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A B S T R A C T   

In an attempt towards the development of new antimicrobials, we synthesized by microwave-assisted multi
component reaction (MCR) of enantiopure (E,E)-3,5-bisarylidene-N-[(S)-(-)-methylbenzyl]-4-piperidones, isatin 
and α-amino esters a series of optically active tetracyclic dispirooxindolopyrrolidine-piperidones. The beneficial 
and promising features of this protocol such as simple operational procedure, short reaction time (10 min), and 
high product yields (up to 97 %) make it an efficient eco-friendly approach offering a powerful mean to expand 
the structural diversity of spirooxindoles. This approach appears hugely advantageous for high-throughput 
screening processes in drug discovery research. In addition, crystallographic parameters and inter- and intra
molecular interactions occurring in spiropyrrolidine-fused piperidone derivative 4g were examined through 
single-crystal XRD analysis allowing to determine the absolute configuration of the enantiopure compound. The 
preliminary biological assessment of their antimicrobial activity indicates that most of the screened products 
display higher activity than the standard reference drugs Ampicillin and Griseofulvin. Some of them exhibited 
good to moderate activity against both bacteria and fungi. In addition, in silico molecular docking and predictive 
ADMET studies for the most active spirocompounds were carried out. Molecular docking confirmed the binding 
efficacy of candidates 4c and 4l through low score energy values and the establishment of diverse bonding in
teractions with the active site residues. Finally, the ADMET profiling of the most active spiroheterocycles proved 
their remarkable drug-like and pharmacokinetic properties.   

1. Introduction 

Over the past decade, multidrug-resistant (MDR) bacteria, referred 
as “superbugs”, have dramatically spread throughout the world and 
became a serious global public health emergency [1–3]. According to 
the World Health Organization (WHO), antimicrobial resistance has 

been prioritized as one of the top 10 global public health threats facing 
humanity [4]. The overuse and misuse of antibiotics, as well as the lack 
of new antimicrobial development, remain the major factors contrib
uting to the spread and rise of MDR pathogens [5] that has slowed down 
the eradication process of infectious diseases. The repeated adminis
tration of antimicrobial drugs in animals or humans promotes the 
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dissemination and acquisition of antibiotic-resistant strains [6], thus 
reducing their effectiveness against infectious diseases and making them 
increasingly difficult or nearly impossible to treat [7]. This lowered ef
ficacy urgently necessitates the demand for the development of novel 
therapeutic agents. 

N-heterocycles play a crucial role in the research of new medicines, 
as they are recurring motifs in several commercially approved drugs and 
synthetic drug-like molecules [8–15]. A huge number of bioactive syn
thetic compounds and natural alkaloids based on 
spirooxindole-pyrrolidines, a subclass of N-spirocyclic heterocycles, are 
well-recognized as pivotal components in numerous bioactive natural 
compounds and relevant synthetic drugs [16–21]. The peculiar confor
mational rigidity and inherent 3D geometrical structure, imparted by 
the spiranic carbon, allow for outstanding binding-interactions of these 
spirocyclic systems with various protein receptors. This increased af
finity for biotargets provides a better physicochemical properties an 
improved therapeutic efficacy, making them promising drug-likes 
[22–24]. Some illustrative examples of therapeutically relevant scaf
folds containing the spirooxindole motif are shown in Fig. 1. 

For example, naturally occurring Strychnofoline (1) (Fig. 1), 
extracted from the leaves of Strychnos usambarensis, shows very prom
ising antimitotic activity towards Ehrlich tumor cell and cultures of 
mouse melanoma [25]. The synthetic spirooxindolepyrrolidines MI-888 
(2) and MI-219 (3) (Fig. 1), currently in preclinical trials for cancer 
therapy, have been reported as potent inhibitors of MDM2–p53 
protein-protein (PP) interaction [18,26,27]. 

Furthermore, various derivatives have been described as antiviral 
[20], antimicrobial [28–30], analgesic and anti-inflammatory [31], 
anti-acetylcholinesterase [32], anti-diabetic [33–35] and antitubercular 
agents [36–38]. 

Due to its multiple advantages in terms of enhanced operational 
simplicity, reaction rate, and higher yield, microwave (MW) assisted 
multicomponent reaction (MCR) has emerged as a powerful tool for the 
synthesis of spirooxindole heterocycles [39–45].This environmentally 
friendly approach provides a high-throughput conception of libraries of 
complex architectural compounds with remarkable structural diversity, 

unlocking novel avenues for identifying new drug-like molecules 
[46–48]. The capacity to achieve reaction from readily, cheap, and 
simple available starting materials via the formation of multiple chem
ical bonds in an one-step operation and shorter reaction time, along with 
facilitated work-up of the resulting products, makes microwave-assisted 
MCRs a synthetically robust tool for green synthesis compared toother 
step-by-step strategies [49–51]. 

On the other side, the piperidone framework is an ubiquitous motif 
found in several therapeutically significant alkaloids and synthetic drug- 
like molecules with a broad spectrum of promising biological activities 
such as antitumoral [52], cholinesterase inhibitory [53], 
anti-inflammatory [54], and antifungal activity [55] (Fig. 2). 

In light of the significance of spirooxindolepyrrolidine and piper
idone heterocycles in medicinal chemistry, we recently reported an 
unprecedented asymmetric synthesis of enantiopure 
dispirooxindolopyrrolidine-piperidones via the three-component re
actions of (E,E)− 3,5-bisarylidene-N-[(S)-(-)-methylbenzyl]− 4-piper
idones 1 with azomethine ylides, generated via thermal [1,2]-H shift of 
isatin-based iminoesters. The latter were formed in situ from the 
condensation of isatin 2 and glycine methyl/ethylester 3a,b (Scheme 
1A) under traditional conditions (acetonitrile, 80 ◦C, 2 h) [56]. 

