employing green chemistry
principles to synthesize spiro-barbiturates by the reaction of
triphenyl phosphine with dimethyl acetylene dicarboxylate and
arylidene barbiturates using cyclopentyl methyl ether (CPME) as
the solvent under room temperature conditions. CPME is
favored as a green solvent due to its low toxicity, high boiling
point, low peroxide-forming tendency, and recyclability, align-
ing with green solvent selection frameworks such as GSK and
CHEM21.18 Its use mitigates hazards associated with conven-
tional ethers like THF and environmentally persistent haloge-
nated solvents. This approach not only reduces environmental
impact but also offers better yields and recyclability which can
also be gauged from the green chemistry metrics presented
herein. Furthermore, the docking and simulation analyses
provide insights into the binding affinities and interactions of
spiro-barbiturates, emphasizing their potential as neuronal
drugs for anxiety and depression.
Results and discussion
Research design

This study presents an efficient one-pot, three-component
synthesis of triphenylphosphanylidene-7,9-diazaspiro[4.5]dec-1-
ene-2-carboxylate derivatives (IVa–d). To optimize the reaction
conditions, 5-(4-uorobenzylidene)-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (Ia) was chosen as the model substrate
which was synthesized beforehand via the condensation reaction
between 4-uorobenzaldehyde and 1,3-dimethylbarbituric acid
according to the reported procedure (Scheme 1).19

To synthesize the spiro-barbiturate compounds (IV), aryli-
dene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-triones (I) were
reacted with dimethylacetylenedicarboxylate (II) and tri-
phenylphosphine (III), probing a variety of green solvents –

anhydrous glycerol, PEG-400, water and cyclopentyl methyl
ether (CPME). The reaction was also tried under neat conditions
(Table 1). CPME gave the best results in terms of the reaction
times and the ease of reaction work-up for the extraction of
desired products; thus, it was considered the green solvent of
choice for the synthetic methodology (Scheme 2). In our initial
screening, we explored polar, protic (hydroxylic) solvents such
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions for the synthesis of
methyl 1-(4-fluorophenyl)-7,9-dimethyl-4,6,8,10-tetraoxo-3-(tri-
phenylphosphoranylidene)-7,9-diazospiro[4,5]dec-1-ene-2-
carboxylatea

S. no. Solvent Time (h) Yield (%)

1 Anhydrous glycerol 24 45
2 PEG-400 24 52
3 Water 24 21
4 No solventb 24 —c

5 Cyclopentyl methyl ether (CPME) 4 89

a Reaction was carried out using 5-(4-uorobenzylidene)-1,3-
dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (1.0 mmol), dimethyl
acetylene dicarboxylate (1.2 mmol) and triphenylphosphine
(1.1 mmol) at RT. b Neat conditions. c Incomplete reaction with
a number of spots in TLC.

Scheme 2 Synthesis of spiro-barbiturate compounds (IV).

Table 3 Green metrics applied to the current synthetic protocol for
obtaining spiro-barbiturates

Product AE (%) CE (%) YE MI RME EF

IVa 95.19 88.45 78.31 3.27 0.49 3.27
IVb 95.30 82.43 79.83 3.29 0.48 3.29
IVc 95.30 77.41 78.12 3.37 0.46 3.37
IVd 95.27 75.51 75.88 3.43 0.46 3.43
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as ethanol and water based on their established green charac-
teristics including low toxicity, biodegradability, and renew-
ability as part of our effort to identify safer alternatives to
conventional solvents like THF and toluene, which are non-
polar, aprotic, volatile, and toxic.

Signicant yield of the desired product methyl
1-(4-uorophenyl)-7,9-dimethyl-4,6,8,10-tetraoxo-3-(triphenyl-
phosphoranylidene)-7,9-diazaspiro[4.5]dec-1-ene-2-carboxylate
IVa was obtained when the reaction was carried out in CPME at
room temperature for 4 hours. The conditions were extended to
synthesize spirobarbiturate compounds IVb–d which were ob-
tained in good to excellent yields (Table 2). The products thus
obtained were fully characterized using IR and 1H NMR spectra.

