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Abstract: A more efficient and environmentally friendly approach has been developed for synthesizing α-

aminophosphonates through the Kabachnik-Fields (K-F), catalyzed by nano-ZnO in a solvent-free environment, 

utilizing microwave irradiation. Before synthesis, each compound underwent in silico ADMET analysis and 

molecular docking to assess drug-like characteristics and their potential to inhibit α-amylase. The structure of the 

newly synthesized compounds was validated using spectroscopic analysis, and their in vitro inhibitory 

effects on α-amylase and α-glucosidase were assessed. Among the compounds 8g (IC50, 99.2±0.5 μg/mL), 

8i (IC50, 101.2±0.3 μg/mL), 8e (IC50, 102.1±0.4 μg/mL) and 8j (IC50, 103.4±0.4 μg/mL) containing 

anthracen-9-ylamino, phenanthren-9-ylamino, 2-oxo-2H-chromen-6-yl)amino and 2-

benzoylphenyl)amino moieties respectively, exhibited the highest inhibitory activity on α-amylase, 

superior to the reference compound acarbose (IC50, 104.5±0.1 μg/mL). The remaining compounds 

demonstrated moderate to good enzyme inhibition. 8c bearing with 4-fluorophenyl substituent (IC50, 

88.4±0.7 μg/mL), 8e (IC50, 90.0±0.4 μg/mL) bearing with 2-oxo-2H-chromen-6-yl substituent and 8d 

(IC50, 91.1±0.9 μg/mL) bearing with 2-methylbenzo[d]oxazol-5-yl moiety have shown the highest 

inhibitory activity on α-glucosidase than the reference drug, Acarbose ((IC50, 93.1±0.8 μg/mL). The 

remaining compounds exhibited moderate to good inhibition on the enzyme with IC50 ranging 94.5±0.9 

to 141.4±0.7 μg/mL. 
 

Keywords: Kabachnik-Fields (K-F) reaction; nano-ZnO; microwave irradiation; molecular docking; α-amylase; α-
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1. Introduction 

Diabetes is a chronic condition that occurs when there is insufficient insulin production by the 

pancreas or when the body fails to utilize the produced insulin effectively. One approach to managing 

early-stage diabetes involves reducing postprandial hyperglycemia. The metabolism of carbohydrates 

depends on the enzymes α-amylase and α-glucosidase. While α-glucosidase transforms these 

oligosaccharides into absorbable monosaccharides like glucose, α-amylase breaks down starch into 

smaller oligosaccharides. By slowing down the breakdown of carbohydrates, these enzymes reduce 

postprandial hyperglycemia by releasing glucose into the bloodstream gradually and under control. This 

is attained by inhibiting the activity of carbohydrate-hydrolyzing enzymes like α-amylase and α-

glucosidase within the digestive system.[1-3] Especially, drugs that block α-glucosidase and pancreatic α-

amylase are used to treat type-2 diabetes (T2D). Examples of these drugs are Acarbose and Miglitol. It's 

crucial to remember that these medications might cause lactic acidosis, liver problems, hypoglycemia, 

and gastrointestinal issues at larger dosages. As a result, the demand for novel anti-diabetic medications 

with improved safety profiles is rising.  

Nowadays, drug discovery relies heavily on in silico studies in addition to experimental methods. 

These computational tools make it possible to estimate binding affinities, identify chemical interactions, 

and examine relationships between structure and activity. The rational design and optimization of 

treatment options is made possible by the information provided by molecular docking and simulation 

studies regarding the binding mechanisms of potential inhibitors to target enzymes. Furthermore, by 

guiding synthetic efforts, identifying promising candidates for biological examination, and saving time 

and resources, in silico approaches improve experimental research.4 

Organophosphorus compounds diverse variety of chemical, biological, and physical properties5-8 

have made them extremely important in synthetic organic chemistry, agriculture, industry, and medicine. 

Of particular interest are α-aminophosphonates (α-Aps), a useful class of bioactive compounds that 

resemble active peptide transition states and have properties similar to those of natural amino acids.9 α-

Aps possess broad range of applications in the field of industry10, biology11, and medicine.12,13 They are 

useful compounds as anti-cancer agents14, antitumor reagents15,16, anti-inflammatory17,18, antibiotics19,20, 

herbicides21, fungicides22, bactericides23, enzyme inhibitors24, plant growth regulators25, anti-oxidants26, 

protease inhibitors27, metal corrosion preventor28, antiviral agents29, and anti-diabetic agents.30,31 A 

number of α-Aps with heterocyclic moieties have been synthesized recently and have shown significant 

biological activity.32-35 It has been discovered that adding heterocyclic structures to α-Aps greatly 

increases their bioactivity. The Kabachnik-Fields (K-F) reaction, which entails the nucleophilic addition 

of phosphites to imines, has been found to be a very effective way among the other synthetic techniques 

created for generating α-Aps.36 

Metal oxide nanoparticles have received a lot of interest as catalysts because of their high catalytic 

activity, environmental friendliness, ease of use, non-toxicity, and recyclability.37 Zinc oxide (ZnO) is one 

of the most explored materials in this category. Recent literature highlights the growing interest in nano-

ZnO as a heterogeneous catalyst, owing to its cost-effectiveness, low toxicity, large surface area, and 

environmental benefits.38 Several studies have revealed that its ecologically benign features make it a 

promising catalyst for diverse organic reactions.39-43 Moreover, the adoption of solvent-free and 

environmentally benign reaction conditions aligns with the principles of green chemistry, making this 

approach more sustainable compared to traditional methods. Numerous studies have underscored the 

efficacy of nano-ZnO as a catalyst across different synthetic pathways for phosphonate synthesis.44-47 

The use of microwave (MW) irradiation offers a novel way to energize reaction combinations. 