Despite the efficiency of our approach, we felt a great challenge to 
explore the formation of these promising scaffolds under MW-assisted 
conditions, expecting improved yields through (i) shortened reaction 
times and (ii) expanding the spirooxindole structural diversity by 
employing another amino ester, namely sarcosine methyl ester 3c 
(Scheme 1B). Such a protocol has not yet been explored for the con
struction of spirooxindolepyrrolidine in enantiopure form, making it a 
particularly challenging endeavor. Moreover, to the best of our knowl
edge, the secondary amino ester 3c has received little attention as a 
component in the formation of azomethine ylide by [1,2]-prototropy of 
the corresponding isatin-derived iminoester. In order to further valorize 
our preparative work, we explored the pharmacological profile of the 
synthetized compounds which, up to now, have never been reported. 

Motivated by the aforementioned information and as a continuation 
of our research in the domain of bioactive N-spiroheterocycles [31,57, 

Fig. 1. Representative examples of spirooxindoles of medicinal interest.  
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36,58,59], we report here, for the first time, the synthesis of optically 
active piperidone-dispirooxindolopyrrolidines by microwave-assisted 
multicomponent reaction (MCR) methodology, combining enantiopure 
(E,E)− 3,5-bisarylidene-N-[(S)-(-)-methylbenzyl]− 4-piperidones 1, isa
tin 2 and α-aminoesters 3a-c. 

The stereochemistry of the novel N-spiroheterocycles derived from 
sarcosine methyl ester was confirmed by a single-crystal X-ray crystal
lography study of compound 4g. To further valorize the synthetic re
sults, the new scaffolds were screened in vitro to evaluate their 
antimicrobial potential. To the best of our knowledge, highly function
alized enantiopure spirooxindole-piperidones were identified for the 
first time as promising antimicrobial agents. Finally, to validate the 

bioassay results and to get an insight about the mechanism of action of 
the synthetized compounds, an in silico molecular docking study of the 
most potent derivatives was performed, along with an investigation of 
the ADMET properties [60]. 

2. Result and discussion 

2.1. Chemistry 

We started our investigation using optically active (E,E)− 3,5-bis
benzylidene-N-[(S)-(-)-methylbenzyl]− 4-piperidone 1a, isatin 2 and 
chlorohydrate of sarcosine methyl ester 3c as model substrates (Scheme 

Fig. 2. Examples of biologically active piperidone scaffolds.  

Scheme 1. (A) Our previous work of MCR [3 + 2] cycloaddition of enantiopure piperidone, isatin and aminoesters. (B) Microwave-assisted MCR with diverse 
primary amino ester as reaction partners (this work). 
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2). 
At the onset of our investigation, we attempted to access the targeted 

spirooxindole-piperidone 4 g according to a previously published pro
cedure for the efficient synthesis of spirocyclic analogues derived from 
glycine methyl/ethyl ester 3a,b [56]. For that purpose, equimolar 
amounts of 1a, 2 and 3c were refluxed in acetonitrile at 80 ◦C for 2 h. 
The desired optically active 4g ([α]25

D = − 123.0 (c 0.20, CHCl3)) was 
obtained in 55 % yield (Table 1, entry 1). No significant increase in yield 
could be achieved when increasing the reaction time from 3 to 4 h (64% 
vs. 66 % yields, respectively, entries 2 and 3 in Table 1). 

In order to reduce the reaction time and improve the yield of com
pound 4g, the reaction was subjected under microwave irradiation 
conditions at 80 ◦C for 5 and 10 min in MeCN (Table 1, entries 4 and 5), 
yielding the product with 75 % and 80 % yields. The reactions were 
further screened with EtOH and MeOH as polar protic solvents with 
varying temperatures and reaction times, allowing to augment further 
the overall yields (Table 1, entries 6–9). 

When conducting the reaction in MeOH at 100 ◦C for 10 min, 4 g was 
isolated in almost quantitative yield (Table 1, entry 9). Subsequently, the 
scope of the MW-assisted MCR was extended using several enantio
merically pure dipolarophiles 1 bearing electronically different sub
stituents at the para position of the phenyl ring (Me, OMe, Br, Cl and 
NO2). As shown in Scheme 3, this eco-friendly approach affords chiral 
spirooxindolopyrrolidines-fused piperidones 4 g-l with excellent yields 
up to 97 % (Scheme 3). 

Notably, the MCR also worked well when employing glycine methyl/ 
ethyl esters 3a,b as an alternative aminoester, instead of 3c, providing 
the corresponding spirooxindolepyrrolidines 4a-f in 92–97 % yields 
(Scheme 3). These results demonstrate the efficiency of microwave- 
assistance for the MCR, as it increases the yield along with a consider
ably reduced reaction time of 10 min compared to conventional heating 
conditions (72–85 % in 2 h applied for the preparation of 4a-f). The 
enantiomeric purity of the compounds was checked by their specific 
optical rotation determined by a polarimeter. 

2.2. Spectroscopic and crystallographic characterization of cycloadducts 
4 

The structure and absolute configuration of the enantiopure 
piperidone-grafted spirooxindolepyrrolidines 4 were unambiguously 
deduced from both their spectroscopic data and an X-ray structure 
determination performed on compound 4g. The assignments of the 
chemical shifts from the 1H and 13C NMR spectra of the studied com
pounds were based on literature data [56]. As representative example, 
relevant 1H and 13C chemical shifts of spirocompound 4g are illustrated 
in Fig. 3. 

In the 1H NMR spectrum of 4g (Fig. S13 in the Supplementary Ma
terials), the protons H-5 and H-4 appear as two mutually coupled dou
blets at δ 4.81 and 4.97 ppm, respectively. The multiplicity and the value 
of the 3J coupling constant (J = 9.9 Hz) of these two signals unambig
uously confirm the trans-relationship between H-4 and H-5 protons and 
ascertain the regiochemistry proposed for cycloadduct 4g in Fig. 3, 
which is in accordance with our earlier reports on related compounds 
[56]. The broadened singlet at δ 8.54 ppm is assigned to the H-1′ proton, 
and the two singlets at δ 2.11 and 3.66 ppm are attributable to the 
N–CH3 and CH3O protons, respectively, confirming the cycloaddition of 
azomethine ylide derived from sarcosine methyl ester across the dipo
larophile. The multiplet in the region between 6.71–7.51 ppm indicates 
the presence of aromatic protons. The proton decoupled 13C NMR 
spectrum of 4g (Fig. S14) reveals the presence of three signals at δ 196.4, 
177.4 and 171.8 ppm, attributed to the carbonyl groups of the piper
idone, oxindole and ester moieties, respectively. The resonances corre
sponding to the two spirocarbons C-2 and C-3 are observed at δ 75.8 and 
δ 67.6 ppm, respectively. The carbon signals at 63.4 and 63.4 ppm can 
be attributed to C-5 and C-4, respectively. For the assignment of the 
methoxy, methyl, and spirocarbons, a DEPT-135 spectrum was recorded 
(Fig. S15). 