Green chemistry considerations

It is well known that the processes that cannot be measured
cannot be controlled.20 Control in green chemistry should be
understood as a possibility to select the greenest option. The
signicance of green chemistry metrics lies in their ability to
quantify and evaluate how “green” a chemical process is,
providing a scientic and standardized way to assess environ-
mental and economic performance. These metrics are essential
Table 2 Exploration of substrate scope for the synthesized derivatives

S. no. R Ar Product Time (h) Yield (%)

1 Me 4-FC6H4 IVa 4 89
2 Me 2-ClC6H4 IVb 4 87
3 Me 3-ClC6H4 IVc 3.5 88
4 Me 2-OCH3C6H4 IVD 4.5 86

© 2025 The Author(s). Published by the Royal Society of Chemistry
tools in making chemical research and manufacturing more
sustainable by predicting how a certain change in a synthesis
path, such as elimination or replacement of a solvent, would
inuence its environmental impact.21

For the evaluation of the environmental impact of this
synthesis, some of the important and relevant green chemistry
metrics that have been utilized are shown below and the results
are summarized in Table 3.

Atom economy (AE). AE is a very important metric for
assessing the efficiency and greenness of a chemical reaction as
it quanties the atoms of the reactants that end up in the
product and by-products.22

AE ¼ molar mass of product

total molar mass of all reactants
� 100%

Carbon efficiency (CE). CE is dened as the percentage of
carbon from the reactants that is retained in the nal product. It
serves as a valuable metric for evaluating the environmental
impact of a chemical process. This parameter is especially
important in the pharmaceutical industry, where constructing
carbon skeletons is central to molecular design.

CE ¼ amount of carbon in product

total carbon in reactants
� 100%

Effective mass yield (YE). YE is dened as the percentage of
the mass of the desired product relative to the total mass of all
non-benign (i.e., non-toxic or hazardous) materials used in its
synthesis. This metric integrates both efficiency and safety into
the assessment by emphasizing the proportion of the nal
product derived from materials that pose environmental or
health concerns.

YE ¼ mass of products

mass of non-benign reagents
� 100%

Mass intensity (MI). MI quantitatively incorporates the
effects of yield, stoichiometric efficiency, and the masses of
solvents and reagents employed in a reaction by focusing on the
total mass of materials used to produce a given mass of the
product. For an ideal synthesis, MI has a value of 1.

MI ¼ total mass used in the process ðexcluding waterÞ
mass of the product

� 100%
RSC Sustainability, 2025, 3, 5167–5175 | 5169
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Reaction mass efficiency (RME). RME is a more compre-
hensive measure than atom economy as it takes into account
both atom economy and reaction yield, measuring the ratio of
the mass of the desired product to the mass of all the reactants
utilized in a reaction.

RME ¼ atom economy� yield� 1

SF

where SF ¼ stoichiometric coefficient ¼ 1þ
atom economy � total mass of excess reagents

theoretical mass of the product
� 100%

E-Factor (EF). Proposed by Roger Sheldon, this parameter
quanties the waste generated for a given mass of product and
is used by many industries for assessing waste.

E-Factor ðEFÞ ¼ mass of waste

mass of desired product

As evident from calculations presented in Table 3, the devised
protocol shows high atom economy and carbon efficiency in all
cases. The methodology exploits one of the most important
principles of green chemistry i.e. the use of safer solvents and
auxiliaries by employing CPME as the solvent of choice, instead of
toxic solvents such as THF and toluene that are generally used for
synthesis of such compounds. Furthermore, CPME was recovered
aer the reaction by rotary evaporation and could be reused
without signicant loss of yield, making the process all the more
sustainable. A comparative analysis done with the previously re-
ported protocol employing THF as the solvent16 shows that both
the protocols offer signicant advantages of high atom economy,
carbon efficiency and reaction mass efficiency, but the present
protocol offers a distinctive environmental advantage due to the
choice of solvent. Despite its derivation from non-renewable
feedstocks, CPME is recognized for its low toxicity, reduced
peroxide formation tendency, high boiling point, and low envi-
ronmental persistence (Table S1). It stands out as a more
sustainable alternative to commonly used ethereal solvents such
as diethyl ether (Et2O), THF, 1,2-dimethoxyethane (DME),
dioxane, and methyl tert-butyl ether (MTBE). It is imperative to
mention here that CPME has been ranked on the GSK and
CHEM21 lists of preferred solvents based on low toxicity, good
stability, and low risk for peroxide formation; hence it is more
sustainable compared to the traditional commonly used ethers.23