This method involves directly transferring energy to substrate molecules, which results in an enhanced 

reaction rate due to rapid kinetic excitation of molecules, pure product formation, higher yields, 

operational simplicity, and the potential for effective synthesis of heterocyclic bioactive compounds.48,49 

In disciplines including medicine, drug development, agrochemicals, dyes, photochemistry, and 

combinatorial chemistry, heterocyclic ring-containing compounds have attracted a lot of interest. 50,51 

Recent studies have demonstrated that organophosphorus compounds modified with heterocyclic groups 

can function as strong α-amylase and α-glucosidase inhibitors, giving them intriguing options for the 

treatment of diabetes.52-55 Patients with type 2 diabetes mellitus (T2DM) are frequently treated for a 

variety of diabetic problems using thiazolidinediones (TZDs), a class of heterocyclic chemicals having a 
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wide range of biological properties.56-62 Our most recent investigation demonstrated that TZD-containing 

organophosphorus compounds may be useful α-amylase and α-glucosidase inhibitors for the treatment of 

diabetes. 63-71 

This study aims to develop a new MW-assisted synthesis method for α-aminophosphonates72-75 

utilizing a nano ZnO catalyst and evaluate its inhibitory effect on α-amylase. The study will also conduct 

in vitro studies to explore the synthesized compounds' potential anti-diabetic properties. Molecular 

docking research will study how these medicines attach to the active sites of α-amylase and α-glucosidase, 

providing insight into their inhibitory actions. This study aims to develop safer and more effective 

medicinal compounds for diabetes treatment by combining in silico analysis, synthetic chemistry, and 

biological evaluation. 

 

2. Experimental  

 
2.1. Procedures 

2.1.1. Preparation of 2,4-thiazolidinedione (2)76 

 

             In a reaction vessel, a solution of chloroacetic acid (4.73 g, 0.05 mol) (2) in 20 mL of water was 

mixed with a solution of thiourea (3.81 g, 0.05 mol) (1) in 20 mL of water (please write the temperature). 

After 15 minutes of stirring, a white precipitate formed as the mixture cooled. A dropping funnel was then 

used to progressively add 5 mL of concentrated hydrochloric acid, and the reaction was refluxed for 10 

to 15 hours at about 105 °C. White crystals in the shape of needles developed after cooling. After being 

washed with water and dried, any remaining hydrochloric acid was eliminated. Recrystallization from 

ethyl alcohol produced the pure product, 2,4-thiazolidinedione (3), which has a melting point between 

122 and 124 °C. 

 

2.1.2. Synthesis of (E)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzaldehyde (5)77 

 

 Terephthalaldehyde (4.9 mL, 0.05 mol) (4) and 2,4-thiazolidinedione (5.85 g, 0.05 mol) (3) were 

mixed in 20 mL of toluene with piperidine as a catalytic agent. The reaction was refluxed at 110°C for 

about 4.5 hours and then allowed to cool to room temperature. The reaction's progress was monitored 

using thin-layer chromatography (TLC) with an eluent system of ethyl acetate and n-hexane in a 4:6 ratio. 

Once the reaction was completed, as checked by TLC, the reaction mixture was filtered, precipitate was 

washed to get (E)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzaldehyde (5). Solid; yield, 90%; 

melting point: 228-230 °C 

 

δH (DMSO-d6): 11.25 (s, 1H, Imide-H), 10.24 (s, 1H, -C(O)-H), 7.92 (d, 2H, J=7.6 Hz, Ar-H),7.65 (s, 1H, 

=C-H), 7.48 (d, 2H, J=7.6 Hz, Ar-H); δC (DMSO-d6): 135.4 (C-1), 128.3 (C-2 & C-6), 143.4 (C-4), 129.1 

(C-3 & C-5), 144.8 (C-7), 116.4 (C-8), 168.4 (C-9), 167.4 (C-10), 189.1 (C-11). 

 

2.1.3. Synthesis of New Phosphonates, 8a-j Using Conventional Method 

 

In a round-bottomed flask, to the mixture of (E)-4-((2,4-dioxothiazolidin-5-

ylidene)methyl)benzaldehyde (0.14g, 0.05 mol) (5) and aniline (6a) (4.57 mL, 0.05 mol) in THF (20 mL); 

diethyl phosphite (7) (6.4 mL, 0.05 mol) was added drop wise with thorough stirring for 5 minutes at 

room temperature. The commercially available nano-ZnO (nanopowder, <100 nm particle size) (10 

mol%) was added to this mixture, which was then heated to 70 °C and stirred  for 3 h. TLC was used to 

monitor the reaction's progress using ethyl acetate: n-hexane (2:3). The reaction mixture was cooled to 

room temperature after the reaction was completed. DCM (15 mL) was added to the reaction content and 

stirred for 10 min. The catalyst, nano-ZnO was removed by filtering as residue, cleaned with DCM (2 x 

10mL), and dried under vacuum at 100 °C for use in subsequent investigations. To get the crude product, 

the organic layer was washed with 15 mL of water, dried over anhydrous Na2SO4, and concentrated under 

vacuum at 50 °C. By utilizing column chromatography and ethyl acetate: n-hexane (3:7) as the eluent, the 
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pure (E)-diethyl ((4-((2,4-dioxothiazolidin-5-ylidene)methyl)phenyl)(phenylamino)methyl)phosphonate 

(8a) was prepared. The remaining compounds 8b-j were prepared using the same method. 

 

2.1.4. Synthesis of Phosphonates (8a-j) Using Microwave Irradiation Method 

 

A flat-bottomed flask was filled with a solution of (E)-4-((2,4-dioxothiazolidin-5-ylidene) 

methyl) benzaldehyde (0.14 g, 0.05 mol) (5), aniline (6a) (4.57 mL, 0.05 mol), and diethyl phosphite (7) 

(6.4 mL, 0.05 mol). Nano-ZnO (5 mol%) was then added, and the reaction mixture was microwave 

irradiated at 400W with a Catalyst microwave reactor-SSMW1 for 10 minutes at room temperature in 

solvent-free conditions. The reaction was tracked using thin-layer chromatography (TLC) with an eluent 

system of ethyl acetate and n-hexane (2:3). TLC revealed that the reaction was complete, therefore the 

liquid was allowed to cool to room temperature. To the reaction mixture, add 15 mL of dichloromethane 

(DCM) and stir for 10 minutes. The nano-ZnO catalyst was filtered, washed with DCM (2 × 10 mL), and 

dried under vacuum at 100 °C before reuse. The organic layer was washed with 15 mL of water, dried 

over anhydrous Na₂SO₄, and concentrated under vacuum at 50 °C to provide the crude product. 

Purification was carried out using column chromatography with ethyl acetate and n-hexane (3:7) as the 

eluent, producing pure (E)-diethyl phosphonate (8a). The remaining compounds (8b-j) were synthesized 

following the same approach. 