The absolute configuration of the enantiopure 
spirooxindolopyrrolidine-piperidone stereocenters was corroborated by 
analysis of the single-crystal X-ray structure of hybrid 4g. The molecular 
structure depicted in Fig. 4 reveals that the absolute configuration of 4g 
is (2R, 3R, 4S, and 5S). The Flack parameter [61] of 0.02(4) is close to 
0 indicating that the absolute structure given by the structure refine
ment is correct for the two independent molecules M1 and M2 
(Fig. S26). 

In addition, the exocyclic double bond of 4-piperidone and the chiral 
auxiliary (-NMePh) are oriented pseudo-equatorially and adopt a half- 
chair conformation. This diastereofacial selectivity can be explained 
by the exo-approach of the (Z,E)-azomethine ylide on the less hindered 
upper face of the exocyclic alkenes. The stereochemistry of the tetra
cyclic core, bearing three additional aryl groups at C2, C10 and C1, is in 
the solid state in line with the NMR data in solution and establishes the 
transoid arrangement of two the hydrogen atoms attached to C2 and C3 
of the pyrrolidine-type five-membered cycle. 

The asymmetric unit of 4g shown in Fig. S26 contains two inde
pendent molecules (with slightly different bond lengths and angles), 
crystallizing in the monoclinic space group P21. Within the crystal, both 

Scheme 2. Three-component 1,3-dipolar cycloaddition leading to spiropyrrolidine-fused piperidone hybrid 4g.  

Table 1 
Optimization of the reaction parameters for the synthesis of 4g.  

Entry Solvent Condition Time (Min.) Yield (%)a 

1 CH3CN 80 ◦C 120 55 
2 CH3CN 80 ◦C 180 64 
3 CH3CN 80 ◦C 240 66 
4 CH3CN 80 ◦C (200 W, 80 ◦C) 5 75 
5 CH3CN 80 ◦C (350 W, 80 ◦C) 10 80 
6 EtOH MW (350 W, 80 ◦C) 5 85 
7 EtOH MW (350 W, 100 ◦C) 10 89 
8 MeOH MW (350 W, 80 ◦C) 5 94 
9 MeOH MW (350 W, 100 ◦C) 10 97  

a Isolated yield after recrystallization. 
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molecules M1 and M2 are interconnected through intermolecular 
N–H⋅⋅⋅O and C–H⋅⋅⋅O hydrogen bonding forming monodimensional su
pramolecular M1⋅⋅⋅M1⋅⋅⋅M1 and M2⋅⋅⋅M2⋅⋅⋅M2 arrays (Fig. 5). There are 
no significative contacts between the M1 and M2 molecules. Fig. 5 
shows that in the M1 chain each molecule forms an interaction occurring 
between N2–H2 and O2 with d(N2-H2⋅⋅⋅⋅O4)12.35(3) Å, the 
N2–H2⋅⋅⋅⋅O4 angle being 152(2)◦. Furthermore, a second weak inter
molecular hydrogen bond occur between C34–H34 and O4 (d 
(C34–H34⋅⋅⋅⋅O42 2.41 Å)). 

To better clarify the presence of weak intermolecular contacts 
occurring in the crystalline state, that may be complementary and 
relevant to the docking simulation shown in Section 2.4, a Hirshfeld 
surface analysis [62] was carried out utilizing the CrystalExplorer21 
software package by Spakman et al. [63]. For heterocycle 4g, two in
dependent Hirshfeld surfaces are mapped over dnorm in the ranges from 
–0.2845 to 1.7544 and –0.3071 to 1.7398 (both arbitrary units). 

As shown in Fig. 6, the red spots on the isosurface highlight the 
strong intermolecular interactions. Overall, several strong N–H⋅⋅⋅O 

Scheme 3. Synthesis of enantiopure spirooxindolopyrrolidine-piperidones 4a-l.  
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contacts and weaker N–H⋅⋅⋅O contacts can be detected, what can be 
inferred from the respective fingerprint plots (Fig. S27). 

2.3. Biological evaluation of the synthesized heterocycles 

The optically active dispirooxindole derivatives 4 were evaluated for 
their antibacterial activity against multiple bacterial strains (Pseudo
monas aeruginosa ATCC 9023, Escherichia coli ATCC 25,922, Salmonella 
enterica 800,390 and Bacillus subtilis ATCC 6633), and a pathogenic 
reference yeast namely Candida albicans ATCC 90,028. 

The in vitro antimicrobial activity of the novel dispiropyrrolidines 
was assessed by the determination of the minimal inhibitory concen
tration (MIC) using the micro dilution method, as described by Rattan 
[64]. The results are summarized in Table 2. To compare and to evaluate 
the potency of the tested derivatives, Ampicillin and Griseofulvin were 
chosen as antibacterial and antifungal references, respectively. As 
shown in Table 2, almost all synthesized analogues were found to be 
more active against highly resistant P. aeruginosa with MIC values of 
12.1 µg/mL, compared to the standard drug Ampicillin (MIC=100 
µg/mL). The only exceptions are compounds 4b (MIC = 125 µg/mL) and 
4g (MIC= 250 µg/mL). 

With regard to E. coli, a potent activity was ascertained for all 
compounds, except for hybrid 4b, when compared to Ampicillin 

(MIC=100 µg/mL). Notably, the best activity was obtained for com
pounds 4c and 4f with a MIC value of 12.1 μg/mL, followed by 4d, 4k, 
and 4l with a MIC value of 31.25 µg/mL. We also noticed that hetero
cycle 4c exhibits strong antibacterial activity against S. enterica bacteria 
with a MIC value of 12.1 μg/mL, in comparison with Ampicillin 
(MIC=250 µg/mL). 