Also, performing the synthesis of spirobarbiturates at room
temperature follows the sixth principle of green chemistry i.e.
designing an energy efficient process. Even the synthesis of the
precursor (Ia-d) utilizes a greener catalyst L-proline instead of
DBU or NaOH for the synthesis of alkenes from dimethyl barbi-
turic acid and aromatic aldehydes. It also takes into account that
the least amount of waste is generated as a side product as water
is the major side product in alkene synthesis. The simplicity of
operation, mild reaction conditions, and high yields obtained
without chromatographic purication render this method suit-
able for both laboratory-scale and industrial synthesis.
5170 | RSC Sustainability, 2025, 3, 5167–5175
Molecular docking

Molecular docking of the spirobarbiturate compounds IVa–
d with the neurotransmitter receptors, glutamate receptor
(1yae), Ca2+ channel complex (3jbr), Ca2+ channel b-2 subunit
(4dex), proton dependent potassium channel (4lcu), glutamate
2/3 receptor heterotetramer (5ide), Na+ channel b-1 subunit
(5xsy), GluN1/GluN2A NMDA receptor (7eoq) and GABAA
(gamma-aminobutyric acid) a1b3g2 receptor (7qne), was per-
formed to predict their binding affinity and detailed interac-
tions. The docking was performed using InstaDock, a single
click molecular docking tool that automizes the entire process
of molecular docking-based virtual screening.24 The binding
affinities between the ligand and protein were calculated using
the QuickVina-W25 and Modied AutoDock Vina26 programs
which use a hybrid scoring function (empirical + knowledge-
based) in docking calculations and a blind search space for
the ligand. The pKi, the negative decimal logarithm of the
inhibition constant,27 was calculated from the DG parameter
while using the following formula:

DG = RT(lnKipred)

Kipred = e(DG/RT)

pKi = −log(Kipred)

where DG is the binding affinity (kcal mol−1), R (gas constant) is
1.98 cal (mol K)−1, T (room temperature) is 298.15 K, and Kipred

is the predicted inhibitory constant. Ligand efficiency (LE) is
a commonly applied parameter for selecting favorable ligands
by comparing the values of average binding energy per atom.28

The following formula was applied to calculate LE:

LE = −DG/N;

where LE is the ligand efficiency (kcal per mol per non-H atom),
DG is binding affinity (kcal mol−1) and N is the number of non-
hydrogen atoms in the ligand. The obtained docked poses of
each spirobarbiturate on GABA(A)R were re-validated by using
DiffDock which uses a non-Euclidean diffusion generative
model, with a top 1 success rate of 38% on PDB-Bind which is
more efficient than the conventional docking (23%) and deep
learning algorithms (20%). The top ranked model pose for each
spirobarbiturate on GABA(A)R was used for molecular dynamics
simulations.29 Table 4 shows a summary of receptor–ligand
interactions and binding energies for all spirobarbiturates (IVa–
d) with a series of neurotransmitter-related targets. The trend
from the data indicates that IVd, which has a methoxy group at
the ortho-position of the aryl ring, has consistently the strongest
binding interactions with a variety of receptors, most notably
the GABA(A) receptor (−8.6 kcal mol−1, 3 H-bonds) and the
NMDA receptor (−8.9 kcal mol−1, 1 H-bond). This implies that
the electron-donating methoxy group can potentially increase
electron density at crucial sites for hydrogen bonding and pi–pi
stacking, enhancing overall binding affinity and interaction
specicity. Likewise, IVa with a para-uoro substituent exhibits
respectable binding at the majority of receptors, particularly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Receptor ligand interactions for spirobarbiturates IVa–d