 

2.2. Characterization of Title Compound 8a-j 

General structure of compound 8a-j 

 
(E)-diethyl ((4-((2,4-dioxothiazolidin-5-ylidene)methyl)phenyl)(phenylamino)methyl)phosphonate (8a): 

solid. M.P. 151-157 °C. Yield: 96%. δH (DMSO-d6): 11.60 (s, 1H, Imide-H), 7.65 (s, 1H, =C-H), 7.61 (d, 

J=7.2 Hz, 2H, Ar-H), 7.38 (t, J=7.6 Hz, 2H, Ar-H), 7.26 (d, J=7.2 Hz, 2H, Ar-H), 7.03 (d, J=6.8 Hz, 2H, 

Ar-H), 6.86 (t, J=7.2 Hz, 1H, Ar-H), 5.25 (s, 1H, -NH), 4.78 (d, J= 20.0 Hz, 1H, P-CH), 4.25 (m, 2H, -

O-CH2CH3), 4.07 (m, 1H, -O-CH2CH3), 3.91 (m, 1H, -O-CH2CH3), 1.23 (t, J= 6.8 Hz, 3H, -O-CH2CH3), 

1.12 (t, J= 6.8 Hz, 3H, -O-CH2CH3); δC (DMSO-d6): 168.73 (C-9), 167.05 (C-10), 148.47 (C-1'), 144.35 

(C-7), 136.75 (C-1), 135.17 (C-4), 131.25 (C-3', C-5'), 128.94 (C-3, C-5), 127.54 (C-2, C-6), 121.62 (C-

4'), 115.41 (C-8), 114.24 (C-2', C-6'), 67.51 (d, J = 100.6 Hz, C-11), 63.11 (d, J = 5.7 Hz, C-12), 62.31 (d, 

J =  5.0 Hz, C-13), 13.64 (d, J = 5.0 Hz, C-14), 12.65 (d, J = 10.5 Hz, C-15); δP (DMSO-d6): 15.1 ppm; 

IR (KBr) (νmax cm-1): 3330, 3125 (NH), 1733 (C=O), 1206 (P=O), 1017 (P-O-Calip); LCMS (m/z, %): 447 

(M+H+, 100); Anal. Calcd. for C21H23N2O5PS; calcd: C, 56.49; H, 5.19; N, 6.27%; found: C, 56.60; H, 

5.10; N, 6.36%.  

 

2.3. In silico ADME Analysis 

  

All of the proposed compounds' physicochemical properties, lipophilicity, water solubility, 

pharmacokinetics/ADME, drug-likeness, and medicinal chemistry characteristics were predicted 

computationally using the Swiss ADME tool developed by the Swiss Institute of Bioinformatics 

(http://www.sib.swiss). 
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2.4. In silico Molecular Docking Studies  

 

Using in silico molecular docking, the binding mechanism of 8a-j with the targeted enzyme, 

pancreatic α-amylase (PDB ID: 3IJ8) and α-glucosidase (PDB ID: 3WY1) was examined. The crystal 

structure of the enzymes was obtained using the RCSB, Protein Data Bank (PDB ID: 3IJ8 and PDB ID: 

3WY1). To improve efficiency, water molecules, heteroatoms, and co-factors were eliminated from the 

structure. Charges, hydrogen bonds, and missing atoms were added. To execute molecular docking, the 

1-Click docking online server program (https://mcule.com) was used with the default binding site centres 

X: 7.2178, Y: 16.2957, and Z: 42.1167 and X: -10.6207, Y: -15.320, and Z: 17.3104 respectivrely for 

docking studies on α-amylase and α-glucosidase enzymes. The discovery studio visualizer V16.1.0.15350 

was used to explore the process of docking ligands with proteins and their interactions.  

 

2.5. α-Amylase Inhibitory Activity 

 

The novel synthesised compounds' α-amylase inhibitory activity was tested using established 

methods with minor modifications. (For a complete procedure, see Supplemental Materials.) The half-

maximal inhibitory concentration (IC50) is an excellent indicator of a drug's efficacy. It is a measure of 

antagonist drug potency in pharmacological research because it shows the amount of drug required to 

block a biological process by half. The IC50 values in this investigation were derived by graphing 

concentration (X-axis) versus percent inhibitory action (Y-axis). Using the linear (y=mx+c) equation on 

this graph for y=50, the value of the x point is transformed into the IC50 value. A one-way ANOVA test 

was performed to assess the overall significance of differences among the compounds, followed by 

Tukey’s HSD post hoc test for pairwise comparisons. 

 

3. Results and Discussion  

3.1. Chemistry 

In this study, we created several novel phosphonates (8a-j) with α-amylase inhibitory action that 

was anticipated by in silico molecular docking studies and ADMET analysis. The compounds with a high 

docking score were subsequently synthesized with high yields (93-97%) utilising MW irradiation in a 

solvent-free nano-ZnO catalyzed method. Scheme 1 depicts the synthesis approach for phosphonates (8a-

j). The detailed mechanism for the synthesis was made available in the supplemental materials as Figure 

S1. 
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Scheme 1. MW facilitated synthesis of phosphonates 8a-j catalyzed by nano-ZnO 

 

         Table 1. Preparation of compound 8a under various conditionsa 

Entry Catalyst (mol%) Solvent Temp. 

(°C) 

Time Yieldb (%) 

1 ----- THF r.t. 24 h 42 

2 Et3N (1.2 eq.) THF r.t. 12 h 50 

3 FeCl3 (5) THF r.t. 12 h 69 

4 AlCl3 (5) THF r.t. 12 h 72 

5 LaCl3 (5) THF r.t. 12 h 74 

6 MnO2 (5) THF r.t. 12 h 70 

7 CuCl2 (5) THF r.t. 12 h 72 

8 NiBr2 (5) THF r.t. 12 h 77 

9 TiO2 (5) THF r.t. 12 h 76 

10 ZnCl2 (5) THF r.t. 8 h 78 

11 ZnBr2 (5) THF r.t. 8 h 79 

12 ZnO (5) THF r.t. 6 h 80 

13 Nano-ZnO (5) THF r.t. 2 h 88 

14 Nano-ZnO (5) DMF r.t. 2 h 86 

15 Nano-ZnO (5) 1,4-dioxane r.t. 2 h 87 

16 Nano-ZnO (5) methanol r.t. 2 h 87 

17 Nano-ZnO (5) DCM r.t. 2 h 88 

18 Nano-ZnO (5) Toluene 45 2 h 86 

19 Nano-ZnO (5) Solvent-free Room temp. 2 h 92 

20 Nano-ZnO (5) Solvent-free, MWI Room temp. 9 minutes 96 
aReaction between (E)-4-((2,4-dioxothiazolidin-5-ylidene) methyl) benzaldehyde (5), aniline (6a) and diethyl 

phosphite (7) was selected as model to optimize conditions of reaction 
bIsolated yield 

Initially, a model reaction using benzaldehyde 5 (0.14g, 0.05 mol), aniline (6a) (4.57 mL, 0.05 

mol) and diethyl phosphite (7) (6.4 mL, 0.05 mol) was performed. At the start of the study, the reaction 



 

Synthesis of α-aminophosphonates 

 

 

66 

was carried out at reflux temperature (r.t.) using tetrahydrofuran (THF) as the solvent and no catalyst. 