However, compounds 4a, 4d and 4j, with MIC values of 250 µg/mL 
present an activity comparable to that of the reference antibiotic. 
Remarkably, hybrid 4e (MIC = 64 µg/mL) is more potent than Ampi
cillin (MIC = 100 µg/mL) against B. subtilus. In addition, derivatives 4a, 
4c, 4d and 4j-l with a MIC value of 100 μg/mL demonstrate activity 
against B. subtilus similar to that of the reference antibiotic Ampicillin 
(MIC = 100 µg/mL). 

On the other hand, the in vitro antifungal activity data reveal that 4a- 
c display improved activity with a MIC value of 250 µg/mL compared to 
Griseofulvin (MIC = 500 µg/mL), followed by compounds 4d and 4k 
(MIC = 325 µg/mL). The remaining derivatives showed only moderate 
antifungal properties. 

2.4. Computational approach 

To get an insight about the mechanism of action of series 4, we 
docked the most antibacterial derivatives i.e., 4c, 4k, 4j and 4l into the 
binding sites of the following bacterial receptors: multiple virulence 
factor regulator (MvfR) (PDB ID 4JVI) from P. aeruginosa [65], Topo
isomerase IV (PDB ID 3FV5) from E. coli [66], RamR (PDB ID 6IE9) 
S. enterica [67], and heterologous protein expression (PDB ID 2RHL) 
from B. subtilis [68]. They were also docked into the secreted aspartic 
protease target (PDB ID 3Q70) from C. albicans [69]. 

2.4.1. Molecular docking approach for the antibacterial proteins 
The docking poses of the test molecules revealed their ability to bind 

to the active site residues of the enzyme through several types of in
teractions. This was further confirmed by significant binding energy, as 
reflected by the lower docking score (S-score) values. 

2.4.1.1. Orientation and bonding interactions of compounds 4c, 4k, 4j and 
4l in the pocket site of mvfr (Multiple virulence factor regulator; PDB ID 
4JVI). The results of the best poses for compounds 4c, 4k, 4j and 4l 
against MvfR PDB ID 4JVI) from Gram-negative P. Aeruginosa (https:// 
en.wikipedia.org/wiki/Pseudomonas_aeruginosa) TMK (ID: 4QGG) are 
listed in Table S1. Molecular docking results confirm that all candidates 
4c, 4k, 4j and 4l had the highest negative score values of (− 6.892, 
− 6.656, − 6.458, and − 6.732 kcal/mol respectively), compared to the 
standard drug Ampicillin with a score of − 5.187 kcal/mol (Table S1). 

Comparatively, compounds 4c and 4l were the most active against 
the antibacterial agents towards P. aeruginosa (MvfR) (PDB ID 4JVI), 
indicating that they form a similar number of interactions with the MvfR 
protein of P. aeruginosa as Ampicillin, but there are small differences in 
residue types (Table –S1). Compound 4c forms a strong [70,71] 
hydrogen bond with crucial residue LEU207 (2.32 Å) of the P. aeruginosa 
MvfR protein (Table –S1 and Fig.7(a)). 

Moreover, this candidate exhibits nine hydrophobic interactions 
with the binding site of the MvfR target: a π-π-stacked interaction was 
evidenced between TYR258 and the 6-membered aromatic ring of 
compound 4c (distance: 4.33 Å). 

In addition, ALA190, LEU207, ILE263 and VAL211 form alkyl-type 
hydrophobic interactions with compound 4c. Four other π-alkyl hy
drophobic interactions were also observed (Table S1 and Fig.7(a)). 

It is evident that molecule 4l forms only one strong hydrogen bond 
with the binding site residues of the MvfR protein. LEU207 forms a 
hydrogen bond (bond distance = 2.33 Å) with the hydrogen atom of 
molecule 4l ((Table S1 and Fig.7(d)). Furthermore, the same molecule 
forms 14 hydrophobic interactions with ten residues of the MvfR target, 
namely TYR258, ALA190, LEU207, ILE263, LEU197, LEU208, ILE236, 

Fig. 3. 1H (black) and 13C NMR (blue) chemical shifts and coupling constants 
of 4g. 

Fig. 4. Ball and Sticks presentation of the molecular structure of 4 g in the 
crystal. For clarity, only stereochemically significant hydrogen atoms are 
shown. Only one of the two independent molecules in the unit cell is presented 
(M1). Selected bond lengths (Å) and angles (◦): C3–N1 1.454(2), C4–N1 1.467 
(2), C4–C1 1.585(2), C1–C2 1.572(2), C2–C32 1.546(2), C1–C6 1.536(2), 
C6–N3 1.459(2), N3–C7 1.456(2), N3–C10 1.491(2), C7–C8 1.499(2), C8–C18 
1.343(2), C8–C9 1.499(2), C9–O1 1.216(2), C9–C1 1.542(2), C4–C39 1.566(2), 
C39–O4 1.223(2), C39–N2 1.375(2), N2–C38 1.401(2), C38–C33 1.369(2); 
C1–C2–C3 104.67(12), C2–C3–N1 103.05(120), C3–N1–C4 106.91(13), 
N1–C4–C1 101.62(12), N1–C4–C39 113.06(14), C1–C6–N3 108.89(13), 
C6–N3–C7 101.47(10), C7–C8–C18 1231.35(14), N3–C7–C8 113.09(13), 
N3–C10–C11 114.703(14), C39–N2–C38 111.53(15), C4–C39–N2 108.40(15). 
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VAL170, LEU189, and VAL211. In this context, recent investigations 
[70,72] proved that LEU207, ILE236 and YR258 play a fundamental role 
in the inhibition of the MvfR receptor. 