S. no. Receptor Ligand
Binding energy
(kcal mol−1)

Type of
interaction

Amino acids
involved

Docking interaction
analysis gure

1 7qne (GABAA a1b3g2 receptor) IVa −8.1 1 H bond L297 Fig. 2(a)
IVb −8.2 4 H bonds R180, K156, and A45
IVc −7.8 No bond
IVd −8.6 3 H bonds E168, R180, and S46

2 7eoq
(GluN1/GluN2A NMDA receptor)

IVa −10.1 5 H bonds R694, E707, and R489 Fig. 2(b)
IVb −9.8 No bond
IVc −9.4 2 H bonds E522 and R431
IVd −8.9 1 H bond E734

3 1yae (glutamate receptor) IVa −7.7 1 H bond T520 Fig. 2(c)
IVb −8.2 3 H bonds Y521, T520, and F693
IVc −8.2 1 H bond T520
IVd −7.8 2 H bonds A518 and T520

4 5ide (glutamate 2/3 receptor
heterotetramer)

IVa −7.2 1 H bond F663 Fig. 2(d)
IVb −7.3 2 H bonds I615 and N791
IVc −7.9 2 H bonds I227 and F224
IVd −7.3 2 H bonds V252 and F255

5 3jbr (Ca2+ channel complex) IVa −7.9 No bonds Fig. 2(e)
IVb −8.7 3 H bonds E100 and L118
IVc −8.2 No bonds
IVd −8.8 1 H bond F146

6 4dex (Ca2+ channel b-2 subunit) IVa −7.2 5 H bonds R228, D384, and A336 Fig. 2(f)
IVb −7.5 5 H bonds R228, D384, and K91
IVc −7.5 5 H bonds R228, D384, and P337
IVd −7.4 1 H bond Y402

7 4lcu
(proton dependent potassium channel)

IVa −8.5 2 H bonds F29 and T30 Fig. 2(g)
IVb −7.2 1 H bond S88
IVc −7.3 1 H bond G8
IVd −7.8 1 H bond E153

8 5xsy (Na+ channel b-1 subunit) IVa −8.6 No bond
IVb −8.7 No bond
IVc −8.7 No bond
IVd −8.2 No bond
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NMDA (−10.1 kcal mol−1, 5 H-bonds), suggesting that electro-
negative uorine might position the molecule favorably within
the binding pocket and contribute to polar interactions.

The activities of IVb and IVc, both bearing chloro substitu-
ents in ortho and meta positions respectively, are more dispa-
rate. IVb exhibits strong hydrogen bonding with glutamate and
GABA(A) receptors, probably because of favorable steric place-
ment of the ortho-chloro group, whereas IVc, bearing a meta-
chloro group, acts worst in hydrogen bonding and overall
interaction with the GABA(A) receptor.

Considered in combination, the information indicates that
substituent electronics and positions are key determinants of
receptor affinity and quality of interaction. Ortho-methoxy and
para-uoro substituents seem to maximize ligand orientation
and interaction with receptor binding sites, perhaps through
increased hydrogen bonding and polar interactions, rendering
IVd and IVa the best candidates for continued development as
CNS-active drugs.

Fig. 2(a)–(g) illustrate the best-docked conformations and
key interactions of uoro, chloro (ortho/meta), and methoxy-
substituted spirobarbiturates with GABA(A), NMDA, gluta-
mate, and ion channel receptors, highlighting variations in
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen bonding and binding affinities. For the sodium
channel b-1 subunit (PDB ID: 5xsy), none of the spirobarbiturate
derivatives (IVa–IVd) exhibited any specic hydrogen bonding
or polar interactions within the binding pocket. As a result, no
interaction diagrams were generated for this receptor.
Molecular dynamics simulations (MDS) and MMGBSA
calculations

The MDS of spirobarbiturates IVa–d with the GABA A receptor
was performed for 100 ns each using the LiGRO tool along with
GROMACS 5.1.5. The docked complexes were solvated in a TIP3P
water-lled cubical box with an edge distance of 1 nm and 0.15M
NaCl to neutralize the system. The systems were energy mini-
mized using 1500 steps of the steepest descent algorithm. The
AMBER99SB and GAFF2 (with the BCC chargemodel) force elds
were used for proteins and ligands respectively. The systemswere
ensured to be well equilibrated for 2 ns each in the NVT (310.15
K) and NPT (1 atm) ensembles followed by an MDS production
run of 100 ns. The trajectory analysis was done using standard
GROMACS tools and PyMOL v.2.5. The end-state binding free
energy calculations (MMGBSA) were done using the
gmx_MMPBSA tool on the 1000 frames extracted from the MDS
RSC Sustainability, 2025, 3, 5167–5175 | 5171