After 24 hours, the product, (E)-diethyl ((4-((2,4-dioxothiazolidin-5-ylidene) methyl) phenyl) 

(phenylamino)methyl) phosphonate (8a), was obtained with a low yield (42%) (Table 1, entry 1). The 

reaction was then carried out in presence of triethylamine (1.2 equivalents). We obtained a yield of 50% 

(Table 1, entry 2). The reaction was then carried out with the aid of a catalyst. In search of an efficient 

catalyst, the model reaction was carried out utilizing catalysts (5 mol%) such as FeCl3, AlCl3, LaCl3, 

MnO2, CuCl2, NiBr2, TiO2, ZnCl2, ZnBr2 and ZnO (Entries 3-12 in Table 1). The yield of product 8a 

increased from 69-80% after 6-12 hours, indicating that the catalyst plays an essential role in this process.  
 

 
 

Scheme 2. Synthesis of compound 8a 

 

Based on a recent survey of the literature, nano-ZnO, as a heterogeneous catalyst, has garnered 

significant interest owing to its affordability, lack of toxicity, and positive ecological impact.78 Given its 

numerous benefits, researchers have explored its potential as a potent catalyst for a wide range of organic 

reactions.79 As a result, the compound 8a was synthesized in the model reaction utilizing nano-ZnO (5 

mol%). When THF was used as the solvent, a good yield (88%) of compound 8a (Table 1, entry 13) was 

obtained in 2 hours. To examine the effect of solvent on the process, various solvents such as DMF, 1,4-

dioxane, methanol, Dichloromethane (DCM), and Toluene were utilized. In this study, there was no 

discernible yield of the products (86-88%) (Table 1, entries 14-18). We then tried this procedure without 

a solvent. In this scenario, a high product yield (92%) was achieved in 1 hour (Table 1, entry 19). To 

optimize the reaction conditions and decrease the reaction time, the reaction mixture was MW irradiated 

without solvent utilizing nano-ZnO (5 mol%) as a catalyst to increase the yield and reaction conditions. 

We were able to obtain a greater yield (96%) of 8a in this condition in just 9 minutes (Table 1, entry 20).  

 

Table 2. The consequence of the amount of the catalyst, Nano-ZnO to promote the K-F reactiona 

Entry Amount of Catalyst (mol%) Time (min) Yieldb (%) 

1 1 9 86 

2 2.5 9 93 

3 5 9 94 

4 7.5 9 96 

5 10 9 96 

 

aReaction between (E)-4-((2,4-dioxothiazolidin-5-ylidene) methyl) benzaldehyde (5), aniline (6a) and diethyl 

phosphite (7) was selected as model to optimize conditions of reaction  
bIsolated yield 

 

By changing the catalyst concentration from 1 to 10 mol% under microwave (MW) irradiation 

and solvent-free conditions, the impact of catalyst (Nano-ZnO) loading on the Kabachnik–Fields (K-F) 

reaction was methodically investigated (Table 2, Entry 1–5). According to the study, a catalyst loading of 

1 mol% (Entry 1) produced a reasonable yield of 86%, however an increase to 2.5 mol% (Entry 2) greatly 

increased the yield to 93%.  It was found that 5 mol% of catalyst produced 94% of the desired result 
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(Entry 3).  A slightly greater yield of 96% was obtained by increasing the catalyst loading to 7.5 mol% 

(Entry 4). This yield did not change at 10 mol% (Entry 5), suggesting that more catalyst did not improve 

the reaction efficiency. These results led to the selection of 7.5 mol% of Nano-ZnO for additional research, 

ensuring a high yield while preserving catalytic efficiency. 

In the model reaction, the reusability of Nano-ZnO (7.5 mol%) was assessed over six successive 

cycles with the same reaction conditions (Table 3, Entry 1–6).  Following each reaction, the product was 

separated, and the leftover catalyst was washed with chloroform to get rid of any residues that had been 

adsorbed on the surface before being used again. The catalyst's initial activity was high, resulting in a 

95% yield in the first run (Entry 1).  The yield steadily declined in the next cycles, reaching 93%, 91%, 

and 88% in the second, third, and fourth runs, respectively (Entries 2-4).  The yield decreased more 

sharply to 82% and 81% in the fifth and sixth cycles (Entries 5-6), indicating a gradual reduction in 

catalytic efficiency brought on by possible active site leaching, aggregation, or deactivation. These 

findings show that Nano-ZnO is a sustainable and promising heterogeneous catalyst for phosphonate 

synthesis in environmentally friendly and solvent-free circumstances due to its effective catalytic activity 

and strong reusability. 

 

Table 3. Nano-ZnO (7.5 mol%) catalyst reusability for the synthesis of compound 8aa 

Entry Nano-ZnO (7.5 mol%) Time (min.) Yieldb (%) 

1 1st run 9 95 

2 2nd run 9 93 

3 3rd run 9 91 

4 4th run 9 88 

5 5th run 9 82 

6 6th run 9 81 
aReaction between (E)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzaldehyde (5), aniline (6a) and diethyl 

phosphite (7) was selected as model to optimize reaction conditions 
bIsolated yield 

 

3.2. General Discussion of Spectral Data for Compounds 8a-j 

NMR (1H, 13C, 31P), mass, IR spectroscopy, and elemental investigations, were employed to better 

understand the structures of the newly synthesized compounds 8a-j. All compounds have a single 

phosphorus resonance in 31P NMR spectra, with a δ 22.7-15.1 ppm range that is consistent with 

phosphonate esters.80-82 Small upfield or downfield shifts are caused by substituents on the aromatic ring. 