2.4.1.2. Orientation and bonding interactions of compounds 4c, 4k, 4j and 
4l in the residues site of topoisomerase iv (PDB ID 3FV5). Based on the 
score energy values, candidates 4c and 4l were shown to be the most 
potent Topoisomerase IV receptor inhibitors among the studied candi
dates (compared to 4j and 4k). This was confirmed by their high affinity 
to the pocket site of the E. coli target (PDB ID 3FV5). The complexes 
formed by these candidates exhibited lower score energy values of 
− 6.272 and − 5.546 Kcal/mol, respectively, conferring them the highest 
negative score values, comparable to Ampicillin (the standard drug) 
with a score of − 4.576 kcal/mol (Table S2). On the other hand, com
pound 4c forms only one strong hydrogen bond with the binding site of 
the Topoisomerase IV target. ASP69 forms a hydrogen bond with the 
hydrogen atom of compound 4c (bond distance = 2.74 Å) (TableS24 +
Fig. 8(a)). 

Furthermore, this compound established one electrostatic 

Fig. 5. Association of the M1 molecules in the packing through intermolecular N–H⋅⋅⋅O and C–H⋅⋅⋅O hydrogen bonding forming a supramolecular 1D array running 
along the b axis. 

Fig. 6. (left) Hirshfeld-surface of M1, intermolecular bonding between two M1 molecules − 0.2845 to 1.7544 a. u. (right) Hirshfeld-surface of M2, intermolecular 
bonding between two M2 molecules − 0. 0.3071 to 1.7398 a. u. 

Table 2 
Antibacterial and antifungal activities of compounds 4 (MIC was determined in 
μg/mL).  

Compound P. 
aeruginosa 
ATCC 9023 

E. coli 
ATCC 
25,922 

S. 
enterica 
800,390 

B. 
subtilus 
ATCC 
6633 

C. albicans 
ATCC 
90,028 

4a 36 100 250 100 250 
4b 125 125 500 125 250 
4c 12.1 12.1 12.1 100 250 
4d 12.1 31.25 250 100 329 
4e 12.1 36 500 64 500 
4f 12.1 12.1 1000 1000 1000 
4 g 250 100 500 125 500 
4h 12.1 36 500 500 500 
4i 12.1 36 500 500 500 
4j 12.1 36 250 100 500 
4k 12.1 31.25 500 100 329 
4l 12.1 31.25 500 100 500 
Ampicillin 100 100 250 100 – 
Griseofulvin – – – – 500  
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interaction with GLU46 (pi-Anion) and three hydrophobic interactions 
with the residues HIS79, MET74, and ILE90 of the Topoisomerase IV 
target. Moreover, we clearly observed that compound 4l forms three 
strong hydrogen bonds within the pocket of the Topoisomerase IV pro
tein: ARG132 establishes a strong conventional hydrogen bond with the 
hydrogen atom of compound 4l (bond distance = 2.61 Å). Two other 

strong carbon hydrogen bonds (bond distance = 2.74 and 2.93 Å) were 
observed between this compound and ASP77. Additionally, compound 
4l showed three electrostatic interactions with residue ARG72 and four 
hydrophobic interactions with residues: MET74, HIS79 and PRO75 
(Table S2 and Fig. 8 (d)). These results are supported by several pub
lished papers [73,74], which mention that residues ARG72, MET74 and 

Fig. 7. 2D diagram of interactions of the compounds: (a):4c, (b): 4j, (c): 4k, (d): 4l, and (e): Ampicillin with the binding site of MvfR (PDB ID 4JVI).  
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ASN42 represent the main keys for the formation of different types of 
candidate interactions. 

2.4.1.3. Orientation and bonding interactions of compounds 4c, 4k, 4j and 
4l in the binding site cavity of RamR (PDB ID 6IE9). The docking 

investigations were also extended to RamR, a transcriptional repressor 
of the gene-encoding RamA protein, which controls the expression of the 
multidrug efflux system genes acrAB-tolC [75]. The docking results 
show that the most efficient compounds 4c and 4l against the RamR 
target (PDB ID 6IE9) present good docking score energies values of 

Fig. 8. 2D diagram of interactions of the compounds: (a): 4c, (b): 4j, (c): 4k, (d): 4l, and (e): Ampicillin with the binding site of Topoisomerase IV (PDB ID 3FV5).  
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− 9.286 and − 8.449 kcal/mol, respectively (Table S3). 
They form numerous interactions with the enzyme RamR of 

S. enterica (PDB ID 6IE9) compared to a score energy of − 6.482 kcal/mol 
of the standard drug Ampicillin. Compound 4c establishes 8 strong 
hydrogen bonds, including three conventional hydrogen bond types 
with residues ARG131 and ARG148 (distances: 2.99, 1.75 and 2.22 Å), 
and five carbon hydrogen bonds with residues LYS63, PHE127, ALA123 

and CYS134 (distances: 2.51, 2.72, 2.37, 2.93 and 2.95 Å, respectively). 
Additionally, this compound forms three electrostatic interactions with 
residues LYS63, ARG136 and ASP152. Furthermore, 9 hydrophobic in
teractions were established between compound 4c and the following 
residues: TYR92, PHE155, LEU66, CYS67, MET70, ILE88, ARG136 and 
LEU139 (Table S3 + Fig. 9(a)). We also noticed that compound 4l fits 
well into the pocket site of the RamR target (PDB ID 6IE9), forming two 

Fig. 9. 2D diagram of interactions of the compounds: (a):4c, (b):4j, (c):4k, (d):4l, and (e): Ampicillin with the binding site of RamR (PDB ID 6IE9).  
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strong conventional hydrogen bonds with residues ARG136 and CYS67 
(distances: 2.41 and 2.69 Å). In addition, there are two electrostatic 
interactions with residues: LYS63 and ASP124. Furthermore, 7 hydro
phobic interactions were observed between compound 4l and residues 
TYR59, LEU156, ILE88, TYR92, PHE155, LEU130, and ALA110 
(Table S3 + Fig. 9(d)). Other prior studies [76,77] have identified the 

importance of two residues in the RamR enzyme pocket (PDB ID 6IE9): 
ARG148 and LYS63. 