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00343a


Fig. 2 (a)–(g) Schematic 2D representations of receptor–ligand interactions between spirobarbiturates and the GABA(A) receptor and its allied
neurotransmitter receptors.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

5:
30

:0
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
trajectories. For enthalpic contributions, the iGBmodel 2 with an
internal dielectric constant value of 2 was used and the interac-
tion entropy was calculated on the last 25% of the frames.

The molecular dynamics simulation of spirobarbiturates
(SBs) with GABA(A)R was run to nd their mode of action and
5172 | RSC Sustainability, 2025, 3, 5167–5175
probable binding sites on GABA(A)R. Our results were in tune
with the results obtained by Ghit et al., 2021, where they found
that barbiturate compounds bind to the ab and bg chains.
Similarly, we found that our designed SBs follow a similar trend
and bind to the a1b3 (IVa–c) and b3g2 (IVd) subunits. As
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a)–(d) RMSD plots of GABA(A) receptor–spirobarbiturate
complexes over 100 ns of simulation showing the structural stability of
the receptor and ligands. Each plot corresponds to one of the four
spirobarbiturates (IVa, IVb, IVc, and IVd) indicating ligand convergence
and receptor–ligand complex stabilization.
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observed from the RMSD plots, GABA(A)R maintained a stable
structure in complex with SBs with RMSD less than 2.5 Å in each
case. SBs showed RMSD ranging from 3–7 Å to achieve the
stable conformation by the end of the simulation with IVa and
IVc showing less uctuations as compared to IVb and IVd
(Fig. 3(a)–(d)).

From the Rg plot, a slight expansion in the GABA(A)R was
observed initially in complex with IVc and IVd while a slight
expansion in GABA(A)R was observed in complex with IVb,
whereas GABA(A)R maintained stable Rg in complex with IVa
(Fig. 4(a) and (b)).

The major stabilizing interactions of SBs with GABA(A)R
were hydrophobic in nature and formed the least number of
hydrogen bonds. From the MMGBSA binding energy scores, IVd
(−53.20 ± 5.81 kcal mol−1) showed the highest binding affinity
with GABA(A)R followed by IVc (−49.97 ± 3.74 kcal mol−1), IVa
(−46.53 ± 3.34 kcal mol−1) and IVb (−31.42 ± 7.86 kcal mol−1).

A comparative overview of docking scores (DG) andMMGBSA
binding free energies (DG_MMGBSA) for the spirobarbiturate
series (IVa–IVd) provides valuable insights into their dynamic
receptor interactions and stability proles (Table 4).
Fig. 4 (a) and (b) Radius of gyration (Rg) plots of the GABA(A) receptor
in complex with each spirobarbiturate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
IVd showed a high docking score against GABA(A)
(−8.6 kcal mol−1) and NMDA (−8.9 kcal mol−1), where it
established several hydrogen bonds with residues like E168 and
R180. These static interactions were further conrmed by MDS
and MMGBSA analysis, where IVd had the best free energy of
binding (−53.20 ± 5.81 kcal mol−1), which reects continuous
interaction and conformational stability in the receptor binding
pocket over time.

IVa also showed consistent performance with good docking
scores (−8.1 kcal mol−1 for GABA(A), −10.1 kcal mol−1 for
NMDA) and good MMGBSA energy (−46.53 ± 3.34 kcal mol−1),
indicating stable complex formation throughout simulations.
Its uorine atom probably facilitates polar interactions while
having an optimal steric prole.

Conversely, IVb had very good docking scores (−8.2 to
−9.8 kcal mol−1), but its MMGBSA energy was much lower
(−31.42 ± 7.86 kcal mol−1). This indicates that although it
makes good initial contacts, IVb might experience suboptimal
orientation or destabilization in the long term, perhaps because
of steric hindrance or solvent effects within the binding site.