Compounds 8a-j's proton NMR spectra show multiplets of aromatic protons in the range δ 8.84-6.63 ppm, 

which are caused by different substituents. A singlet of the imide (-NH) proton at δ 11.67-11.65 ppm 

confirms the presence of the thiazolidinone moiety. The vinylic (-CH=) proton is found in the δ 7.68-7.65 

ppm range as a singlet. Depending on the coupling, aliphatic protons from ethoxy groups usually appear 

as triplets or quartets and resonate between δ 4.30-1.12 ppm. The detection of signals in the δ 168.73-

167.05 ppm range, which correspond to carbonyl (C=O) carbons, validates the thiazolidinone moiety's 

functioning. In accordance with the anticipated shifts for benzyl and isoxazole rings, the aromatic carbons 

resonate between δ 153.35 and 103.66 ppm, depending on the type of substituents on the aromatic ring. 

The presence of the conjugated benzylidene (-CH=) carbon at δ 144.35 ppm indicates that it is electron-

deficient. The presence of the phosphonate moiety is confirmed by the phosphonate (-P-CH) carbon, 

which is detected at the δ 67.45 ppm area and shows a strong coupling (J = 101.5 Hz) with phosphorus. 

The aliphatic carbons of the ethoxy (-OCH₂CH₃) groups resonate between δ 63.12-12.65 ppm, depending 

on how close they are to the phosphorus atom. The effective synthesis of the phosphonate derivatives is 

confirmed by these chemical shift assignments; some variations among related compounds are anticipated 

as a result of electronic influences and substituent effects. The IR spectra of infrared spectroscopy (IR) 

show distinctive stretching bands for important functional groups.  
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Table 4. *MW mediated nano-ZnO catalyzed synthesis of phosphonates (8a-j)a 

Compoud Structure Time 

(min) 

Yieldb 

(%) 

Compd Compd  

 

Time 

(min) 

Yieldb 

(%) 

8a 

 

10 96 8f 

 

18 96 

8b 

 

12 95 8g 

 

12 97 

8c 

 

12 93 8h 

 

15 93 

8d 

 

10 95 8i 

 

18 95 

8e 

 

10 94 8j 

 

15 97 

aReaction between (E)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzaldehyde (5), aniline (6a-j) and diethyl 

phosphite (7) was selected as model to optimize reaction conditions. *MW irradiated with 400W using Catalyst 

microwave reactor-SSMW1 (Frequency: 2.45 GHz ) for 10 minutes at ambient temperature 
bIsolated yield 
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The presence of the amide group is confirmed by the N-H stretch at 3310-3120 cm⁻¹. The carbonyl 

groups are indicated by the C=O stretch about 1747-1721 cm⁻¹. The phosphonate ester group is validated 

by the P=O stretch at 1223-1210 cm⁻¹. The structures of the compounds are confirmed by the molecular 

ion peaks ([M+H]+) in mass spectrometry (LCMS), which match the estimated molecular weights of the 

compounds. 

The Supplementary Materials encompassed standard spectra (1H, 31P, 13C NMR, IR, Mass spectra 

and CHN analysis) for compounds 8a as representative of compounds 8a-j.  
 

3.3. Pharmacology 

3.3.1. ADME Analysis in Silico, 

 

In Silico ADME analysis, utilizing computational models, predicts drug candidates' 

pharmacokinetic properties, offering multiple advantages in drug discovery. It enables early screening of 

compound libraries, aiding in the identification of promising candidates and reducing the need for 

laborious experimental assays.83 Additionally, it accurately forecasts oral bioavailability by assessing 

solubility, permeability, and metabolic stability, crucial for optimizing drug absorption.84 Moreover, it 

models tissue distribution, providing insights into drug spatial distribution and aiding in designing 

compounds with enhanced efficacy.85 Overall, in silico ADME analysis streamlines decision-making, cuts 

development costs, and enhances the likelihood of success in clinical trials. 

The ADME bounds of the proposed molecules were verified using SwissADME, which might be 

downloaded from the website http://www.swissadme.ch. The estimate was based on the physicochemical 

and structural advantages of the moieties. Table S1 shows the physicochemical properties of the molecules 

8a-j (See Supplemental materials for details). All evaluated compounds 8a-j, as well as acarbose as a 

reference drug, do not violate the Lipinski rule because their values are within the normal range, and these 

metrics demonstrated a reasonable bioavailability score when compared to acarbose, as well as 

respectable agreement with all appropriate criteria for molecules 8a-j. Table S2 inclines the ADME 

parameters for the newly mass-produced compounds (See Supplemental materials for details). All the 

molecules were shown to have a low gastrointestinal absorption (GI). The BOILED-Egg model's results 

indicate evaluations for both human stomach absorption and passive blood-brain barrier (BBB) 

permeability (HIA).86 Figures S7 and S8 display the boiled egg representation, along with bio radar 

images of molecules 8a-j (See Supplemental materials for details). No molecules are projected to undergo 

passive absorption within the gastrointestinal tract and passively traverse the BBB. Assessing the 

propensity of compounds to act as substrates or non-substrates for the permeability glycoprotein (PGP), 

particularly in scenarios involving movement from the gastrointestinal wall to the lumen, aids in the 

evaluation of active efflux across biological membranes.87 Importantly, all screened molecules except 8b, 

are predicted not to be effluxed from the central nervous system by p-glycoprotein (PGP - indicated by 

red dots). In the context of a pharmacokinetic investigation, it is imperative to predict the potential for 

significant drug interactions arising from the inhibition of cytochrome enzymes (CYPs) like CYP2C19, 

CYP1A2, CYP2C9, CYP3A4, and CYP2D6 and to identify which specific isoenzymes would be 

affected.88,89 All tested substances were projected to inhibit CYP2C9 and CYP3A4. No molecules are 

found to be the inhibitors of CYP1A2. Substances 8a, 8b, 8c, 8d, 8f and 8h were identified as inhibitors 

of CYP2C19, while, except 8b, 8c and 8h, the rest of the compounds were expected to have no inhibitory 

effects on CYP2D6. Notably, none of these isoenzymes exhibited inhibitory effects on the reference drug. 

