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Abstract 

Indirubin, a bis-indole alkaloid found in indigo-producing plants and Indigo Naturalis, exhibits a 

broad range of pharmacological activities and serves as a versatile scaffold for medicinal chemistry 

modification. In this study, 5-(2-oxoindolin-3-ylidene)imidazolidine-2,4-dione (4) was synthesized 

via Knoevenagel condensation of isatin and hydantoin under acetic acid reflux with sodium acetate 

catalysis, affording the product in 44% yield. The structure was confirmed by 1H-NMR, 13C-NMR, 

and high-resolution ESI-TOF mass spectrometry. Density functional theory (DFT) calculations at the 

B3LYP-D4/def2-SVP level revealed a HOMO–LUMO gap of 3.27 eV, indicating moderate electronic 

stability alongside appreciable electron-accepting character, further supported by the calculated global 

reactivity descriptors. Electron localization function (ELF) and localized orbital locator (LOL) 

analyses indicated coexisting localized heteroatom lone-pair density and delocalized π-electron 

character across the conjugated framework. Molecular docking against GSK-3β showed that 

compound 4 occupies the ATP-binding site and reproduces key hinge hydrogen-bond interactions 

through its indole moiety. This combined synthetic, electronic, and docking results identify compound 

4 as a promising indirubin-derived scaffold for further development as a GSK-3β inhibitor. 
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INTRODUCTION 

Indirubin (Figure 1) is a naturally occurring bis-indole alkaloid that has been identified primarily in 

indigo-producing plants, including Baphicacanthus cusia, Polygonum tinctorium, Isatis indigotica, 

Isatis tinctoria, Strobilanthes cusia, and Indigofera tinctoria [1–5]. Indirubin is also recognized as 

one of the bioactive constituents of Indigo Naturalis (Qingdai), a traditional blue-powdered Chinese 

medicinal preparation. Increasing pharmacological evidence has demonstrated that indirubin and its 

derivatives possess a broad spectrum of biological activities, including anticancer, anti-inflammatory, 

neuroprotective, anticonvulsant, and antimicrobial effects [6–9]. 
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Figure 1. Structure of indirubin. 

From a chemical and medicinal chemistry standpoint, the indirubin scaffold offers a versatile 

platform for molecular modification, since substitution on the indole rings can alter its 

physicochemical characteristics, electronic structure, and biological activity. The pioneering work of 

Hill and Henze demonstrated the synthesis of an indirubin analogue via Knoevenagel condensation of 

isatin with hydantoin, employing sodium acetate as a catalyst in acetic acid [10]. This approach was 

subsequently extended to related heterocyclic systems, with isatin undergoing condensation with 

thiohydantoin, rhodanine, and thiazolidine derivatives to afford structurally diverse indirubin 

analogues [6,11–15]. In view of the chemical and biological relevance of these compounds, the present 

study aims to synthesize indirubin derivatives and systematically examine their physicochemical, 

electronic, and molecular properties.  
 

EXPERIMENTAL SECTION  

Material and Instrumental 

All chemicals were acquired from commercial suppliers (Sigma Aldrich, TCI) and used 

without additional purification. All solvents were sourced from non-commercial sources and 

subsequently purified by distillation for further use. Thin-layer chromatography (TLC) was conducted 

on Merck TLC plates (0.23 mm thickness) and visualized using UV light. NMR measurements were 

performed using an Agilent Varian DD2 500 MHz spectrometer. Mass spectra (MS) were obtained 

using a Waters LCT Premier XE ESI-TOF-MS. 
 

Methods 

Synthesis of 5-(2-oxoindolin-3-ylidene)imidazolidine-2,4-dione (4). Isatin (2) 1.1 mmol, 

hydantoin (3) 1 mmol, and sodium acetate 1 mmol were dissolved in 1 mL of acetic acid under reflux 

condition for 16 hours. The reaction was monitored with thin layer chromatography (TLC). Upon 

completion, reaction was quenched using cold water and washed with ethanol. 100 mg of Brown solid 

product was obtained with yield of 44% 1H-NMR (500 MHz, DMSO-d6) δ 11.80 (s, 1H), 10.89 (s, 

1H), 10.44 (s, 1H), 8.49 (d, J = 7.7 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 7.00 (t, J = 7.7 Hz, 1H), 6.89 (d, 

J = 7.7 Hz, 1H). 13C-NMR (126 MHz, DMSO-d6) δ 169.59, 164.88, 154.11, 141.48, 134.26, 129.64, 

125.33, 121.54, 120.31, 109.87, 107.26, 39.52. HR-ESI-TOF-MS m/z: [M-H]- 228.0415 (calculated 

[M-H]- C11H6N3O3
- 228.0409). 