Intriguingly, IVc, with more feeble docking interaction with
GABA(A) (−7.8 kcal mol−1, no H-bonds), was ranked second in
MMGBSA energy (−49.97 ± 3.74 kcal mol−1). This suggests that
its binding mode would be enhanced at equilibration to result
in good enthalpic and entropic contributions not accessible to
static docking.

These results affirm the need for combining molecular
dynamics simulations with docking research to learn about
ligand–receptor behavior in depth. Docking gives good starting
predictions, and MDS and MMGBSA show the dynamic stability
and actual binding of each compound to prioritize promising
candidates for conducting in vitro screening. Table 5 empha-
sizes data from both MD simulation and molecular docking.
Spectral analysis

The IR spectrum of the synthesized compounds showed
a characteristic band between 1691 and 1708 cm−1 conrming
the presence of C]O groups. The FTIR spectrum of represen-
tative compound IVa (Fig. S1) indicates a peak near 1652 cm−1

corresponding to amide C]O stretching frequency. The peak at
1206 cm−1 corresponds to C–O stretching frequency. The peak
at 1043 cm−1 corresponds to C–F stretching frequency, indi-
cating the uoro group's presence. A further peak at 1531 cm−1

corresponds to aromatic C]C stretching frequency. Peaks
between 600 and 900 cm−1 correspond to aromatic C–H
bending. FTIR spectra of IVb–d are also provided in the SI
(Fig. S3, S5 and S7).

For the characterization of the synthesized spiro-
barbiturates, 1H-NMR was used to identify the distinct protons
in the compound. By analyzing chemical shis, coupling
patterns, and integration values, the structure of the synthe-
sized compounds could be conrmed. The 1H NMR spectrum
showed three methyl protons of the ester group appearing as
a singlet at d 2.82. Themethyl protons of 1,3-dimethyl barbituric
acid also appeared as a singlet at d 3.24 (Fig. S2). The 19
aromatic protons appeared in the range d 7.77–6.87 as shown in
RSC Sustainability, 2025, 3, 5167–5175 | 5173
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Table 5 Docking vs. MD/MMGBSA insights

Compound Docking energy (GABA(A)) MMGBSA energy H-Bonds (GABA(A)) RMSD stability

IVa −8.1 kcal mol−1 −46.53 kcal mol−1 1 Low
IVb −8.2 kcal mol−1 −31.42 kcal mol−1 4 Moderate
IVc −7.8 kcal mol−1 −49.97 kcal mol−1 0 Low
IVd −8.6 kcal mol−1 −53.20 kcal mol−1 3 Moderate
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the SI. The 1H NMR spectrum of IVb–d is also provided in the SI
(Fig. S4, S6 and S8).
Integrated computational insights: docking, dynamics, and
energy landscapes

What stands out in this study is how each computational layer is
built on the last—offering both validation and deeper context.
We began with docking to get a sense of static binding affinity.
IVd emerged early as a strong candidate, with DG values
consistently better than those of its analogues across several
neurotransmitter receptors, particularly GABA(A) and NMDA.
Once we ran molecular dynamics (100 ns, GROMACS via
LiGRO), a more textured picture emerged. Ligand RMSDs sug-
gested differential stability across analogues—IVa and IVc were
comparatively steady, whereas IVb and IVd showed more
movement before stabilizing. Interestingly, this uctuation
didn't always correlate with docking scores, a reminder that
high initial binding doesn't guarantee long-term compatibility
within the dynamic binding pocket.

The MMGBSA results sharpened the distinctions. IVd had
the lowest binding free energy (−53.20 ± 5.81 kcal mol−1), fol-
lowed by IVc, IVa, and then IVb. But IVc's strong MMGBSA score
was obtained despite a weaker docking prole. This divergence
caught our attention. This suggests that IVc may adopt a more
favorable orientation over time, not captured in docking but
revealed through dynamics—a small but useful caution against
over-reliance on docking metrics alone.