Additionally, a multiple linear regression model was employed to estimate the skin permeability 

coefficient (Kp). Potts and Guy90 observed a linear correlation between molecule size, Kp, and 

lipophilicity (R2=0.67). Among the compounds in question, 8a, 8b, 8c, 8e and 8h demonstrated the most 

substantial negative logarithmic Kp values, indicative of lower skin permeability. Conversely, the 

reference medication displayed the lowest permeability to skin and the uppermost log Kp value (-16.29) 

among all the compounds examined.  

 By assessing drug-likeness variables, researchers can qualitatively evaluate whether a compound 

possesses the key properties needed to become a successful and highly bioavailable oral medication. 

Therefore, we applied a set of 5 rules91-95 to assess the drug-likeness and oral bioavailability of the 

synthesized compounds. With only a few exceptions, all the molecules adhered to these five principles. 
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In Table 5, you'll find properties of compounds 8a-j related to drug similarity. Remarkably, except for 

acarbose (with a score of 0.17), all the compounds examined scored a robust 0.55 on bioavailability, 

indicating their strong suitability. The absence of pan assay interference compounds (PAINS) cautions 

except in 8j suggests that the lead molecules exhibit a favorable pharmacokinetic profile. Most of these 

compounds displayed favorable pharmacokinetic, physicochemical, and drug-like attributes when 

equated to the reference drug. 
 

Table 5. Drug likeness properties of compounds 8a-j 

Componud Lipinski 

violations 

Ghose 

violations 

Veber 

violations 

Egan 

violations 

Muegge 

violations 

B.S PAINS 

alerts 

S.A. 

8a 0 0 0 0 0 0.55 0 4.6 

8b 0 0 1 1 1 0.55 0 4.77 

8c 0 0 0 0 0 0.55 0 4.56 

8d 1 2 1 1 1 0.55 0 4.77 

8e 1 2 1 1 1 0.55 0 4.9 

8f 0 2 0 0 1 0.55 0 4.83 

8g 1 3 0 1 1 0.55 0 5.06 

8h 1 2 1 1 1 0.55 0 4.69 

8i 1 3 0 1 1 0.55 0 5.06 

8j 1 3 2 1 1 0.55 1 5.04 

Acarbose 3 4 1 1 5 0.17 0 7.25 

Std*: Acarbose; B.S.: S.A.: Synthetic Accessibility; Bioavailability Score  
 

3.3.2. In silico Molecular Docking Study on α-Amylase Enzyme 

 

We utilized the 1-click docking online server application96, known for its compatibility with the 

AutoDock Vina docking algorithm, to perform in silico testing of all synthesized compounds against the 

pancreatic α-amylase enzyme. The screening results revealed notable improvements in binding energies 

equated to the reference medication, acarbose (-8.2 kcal/mol). Specifically, all compounds exhibited 

superior or virtually equivalent binding energies, ranging from -8.9 to -8.0 kcal/mol. Detailed information 

regarding these binding energies and the consistent complex bonding postures can be found in Table S3 

of the supplemental materials. 

 

Table 6. Molecular Docking Interactions of Synthesized Compounds with α-Amylase 

Compound Hydrogen 

Bonding 

π-π Stacking Hydrophobic Interactions 

8i LYS200 None LEU165, LEU162, TRP59, TYR62, 

ALA198, TYR151 

8d ILE235, 

GLU233 

HIS305, TRP59 LEU165, LEU162, VAL234, ILE235, 

TYR151, ALA196, TYR62, TRP59, 

TRP58 

8e NONE TRP59 ILE235, ALA198, LEU162, LEU165, 

TYR62, TRP59, TRP58, ALA307 

8g ILE235 None ILE235, VAL234, TYR151, LEU162, 

LEU165, TRP59, TYR62, ALA198 

8j LYS200 None ILE235, TRP58, TYR62, TRP59, 

LEU165, LEU162, TYR151, ALA198 

8f ILE235 None ILE235, VAL234, TYR151, LEU162, 

LEU165, TRP59, TYR62, ALA198 

 

The compounds 8i (-8.9 kcal/mol), 8g (-8.8 kcal/mol), and 8j (-8.6 kcal/mol) showed the best 

binding interactions among the investigated compounds, indicating a strong potential for enzyme 

inhibition. The title compounds' binding energies are arranged as follows: 8i (-8.9 kcal/mol) > 8g (-8.8 
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kcal/mol) > 8j (-8.6 kcal/mol) > 8e (-8.5 kcal/mol) > 8f (8.3 kcal/mol) > 8d (8.2 kcal/mol) > 8a (8.1 

kcal/mol) = 8b (8.1 kcal/mol) > 8c (8.0 kcal/mol) = 8h (8.0 kcal/mol). To gain deeper insight into the 

binding mechanism, we examined specific ligand–protein interactions, including π–π stacking, 

hydrogen bonding, hydrophobic contacts, and electrostatic interactions. These interactions are 

compiled in Table 6. 

 

Table 7. 2D Lig Plot pictures of compounds 8d, 8e, 8f, 8g, 8i and 8j 

Compound 2D structure Compd 2D structure 

8d 

 

8g 

 

8e 

 

8i 

 

8f 

 

8j 

 

 
 

 

The molecular docking investigation of produced drugs against α-glucosidase identifies critical 

interactions that lead to inhibitory activity. Hydrogen bonding was most prevalent in compounds 8i, 8d, 

8g, 8j, and 8f, with Ile235 and Lys200 being the most commonly implicated residues. These interactions 

are expected to increase the stability of ligand binding inside the active site. In 8d and 8e, π-π stacking 

interactions were observed, with Trp59, His305, and Phe residues contributing significantly to binding 

affinity. Hydrophobic interactions were found throughout all compounds, with residues Leu165, Leu162, 

Trp59, Tyr62, Ala198, and Tyr151 consistently contributing to ligand stabilization.  

Among all studied compounds, 8d demonstrated the most extensive interactions, participating in 

hydrogen bonding, π-π stacking, and numerous hydrophobic contacts, indicating a considerable binding 

affinity. Compounds with several interaction types, such as hydrogen bonds and π-π stacking, have higher 
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inhibitory potential. Therefore, 8d and 8e are interesting candidates for future development as α-

glucosidase inhibitors. 

These findings provide insight into the complex chemical interactions that contribute to the 

inhibitory effect of produced compounds against pancreatic α-amylase. This provides useful insights for 

future medication design and optimization. The 2D ligand diagrams in Table 7 provide visual 

representations of these binding contacts, which aids in the interpretation of the observed interactions. 