2.4.1.4. Orientation and bonding interactions of compounds 4c, 4k, 4j and 
4l in the binding site cavity of heterologous protein expression (PDB ID 
2RHL). According to the score energy values, candidates 4c and 4l 

Fig. 10. 2D diagram of interactions of the compounds: (a):4c, (b):4j, (c):4k, (d):4l, and (e): Ampicillin with the binding site of Heterologous protein expression (PDB 
ID 2RHL). 
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showed high affinity for Heterologous protein expression (PDB ID 
2RHL). The complexes established by these two candidates had the 
lowest score energy values of − 6.997 and − 6.875 Kcal/mol, respec
tively, compared to other complexes formed by compounds 4j and 4k, 
and with Ampicillin with an energy value of − 5.451 kcal /mol 
(Table S4). 

The results obtained indicate that compound 4c forms a stable 
complex with the pocket of B. subtilis (PDB ID: 2RHL), characterized by 
the formation of only one strong carbon hydrogen bond between the 
oxygen atom of the candidate and GLY21 at a distance of 2.71 Å. Two 
other electrostatic interactions occur between compound 4c and residue 
ARG143. This compound forms two hydrophobic interactions with 

Fig. 11. 2D diagram of interactions of the compounds: (a):4c, (b):4j, (c):4k, (d):4l, and (e): Griseofulvin with the binding site of secreted aspartic protease (PDB 
ID 3Q70). 
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residues: GLY21 and ALA49 (Table S4 and Fig. 10 (a)). In contrast, we 
found that molecule 4l establishes one strong conventional hydrogen 
bond with GLU139 (distance: 2.82 Å), and forms one electrostatic 
interaction with ARG143. Additionally, this compound forms three hy
drophobic interactions with residues PHE183 and MET179 (Table S4 +
Fig. 10(d)). Note that the present results are corroborated by prior 
studies [78,79] indicating that inhibition of B. subtilis target (PDB 
ID:2RHL) might be dependent and crucial for their potent antibacterial 
activity. 

2.4.1.5. Orientation and bonding interactions of compounds 4c, 4k, 4j and 
4l in the pocket site of secreted aspartic protease (PDB ID 3Q70). As shown 
in Table S5, compounds 4c, 4k, 4j and 4l fit well with the binding site of 
the secreted aspartic protease target (PDB ID 3Q70) (https://en.wiki
pedia.org/wiki/Aspartic_protease). Notably, compounds 4c and 4l had 
the highest negative energy values against the secreted aspartic protease 
receptor (PDB ID 3Q70) (negative energy: values were − 7.708 and 
− 6.988 Kcal/mol, respectively), compared to compounds 4j, 4k and the 
standard drug Griseofulvin with a score energy of − 5.169 kcal/mol 
(Table S5). Compound 4c forms 4 strong hydrogen bonds with the 
binding site of C. albicans target (PDB ID: 3Q70). Two conventional 
hydrogen bond types are formed between 4c and residues TYR5 and 
THR50 (distances = 2.45 and 2.82 Å, respectively). Two additional 
carbon hydrogen contacts are established with residues ILE119 and 
THR222 (distances = 2.31 and 2.63 Å, respectively). One electrostatic 
interaction occurs with ASP86. Moreover, 4 hydrophobic interactions 
are established with residues VAL12; and ILE30 (Table S5 + Fig. 11(a)). 

The docked conformation of compound 4l in the binding site cavity 
of the secreted aspartic protease target (PDB ID 3Q70) forms three 
strong hydrogen bonds with residues THR221, ASP86, and THR222 
(bond distances = 2.46, 2.36, and 2.84 Å, respectively). Furthermore, an 
electrostatic interaction is formed between this derivative and residue 
ASP86. 

On the other hand, candidate 4l establishs 7 hydrophobic in
teractions with the following residues in the pocket site of C. albicans 
target (PDB ID: 3Q70): TYR51, ILE119, VAL12, ILE30 and PHE58 
(Table S5 + Fig. 11(d)). It is worth mentioning that these findings are 
supported by several studies [80,29] which reported that THR222, 
ASP86 and VAL12 play a crucial role in inhibiting the C. albicans re
ceptor (PDB ID: 3Q70). 

2.4.1.6. Physiochemical properties evaluation and ADME-Toxicity pre
dictions. To take into account the toxicity of the compounds, ADME-T 
(or ADMET) predictions and physicochemical properties calculations 
were performed [60]. A Drug-likeness evaluation of the four candidates 
4c, 4k, 4j and 4l was carried out using the SwissADME (http://www. 
swissadme.ch/, accessed on 20 October 2023) online server and pkCSM 
(http://biosig.unimelb.edu.au/pkcsm/prediction, accessed on 20 
October 2023). All results are presented in Table 3. 

According to the table, the TPSA values of compounds: 4c, 4j and 4l 
are all less than 140 Å, except for compound 4k. In addition, all com
pounds contain <5 hydrogen bond donors (n-HD: (0~5)) and <10 
hydrogen bond acceptors (n-HA: (0~10)). However, the spiroheter
ocyles have molecular weights greater than 500 g/mol, and their of 
MLogP and WLogP values are less than 5, except for the two compounds 
4j and 4l having WLogP values greater than 5. 

In addition, the nROTB values are <11, indicating the flexibility of 
the tested candidates. Preliminary analysis of these results indicated that 
all the criteria of drug-likeness are satisfied by the heterocycle 4c 
without any violation of the Lipinski, Veber and Egan’s rules [81]. 
Moreover, compounds 4j and 4l match without any violation with the 
Veber and Egan rules but do not fit with the Lipinski rule. In contrast, 
compound 4k did not satisfy any of the Lipinski, Egan and Veber rules of 
5. 

From the data presented in Table 3, it can be inferred that: (i) The 
Caco-2 values of all compounds are greater than − 5.15 cm/s, indicating 
good permeability. Notably, the HIA values of compounds 4c, 4k, 4j, 
and 4l (100, 93.12, 94.62, and 92.71 %, respectively) exceed 70 %, 
suggesting that these compounds can be readily absorbed orally from 
the gastrointestinal system into the bloodstream. 