 
Figure 2. Synthesis route of 5-(2-oxoindolin-3-ylidene)imidazolidine-2,4-dione. 
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Frontier Molecular Orbital analysis. Density functional theory (DFT) calculations were performed 

using ORCA 6.1 to investigate the electronic properties of the synthesized compounds [16]. Prior to 

electronic structure calculations, the molecular geometries were fully optimized without any 

symmetry constraints at the B3LYP-D4/def2-svp theory level. The optimized geometries were 

subsequently used for FMO analysis without further structural modification [17]. Based on 

Koopman’s theorem, several global reactivity descriptors were calculated from the HOMO and 

LUMO energies. The ionization energy (IP) and electron affinity (EA) were estimated as 𝐼𝑃 ≈
−𝐸HOMO and 𝐸𝐴 ≈ −𝐸LUMO, respectively. The HOMO-LUMO energy gap (ΔE), chemical hardness 

(η), electronegativity (χ), chemical potential (μ), and electrophilicity index (ω) were subsequently 

calculated according to the following equations:   

𝛥𝐸 = 𝐸LUMO − 𝐸HOMO 

𝜂 =  
𝐼𝑃 − 𝐸𝐴

2
 

χ =  
𝐼𝑃 + 𝐸𝐴

2
 

μ =  
(𝐼𝑃 + 𝐸𝐴)

2
 

𝜔 =
𝜇2

2𝜂
 

These descriptors were employed to evaluate the electronic stability, electron donating and electron-

accepting capabilities, and the overall chemical reactivity of the investigated compounds. In addition, 

ELF and LOL were analyzed using Multiwfn 2026 [18]. 

 

Molecular docking. The crystal structure of GSK-3β in complex with a co-crystallized ligand was 

obtained from the Protein Data Bank (PDB ID: 1Q41) [19]. The protein structure was prepared prior 

to docking by removing non-essential residues and the co-crystallized ligand, followed by addition of 

hydrogen atoms and assignment of appropriate partial charges. The prepared receptor was 

subsequently converted to PDBQT format for docking calculations [20]. The synthesized compounds 

geometries were obtained from DFT calculation. Docking calculations were performed using 

AutoDock Vina 1.2.7 [21]. The binding site and the grid box were defined and cantered on the position 

of the co-crystallized ligand in the GSK-3β crystal structure. The resulting protein-ligand interactions 

were subsequently analyzed and visualized using ChimeraX and PoseEdit available through the 

ProteinPlus web server [22]. 
 

RESULTS AND DISCUSSION 

The synthesized compound 4 were characterized using 1H-NMR, 13C-NMR, and high-

resolution mass spectrometry.  In 1H-NMR spectrum (Figure 3), the amide protons appeared in the 

range of 10.44–11.80 ppm, with the N-3 proton exhibiting the greatest downfield shift. This 

pronounced deshielding is attributed to the formation of an intermolecular hydrogen bond between 

the N-3 proton and the carbonyl oxygen at C-2. The aromatic proton signals were observed over the 

range of 6.88–8.50 ppm. The doublet signals were assigned to H-4 and H-7, whereas the triplet signals 

corresponded to H-5 and H-6. In 13C-NMR spectrum, the vinylidene carbons (C=C) at C-3 and C-8 

resonated at 107.3 and 109.9 ppm, respectively. The observation of these characteristic signals 

supports the successful formation of compound 4. The carbonyl carbons appeared in the range of 

154.1–169.6 ppm, while the aromatic carbon resonances were distributed over the range of 120.3–

141.5 ppm. In addition, HR-MS spectrum revealed that the mass of 4 is found at 228.0415 (Figure 4 

and Figure 5). 
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Figure 3. 1H-NMR (500 MHz) of compound 4 in DMSO-d6 (s = singlet, d = doublet, t = triplet). 

 
Figure 4. 13C-NMR (125 MHz) of compound 4 in DMSO-d6. 
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Figure 5. HR-TOF-MS of compound 4. 