 

3.3.3. In silico Molecular Docking Study on α-Glucosidase Enzyme 

The binding potential of produced compounds with pancreatic α-glucosidase enzyme was 

examined through in silico molecular docking utilizing the 1-Click Docking web server 

(http://mcule.com/apps/1-click-docking/) and verified using the AutoDock Vina docking technique.96 The 

docking data showed that all compounds had binding energies ranging from -6.4 to +1.7 kcal/mol, which 

were comparable to or better than those of the reference medication, acarbose. Table S4 contains detailed 

information on binding energies and molecular interactions (refer to supplementary materials). 

 

Table 8. Molecular Docking Interactions of Synthesized Compounds with α-glucosidase 

Compound Hydrogen 

Bonding 

π-π Stacking π-Cation 

Interaction 

Hydrophobic Interactions 

8a None PHE166 (Phenyl 

group) 

None PHE397, TYR389, TYR65, 

PHE166, PHE206, ILE146, 

PHE147, TYR235, LEU244, 

PHE297 

8c None PHE166 (Phenyl 

group) 

None TYR389, TYR65, PHE166, 

PHE206, LEU244, ILE146, 

TYR235, PHE297, PRO230, 

PHE397 

8e Thr226 

(TZD 

moiety) 

PHE297, PHE166 

(2-oxo-2H-chromen-

6-yl and Phenyl 

group) 

None LEU300, PHE297, PHE166, 

TYR65, PHE147, ILE146, 

LEU244, PHE206, TYR235, 

LEU227, ALA229, PRO230, 

VAL334 

8d None PHE166, TYR65, 

PHE297 (2-

methylbenzo[d]oxaz

ol-5-yl and Phenyl 

group) 

ARG400 (2-

methylbenzo

[d]oxazol-5-

yl group) 

PHE397, ILE146, PHE147, 

VAL102, PHE166, TYR65, 

ILE272, PHE206, TYR389, 

TYR236, ILE244, PHE297, 

PRO230, ALA229 

8f None TYR389, PHE297 

(2-

methylbenzo[d]oxaz

ol-5-yl and Phenyl 

group) 

None PHE166, TYR65, PHE206, 

ILE146, TYR235, PHE147, 

PHE297, ALA229, PRO230, 

TYR389, VAL334 

 

All the screened molecules (4a–j) displayed effective docking interactions, with binding energies 

ranging from -6.4 to +1.7 kcal/mol. Among the ten compounds in this series, 8a, 8b, 8c, 8d, 8e, 8f, and 

8j demonstrated higher binding affinities compared to the reference drug, which had a binding energy of 

-2.0 kcal/mol. The binding energy of the title compounds is in the order of 8a (-6.4 kcal/mol) ˃ 8c (-5.8 

kcal/mol) ˃ 8e (-5.5 kcal/mol) ˃ 8d (-5.0 kcal/mol) ˃ 8f (4.2 kcal/mol) ˃8h (-3.2 kcal/mol) =8b (-3.1 

kcal/mol) = 8i (-1.1 kcal/mol) ˃ 8j (-0.6 kcal/mol) ˃ 8g (1.7 kcal/mol). We examined particular ligand-
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protein interactions, such as π-π stacking, hydrogen bonding, hydrophobic contacts, and π-Cation 

interactions, to learn more about the binding mechanism. These interactions are compiled in Table 8. 

 

Table 9. 2D Lig Plot pictures of compounds 8a, 8c, 8d, 8e, and 8f 

Compound 2D structure Compd 2D structure 

8a 

 

8d 

 

8c 

 

8e 

 

  8f 

 

 

Molecular docking investigation of produced drugs against α-glucosidase showed substantial 

interactions that contribute to their inhibitory potential. Compound 8e exhibited hydrogen bonding, with 

the TZD moiety forming a connection with Thr226, indicating its function in ligand-protein complex 

stability. π-π stacking interactions were predominant across numerous compounds, particularly 8a, 8c, 8d, 

8e, and 8f. Phe166, Phe297, and Tyr389 played a critical role in increasing ligand binding. Compound 8d 

exhibits a novel π-cation interaction with Arg400, which may contribute to its increased binding affinity. 

Hydrophobic interactions were widely dispersed across all investigated substances, with residues Phe166, 

Tyr65, Phe206, Ile146, Tyr235, and Phe297 often implicated, indicating that the enzyme's binding pocket 

is conserved. The compounds 8d and 8e showed the most extensive interactions, including hydrogen 

bonding, π-π stacking, and hydrophobic contacts, indicating their potential as strong α-glucosidase 
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inhibitors. These findings provide useful insights for the rational design of new α-glucosidase inhibitors. 

8d and 8e are interesting candidates for future optimization and drug development. 

In systematic literature, 2D diagrams are used to identify the target protein's binding interactions 

with the ligands. Table 9 shows the 2D ligand diagrams of molecules 8a, 8c, 8d, 8e, and 8f, which indicate 

their binding interactions with the target enzyme. 

 

3.3.4. In vitro α-amylase Inhibitory Assay 

 

The synthesized compounds were examined in vitro for their ability to inhibit α-amylase using a 

modified version of a typical procedure.97,98 The enzyme α-amylase is involved in the breakdown of 

carbohydrates, making it a potential target for managing conditions like diabetes.  

            Structural Activity Relationships (SAR) analysis reveals specific structural motifs that influence 

inhibitory potency. Compounds bearing certain aromatic moieties demonstrated notable efficacy. For 

instance, compounds 8g (IC50, 99.2±0.5 μg/mL), 8i (IC50, 101.2±0.3 μg/mL), 8e (IC50, 102.1±0.4 μg/mL) 

and 8j (IC50, 103.4±0.4 μg/mL) containing anthracen-9-ylamino, phenanthren-9-ylamino, 2-oxo-2H-

chromen-6-yl)amino and 2-benzoylphenyl)amino moieties respectively, exhibited the highest inhibitory 

activity, surpassing the reference compound acarbose (IC50, 104.5±0.1 μg/mL). This suggests a potential 

role of these aromatic systems in enhancing α-amylase inhibition. Further, SAR insights indicate that 

compounds 8d (IC50, 106.6±0.9 μg/mL) with 2-methylbenzo[d]oxazol-5-yl)amino)methyl substituent, 8f 