(ii) All compounds can penetrate the CNS as confirmed by logPS 
values ranging from: − 3<logPS<− 2. Furthermore, the logBB values of 
compounds (4c, 4k, 4j and 4l) were: − 0.73, − 0.66, − 0.68, and − 0.72, 
respectively, indicating that all compounds were poorly distributed in 
the brain (logBB< − 1) (Table 3). (iii) The data in this table may indicate 
that not all compounds are inhibitors of CYP1A2 and CYP2C19 isoforms 
and CYP2D6 substrate. Furthermore, none of the candidates are likely to 
be OCT2 (Organic Cation Transporter 2) substrates [82]. Moreover, one 
can clearly see that these heterocycles have an average excretion 
clearance (<5 ml /min /kg). Furthermore, these spiro-compounds did 
not exhibit AMES toxicity, except compound 4k. However, the 

Table 3 
ADME-Toxicity and drug-likeness properties of the candidates 4c, 4k, 4j and 4l.  

Entry TPSA Å2 n-ROTB MW MLog P n-ON acceptors n-OHNH donors Lipinski’s violations Veber violations Egan violations 
WLog P  

<140 <11 <500 ≤5 <10 <5 ≤1 ≤1 ≤1 

4c 106.20 9 671.78 3.07 8 2 Accepted Accepted Accepted 
4.01 

4j 78.95 6 769.52 4.80 6 1 Rejected Accepted Accepted 
5.47 

4k 170.59 8 701.72 2.13 10 1 Rejected Rejected Rejected 
3.76  

4l 87.74 7 769.52 4.80 6 2 Rejected Accepted Accepted 
5.52  

ADME- 
T 

Absorption Distribution Metabolism Excretion Toxicity 

Caco2 
(10–6 cm/ 
s) 

HIA 
% 

CNS (log 
PS) 

BBB (log 
BB) 

CYP1A2 
inhibitor 

CYP2C19 
inhibitor 

CYP2D6 
substrate 

Renal OCT2 
substrate 

Total Clearance 
(mL/min/kg) 

AMES 
toxicity 

hERG I and II 
Toxicity 

4c 1.039 100 − 2.71 − 0.73 NO NO NO NO 0.50 NO NO 
4j 0.923 93.12 − 1.25 − 0.66 NO NO NO NO 0.21 NO NO 
4k 0.398 94.62 − 1.89 − 0.68 NO NO NO NO − 0.21 YES NO 
4l 0.862 92.71 − 1.34 − 0.72 NO NO NO NO 0.41 NO NO 

Caco-2: Colon adenocarcinoma, HIA: Human intestinal absorption, CNS: Central Nervous System permeability, BBB: Blood–Brain Barrier permeability. Caco-2: Colon 
adenocarcinoma, HIA: Human intestinal absorption, CNS: Central Nervous System permeability, BBB: Blood–Brain Barrier permeability, Renal OCT2 substrate: 
Organic cation transporter 2, hERG: Human Ether-à-go-go-Related Gene. TPSA: Topological Polar Surface Area, n-ROTB: Number Of Rotatable Bonds, MW: Molecular 
Weight, MLogP: logarithm of partition coefficient of compound between n-octanol and water, n-ON acceptors: Number of hydrogen bond acceptors, n-OHNH donors: 
Number of hydrogen bonds donors. 
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compounds examined were neither hERG I nor hERG II inhibitors 
(https://en.wikipedia.org/wiki/HERG). 

2.4.1.7. Prediction toxicity risk. OSIRIS Property Explorer [83] was 
employed to evaluate the toxicity risk of side effects, such as: mutagenic, 
tumorigenic, irritant, and reproductive effects, as well as drug-related 
properties such as solubility, drug likeness, and drug score. The results 
of toxicological pathways of the selected compounds 4c, 4k, 4j and 4l 
are listed in Table 4. 

According to Table 4, only compound 4c has a higher risk of 
reproductive effect. Additionally, compounds 4j and 4l present a mod
erate risk of reproductive effect, whereas compound 4k is deemed safe 
with no expected side effects. According to the results, compound 4k 
does not present any toxicity concerns. Furthermore, the highest drug 
score value indicates that compounds 4c and 4k demonstrate effec
tiveness and potential as new drug candidates. Interestingly, the drug- 
likeness values of compounds 4c, 4k, 4j and 4l were significant, 
showing the following values: 4.06, 4.07, 4.26 and 2.18, respectively. As 
shown in Table 4, all compounds display low mutagenic, tumorigenic, 
and irritation risks. However, in silico predictive analysis with OSIRIS 
Property Explorer showed that all compounds exhibit good solubility. 

3. Conclusions 

In conclusion, we have achieved a microwave-assisted one-pot syn
thesis of optically active structurally diverse tetracyclic 
dispirooxindolopyrrolidine-piperidones using enantiopure (E,E)− 3,5- 
bisarylidene-N-[(S)-(-)-methylbenzyl]− 4-piperidones, isatin and 
α-amino esters. Compared to traditional methods, microwave-assisted 
asymmetric synthesis produces higher yields (up to 97 %) and re
quires less time (10 min). Interestingly, N-heterocycles 4c, 4k, 4j and 4l 
displayed promising in vitro antimicrobial activity. 

Molecular docking methods confirmed that all compounds (4c, 4k, 
4j and 4l) have high affinity for the binding sites of bacterial and fungal 
targets, as explained by low score energy values and the formation of 
several types of bonds with the active site residues of selected targets. 
These results were compared with those of the standard drugs Ampicillin 
and Griseofulvin, as antibacterial and antifungal agents, respectively. 
Additionally, the ADMET evaluation and physic-chemical properties 
calculation, demonstrate that compound 4c respects all the Lipinski, 
Veber, and Egan rules, indicating its potential as a drug candidate. 

4. Materials and methods 

4.1. Apparatus and general information 

The NMR (300 MHz for 1H NMR, 75 MHz for 13C{1H}) spectra were 
recorded on Bruker Avance 300 machine (Rheinstetten, Germany). The 

chemical shifts δ were reported in ppm relative to tetramethylsilane 
(TMS). Data were described as follows: chemical shift (δ in ppm), mul
tiplicity (s = singlet, d = doublet, m = multiplet, t = triplet), coupling 
constants (Hz) and integration. Specific optical rotations were deter
mined by a Perkin Elmer polarimeter. Elemental analyses were per
formed on a Perkin Elmer 2400 Series II Elemental CHNS analyzer 
(Waltham, MA, USA). Thin-layer chromatography (TLC) was performed 
on silica gel plates (Merck, silica gel 60 F254 0.2 mm, 200_200 nm) 
(Darmstadt, Germany) using UV light at 254 nm. Microwave-assisted 
synthesis was carried out in a StartSynth multimode microwave in
strument producing controlled irradiation at 2.45 GHz (Milestone S.r.l., 
Sorisole, Italy). The instrument is equipped with an industrial magne
tron and a microwave diffuser located above the microwave chamber, 
with continuous microwave output power from 0 to 1400 W. Reaction 
times refer to hold times at the indicated temperatures, not to total 
irradiation times. 