The calculated frontier molecular orbital energies of compound 4 revealed a HOMO energy of −6.07 

eV and a LUMO energy of −2.80 eV, resulting in a HOMO–LUMO energy gap of 3.27 eV (Figure 

6). The moderate energy gap indicates a balance between electronic stability and chemical reactivity, 

while the relatively low LUMO energy suggests an appreciable electron-accepting capability of the 

molecule. Based on the frontier orbital energies, the ionization potential and electron affinity were 

estimated to be 6.07 and 2.80 eV, respectively. The calculated chemical hardness (η = 1.64 eV) and 

electronegativity (χ = 4.44 eV) indicate moderate resistance to electronic redistribution and a relatively 

strong tendency to attract electron density. The negative chemical potential (μ = −4.44 eV) is 

consistent with the electronic stability of compound 4. Furthermore, the electrophilicity index (ω = 

6.02 eV) indicates a pronounced tendency of compound 4 to accept electron density (Table 1). The 

HOMO is predominantly distributed over the π-conjugated framework, whereas the LUMO shows 

substantial contribution from the conjugated carbonyl-containing region. The spatial redistribution of 

electron density between these frontier orbitals further reflects the polarized electronic character of 

the isatin–hydantoin scaffold.  
 

Table 1. Global reactivity descriptors of compound 4. 

Parameter (eV) Compound 4 

HOMO -6.07 

LUMO -2.80 

IP 6.07 

EA 2.80 

HLG 3.27 

η 1.64 

χ  4.44 

μ  -4.44 

ω  6.02 
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Figure 6. HOMO-LUMO visualization of compound 4. 

The electron localization function (ELF) and localized orbital locator (LOL) maps of compound 4 

provide further insight into its electron-density distribution (Figure 7). The ELF map exhibits 

pronounced localization around the heteroatom centers, particularly the oxygen atoms, which can be 

attributed mainly to localized lone-pair electrons. High ELF values are also observed within the 

bonding regions, reflecting the covalent character of the molecular framework. In addition, the 

distribution of electron localization across the conjugated carbon framework indicates that the electron 

density is not restricted to individual bonds but is partially delocalized throughout the π-conjugated 

system. The LOL map shows a similar overall pattern, with enhanced orbital localization around 

heteroatoms and along the principal covalent bonds. The continuous localization features across the 

conjugated framework are consistent with π-electron delocalization between the aromatic and 

heterocyclic portions of compound 4. Overall, the ELF and LOL analyses indicate the coexistence of 

localized lone-pair and bonding electron density with delocalized π-electron character, supporting the 

electronically conjugated nature of the isatin–hydantoin scaffold. 

 
Figure 7. ELF and LOL visualization of compound 4 in 2D. 

In the 1Q41 crystal structure, the ATP-binding site of GSK-3β is occupied by the co-crystallized 

ligand indirubin-3-monooxime. Therefore, the docking grid was centered on the position of the native 

ligand. Redocking of the co-crystallized ligand yielded an RMSD of approximately 0.4 Å, indicating 

only a minor deviation between the predicted and experimentally determined binding poses. As shown 

in Figure 8A, the native ligand establishes hydrogen-bond interactions with the hinge residues Val135 

and Asp133. Similar hinge-binding interactions are also observed for the adenine moiety of the non-

hydrolyzable ATP analogue adenyl imidodiphosphate (AMP-PNP) and for staurosporine, a potent 

GSK-3β inhibitor [19]. These conserved interactions highlight the importance of the hinge region in 
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the design of GSK-3β inhibitors. Compound 4 likewise forms hydrogen-bond interactions with 

Asp133 and Val135, mediated by its indole moiety. In contrast, the smaller hydantoin moiety of 

compound 4 provides weaker hydrophobic interactions with Thr138 compared with the native ligand 

(Figure 8B). The potential contribution of this difference in binding interactions to the inhibitory 

activity of compound 4 against GSK-3β remains to be evaluated experimentally.   

 
Figure 8. Two-dimensional interactions of indirubin-3-monooxime (A) and compound 4 (B). 

 

CONCLUSION 

Compound 4 was successfully synthesized via Knoevenagel condensation and fully 

characterized by NMR and HRMS. DFT analysis revealed a moderate HOMO–LUMO gap, and 

pronounced electrophilic character, while ELF and LOL maps supported a conjugated electronic 

structure with localized heteroatom contributions. Molecular docking indicated that compound 4 binds 

within the GSK-3β ATP site and reproduces key hinge interactions with Asp133 and Val135 through 

its indole moiety, although its hydantoin portion provides weaker hydrophobic contacts than the native 

ligand. Therefore, 5-(2-oxoindolin-3-ylidene)imidazolidine-2,4-dione (4) represents a viable lead 

scaffold for GSK-3β inhibition. Further synthetic derivatization and in vitro enzymatic assays are 

warranted to confirm its biological potential. 
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