(IC50, 110.6±0.8 μg/mL) with naphthalen-1-ylamino substituents displayed comparable inhibitory effects 

to acarbose, although slightly less potent. Additionally, the range of IC50 values from 117.9±0.1 to 

149.7±0.1 μg/mL for the remaining compounds (8a, 8b, 8c, and 8h) indicates moderate to good inhibitory 

activity. This variability underscores the impact of structural modifications on the efficacy of α-amylase 

inhibition. Figure 1 shows the IC50 values for all compounds. Figure S10 presumably depicts the 

percentage inhibition of the title compounds 8a-j. (See Supplemental materials for details)  

 

 
                                                   Figure 1. IC50 values of compounds 8a-j 

 

 

 
3.3.5. Statistical Analysis of α-Amylase Inhibition Assay 

 

         The IC₅₀ values of compounds 8a-j were measured in triplicate and statistically examined to assess 

their α-amylase inhibitory action. To determine the overall significance of the differences between the 

compounds, a one-way ANOVA test was conducted. For pairwise comparisons, Tukey's HSD post hoc 
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test was then used. The ANOVA results confirmed that the compounds' inhibitory effects differed 

significantly, with a very significant variation among the investigated substances (F = 66663.47, p = 6.89 

x 10⁻⁴⁷). Significant differences across several compound pairs were also found using Tukey's multiple 

comparison test, suggesting that some derivatives had significantly stronger or lower α-amylase inhibition 

than others. These variations are evident in the box plot representation of IC₅₀ values (Figure 2), where 

compounds 8g, 8i, and 8e exhibit the lowest IC₅₀ values and, consequently, the maximum inhibitory 

activity. Compound 8c, on the other hand, showed the highest IC₅₀ value, suggesting a weaker inhibition. 

The promise of these compounds as α-amylase inhibitors is further supported by the fact that the reference 

medication Acarbose showed inhibition comparable to several developed derivatives. These results 

emphasize that substituent alterations have a considerable impact on inhibitory potency and highlight the 

structure-activity correlations (SAR) among the produced compounds. In summary, the SAR analysis 

elucidates the importance of specific structural features, particularly aromatic substituents, in enhancing 

α-amylase inhibitory activity, thereby guiding the design of more potent inhibitors for therapeutic 

applications. 

 

 
 

Figure 2. Box plot of IC50 values for α-amylase inhibition 

 

3.3.6. In vitro α-glucosidase Inhibition Assay 

 

 The prepared compounds were examined in vitro for their aptitude to inhibit α- 

glucosidase using a modified version of a typical procedure.99 At doses of 25, 50, 100, 150, 200, and 250 

μg/mL, the screening was conducted. The majority of the chemicals successfully inhibited the target 

enzyme. 8c bearing with 4-fluorophenyl substituent (IC50, 88.4±0.7 μg/mL), 8e (IC50, 90.0±0.4 μg/mL) 

bearing with 2-oxo-2H-chromen-6-yl substituent and 8d (IC50, 91.1±0.9 μg/mL) bearing with 2-

methylbenzo[d]oxazol-5-yl moiety demonstrated more inhibitory efficacy than the reference medication, 

Acarbose (IC50, 93.1±0.8 μg/mL). The leftover compounds exhibited good to moderate inhibition on the 

enzyme with IC50 ranging 94.5±0.9 to 141.4±0.7 μg/mL. Figure 3 shows the IC50 values for all 

compounds. Figure S11 presumably depicts the percentage inhibition of the title compounds 8a-j. (See 

Supplemental materials for details)  
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Figure 3. IC50 values of compounds 8a-j 

3.3.7. Statistical Analysis of α-Glucosidase Inhibition Assay 

 

          The IC₅₀ values of compounds 8a-j were measured in triplicate and statistically examined to assess 

their α-glucosidase inhibitory activity. To determine the overall significance of the differences between 

the compounds, a one-way ANOVA test was performed. For pairwise comparisons, Tukey's HSD post 

hoc test was then used. The ANOVA results confirmed that the compounds' inhibitory effects differed 

greatly, with a very significant variation among the investigated compounds (F = 72557.92, p = 2.72 x 

10⁻⁴⁷). Significant differences across several compound pairs were also found using Tukey's multiple 

comparison test, suggesting that some derivatives had significantly stronger or lower α-glucosidase 

inhibition than others. These variations are depicted in the box plot representation of IC₅₀ values (Figure 

4), where compounds 8c, 8e, and 8d exhibit the lowest IC₅₀ values and, consequently, the maximum 

inhibitory activity. Compound 8i, on the other hand, showed the highest IC₅₀ value, suggesting a lower 

inhibition. The promise of these compounds as α-glucosidase inhibitors is further supported by the fact 

that the reference drug Acarbose showed inhibition comparable to several produced derivatives. These 

results emphasize that substituent alterations have a considerable impact on inhibitory potency and 

highlight the structure-activity correlations (SAR) among the produced compounds.  

 

 

Figure 4. Box plot of IC50 values for α-glucosidase inhibition 
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4.  Conclusion  

A novel and eco-friendly method has been developed for the synthesis of a series of new α-

aminophosphonates (8a-j). This innovative approach uses nano-ZnO as an effective, reusable catalyst, 

minimizing waste and environmental impact. The solvent-free synthesis process, enhanced by microwave 

irradiation, achieves high yields through the K-F reaction mechanism. This strategy aligns with green 

chemistry principles by reducing the use of organic solvents and promoting efficient catalyst utilization. 

Molecular docking and ADMET simulations identified compounds with excellent drug-like properties, 

ensuring potential efficacy and safety. The synthesized compounds exhibited effective inhibition of the 

α-amylase enzyme, with compounds 8g, 8i, 8e, and 8j displaying greater potency than the reference drug.  

Future directions involve conducting in vivo studies to validate the in vitro findings, investigating the 

detailed mechanisms underlying α-amylase and α-glucosidase inhibition, and structurally modifying the 

compounds to enhance efficacy while minimizing potential side effects. The most promising candidates 

will be advanced toward clinical evaluation. Additionally, the potential of this green synthesis approach 

will be explored for the development of other pharmacologically important compounds. The 

environmentally friendly synthesis of compounds 8a-j, supported by both computational and 

experimental validation, represents a significant advancement in the field of drug discovery. These 

compounds hold promise as next-generation anti-diabetic agents, offering potential advantages in terms 

of efficacy, safety, and environmental sustainability. 
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