Mapping residue-level interactions gave us further clarity.
Key contacts—Arg180, Glu168, and Ser46—kept showing up,
especially for IVd. These residues align well with known
GABAergic pharmacophores (see Ghit et al., 2021), which gives
us some condence that our ligand–receptor hypotheses are
grounded in structural precedent. The substituent-dependent
trends, especially the superior performance of ortho-methoxy
and para-uoro groups, suggest specic design rules for SAR
optimization. We didn't test those experimentally (yet), but the
trend is consistent enough to consider pursuing. One could
easily imagine designing a follow-up series around these motifs.
All told, this multi-pronged computational workow not only
conrms IVd as a lead candidate but also reveals nuances that
a single method might miss. It also affirms the value of
combining green synthetic chemistry with in silico screening—
especially when teaching or training students in modern drug
discovery workows. There's educational value in seeing how
assumptions evolve when you move from static to dynamic
models, and that's something no table of docking scores can
really teach on its own.
5174 | RSC Sustainability, 2025, 3, 5167–5175
Comparison with literature precedents

As highlighted in the Introduction section, while most of the
methods involve a similar ring closure approach, yet many of
them involve toxic reagents/solvents etc. While CPME which is
reported in the present protocol is not entirely non-toxic, it
presents notable green advantages over THF and toluene,
including:

� Lower peroxide-forming potential, which enhances labo-
ratory safety and chemical stability;

�Higher hydrophobicity and stability under acidic and basic
conditions, making it a more robust and reusable solvent;

� Better compliance with green solvent selection guides,
such as those recommended by pharmaceutical industries.
Experimental
Synthesis

A mixture of 5-arylidene-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (1.0 mmol) and dimethyl acetylene di-
carboxylate (1.2 mmol) was stirred magnetically in CPME (3 ml)
at room temperature. Triphenylphosphine (1.1 mmol), di-
ssolved in 2 ml of CPME, was added portionwise for 10 min
whilst stirring. The progress of the reaction was monitored over
1 hour time intervals using ethyl acetate : petroleum ether (30 :
70, v/v) as an eluent. Aer completion of the reaction, the
solvent was evaporated and the solid product obtained was
recrystallized and ltered using ethanol (∼2 ml). The reaction
was completed in 3.5–4.5 h and signicant yields of the desired
products were obtained. All the products were fully character-
ized by IR and NMR spectroscopy and the data were compared
with the previous report.16
Conclusion

In this study, an environmentally benign synthetic procedure
for spiro-barbiturates was established, through a one-pot, three-
component reaction under ambient conditions employing
cyclopentyl methyl ether (CPME) as a green solvent. The given
protocol meets some of the fundamental principles of green
chemistry such as waste prevention, atom economy, safer
solvents and auxiliaries, energy efficiency, and catalysis and
hence reduces both environmental and operational risks. The
reaction operates under room temperature conditions without
the requirement for chromatographic purication and, as such,
is inherently more energy-efficient and practical for scale-up.

The procedure showed superior atom economy, optimal
carbon efficiency, and low E-factors that reect reduced waste
© 2025 The Author(s). Published by the Royal Society of Chemistry
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generation and high material throughput. In comparison to
conventional techniques using toxic, environmentally
hazardous solvents such as THF, acetonitrile, or DMF—even
under reux conditions or at increased temperatures—this
procedure offers cleaner, safer, and more economical access to
medicinally important heterocycles.

In addition, CPME, the preferred solvent, concurs with
various green solvent selection guidelines as a result of its low
toxicity, high boiling point, low tendency towards peroxide
formation, and reusability. Its application precludes the
hazards inherent with traditional ethers like peroxide forma-
tion in THF or environmental persistence in halogenated
solvents.

Overall, this research illustrates how sustainable and inno-
vative synthetic methods can be combined with chem-
informatics to provide biologically relevant scaffolds. This study
lays the groundwork for subsequent in vitro and in vivo inves-
tigations to fully assess the therapeutic potential of the
compounds. Methoxy-substituted spiro-barbiturate (IVd)
proved to be an especially promising hit, with high binding
affinity and stability towards GABA(A) receptors in silico. As
a whole, this study provides a useful framework for the
convergence of green chemistry and computational drug
discovery research.
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