4.2. General procedure for the preparation of cycloadducts 4 

A mixture of (E,E)− 3,5-bisarylidene-N-[(S)-(-)-methylbenzyl]− 4- 
piperidones 1a–f (1 mmol), isatin 2 (1 mmol), aminoester 3a-c (1 
mmol), and Et3N (1 mmol) was heated in methanol at 100 ◦C for 10 mn 
under microwave irradiation (350 W). After completion of the reaction 
(TLC monitoring), the solvent was removed under vacuum. The crude 
residue was recrystallized in ethanol to give the enantiopure spirox
indolopyrrolidines 4. 

4.3. Crystal structure determination 

Data collection was performed on a Bruker D8 Venture four-circle 
diffractometer from Bruker AXS GmbH (Billerica, Germany). CPAD de
tectors used were Photon II from Bruker AXS GmbH; X-ray sources: 
Microfocus source IμS; and microfocus source IμS Mo and Cu, respec
tively, from Incoatec GmbH with mirror opticsHELIOS and a single-hole 
collimator from Bruker AXS GmbH. Programs used for data collection 
were APEX4 Suite [84] (v2021.10–0) and integrated programs SAINT 
(V8.40A; integration) and SADABS (2018/7; absorption correction) 
from Bruker AXS GmbH [84]. The SHELX programs were used for 
further processing [85]. The solution of the crystal structure was done 
with the help of the program SHELXT [86], the structure refinement 
with SHELXL [87]. The processing and finalization of the crystal struc
ture data was done with program OLEX2 v1.5 [88]. All non-hydrogen 
atoms were refined anisotropically. For the hydrogen atoms, the stan
dard values of the SHELXL program were used with Uiso(H) = − 1.2 Ueq 
(C) for CH2 and CH and with Uiso(H) = − 1.5 Ueq(C) for CH3. All H 
atoms were refined freely using independent values for each Uiso(H). 

Crystal data for C39H37N3O4, M = 611.75 g•mol− 1, red-orange 
plates, crystal size 0.585 × 0.355 × 0.208 mm3, monoclinic, space 

Table 4 
Toxicity risks, solubility, drug-likeness, and drug score of compounds 4c, 4k, 4j and 4l.  

Entry Toxicity risksa Solubility Drug likeness Drug score 

Mutagenicity Tumorigenicity Irritancy Reproductive effect 

4c − 6.09 4.06 0.15 

4k − 6.31 4.07 0.15 

4j − 7.06 4.26 0.13 

4l − 7.72 2.18 0.12 

Key: : High Risk : Medium Risk, : Low Risk.  
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group P21, a = 12.7250(5) Å, b = 13.50414(6) Å, c = 19.8256(9) Å, α =
90◦, β = 96.963(2)◦, γ = 90◦; V = 3265.98(2) Å3, Z = 4, Dcalc = 1.244 g/ 
cm3, T = 100 K, 2Θ range for data collection = 4.49 to 158.878◦, R1 =
0.0308, wR2 = 0.0775 for 97,906 reflections with I ≥ 2σ (I) and 13,914 
independent reflections. GOF = 1.034. Largest diff. peak/hole/e Å− 3 
0.18/− 0.19. Flack parameter 0.02(4). Data were collected using 
graphite monochromated CuKα radiation λ = 1.54178 Å and have been 
deposited at the Cambridge Crystallographic Data Centre as CCDC 
2,308,899. The data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/ 
getstructures. 

4.4. Molecular docking 

4.4.1. Ligands and targets preparations 
The 3D structures of four most active compounds: 4c, 4k, 4j and 4l 

were pre-optimized by means of the Molecular Mechanics using Force 
Field MM+. After that, all compounds were further optimized using the 
semi-empirical method AM1 [89], which is implemented in the Hyper
chem 8.0.8 software [90]. 

The X-ray crystallographic structures of four different drug target 
proteins (Table S6) were downloaded from the RCSB Protein Databank 
(https://www.rcsb.org/), that is, multiple virulence factor regulator 
(MvfR) (PDB ID 4JVI) from P. aeruginosa [65], Topoisomerase IV (PDB 
ID 3FV5) from E. coli [91], RamR (PDB ID 6IE9) S. enterica [75], and 
heterologous protein expression (PDB ID 2RHL) from B. subtilis [92] 
were selected as antibacterial targets. Secreted aspartic protease (PDB ID 
3Q70) from C. albicans [93] was selected as the antifungal target. The 
docking methodology is reported in our pervious study [31]. 

4.4.2. Drug-likeness prediction and ADME-Tox 
TPSA, nROT, MW, LogP, Number of hydrogen bond acceptors (nHA) 

and Number of hydrogen bond donors (nHD) were calculated using the 
SwissADME server (http://www.swissadme.ch/, accessed on 20 
October 2023) [94] in order to verify the different rules namely: Lip
inski, Vaber, and Egan. In addition, we used pkCSM server 
(http://biosig.unimelb.edu.au/pkcsm/prediction, accessed on 20 
October 2023) [95] in order to predict: the Absorption (Caco-2: Colon 
adenocarcinoma, HIA: Human intestinal absorption), Distribution (CNS: 
Central Nervous System permeability, BBB: Blood–Brain Barrier 
permeability), Metabolism (CYP1A2 inhibitor, CYP2C19 inhibitor,and 
CYP2D6 substrate), Excretion (Renal OCT2 substrate, and Total Clear
ance) and Toxicity (AMES toxicity, and hERG I and II Toxicity). 
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