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ABSTRACT

Diabetes is largely developing in the human population due to modern and sedentary
lifestyles, leading to serious health complications that affect nerves, eyes, and kidneys.
Organophosphorus compounds have diverse pharmacological properties, including
antidiabetic properties. In the recent literature, a-aminophosphonates were prepared by
green synthesis using orange peel as a biocatalyst. In the current study, we have prepared
the same compounds via Pudovik reaction using substituted aromatic aldehydes, aniline,
and diethyl phosphite with Cassia fistula fruit pulp (CFFP) as a natural catalyst under
reflux. The reaction mechanisms of imine (Schiff's base) formation and Pudovik reaction
products (5a-5h) were presented. Their antidiabetic potential was evaluated through
molecular docking and in vitro studies against a-amylase and a-glucosidase. Notably, the
compounds 51, 5e, and 5d showed strong dual inhibitory activity with binding energies
of -6.7848, -6.7843 and -6.7598 KCal/Mol, respectively, for 1B2Y and, -9792, -6.8492
and -6.808 KCal/Mol, respectively, for 5SNNS8 at active site residues; similarly, for in vitro
studies the compounds exhibited inhibitory activity against IC50 values 0.75, 2.17, 4.51
pg/ml, respectively, for a-amylase and, 0.38, 1.81, 38.76 ng/ml, respectively, for a-
glucosidase enzymes. Among these are also compounds 5f, indicating promising
antidiabetic lead compounds, warranting further drug development studies for a
therapeutic candidate. This study contributes to the existing literature by introducing
CFFP as a novel, natural catalyst for the Pudovik synthesis of a-aminophosphonates and
providing comprehensive dual inhibitory antidiabetic data against a-amylase and o-
glucosidase.

Contribution/Originality: The novelty of this study stems from the synthesis of a-aminophosphonates using
Cassia fistula fruit pulp (CFFP) as a sustainable, natural catalyst. Furthermore, we provide a mechanistic insight into
the Pudovik synthesis of these derivatives and evaluate their antidiabetic potential through dual-target molecular

docking against a-amylase and a-glucosidase.

1. INTRODUCTION
Diabetes mellitus, a chronic metabolic disorder, profoundly impacts the body's ability to regulate blood glucose

levels. The two primary forms, type 1 and type 2 diabetes, arise from distinct pathogenic mechanisms. Type-1 diabetes
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is characterized by the autoimmune destruction of pancreatic B-cells, leading to an absolute deficiency in insulin
production [17. Conversely, far more prevalent type-2 diabetes involves insulin resistance, where the body's cells fail
to respond effectively to the insulin produced by the pancreas, often coupled with a relative insulin deficiency over
time, leading to hyperglycemia [27]. Hyperglycemia damaging effects on both the microvasculature (nerves, eyes,
kidneys) and macrovasculature (heart, brain, peripheral arteries), contributing to long-term complications and
reduced quality of life [37]. The therapeutic strategy of employing a-glucosidase inhibitors to manage blood sugar
levels offers a valuable approach by targeting carbohydrate digestion in the small intestine. The need for novel
therapeutic agents with improved selectivity for intestinal a-glucosidase over pancreatic a-amylase is therefore
compelling. The development of such selective inhibitors would represent a significant advancement in diabetes
management, offering comparable or superior glycemic control with enhanced tolerability and improved patient
compliance.

Over the last ten years, organophosphorus compounds and their derivatives have garnered significant interest
due to their diverse applications in biological, pharmaceutical, agricultural, and medicinal chemistry, along with their
value as intermediates in organic synthesis [4-97]. Among these, a-aminophosphonates have emerged as a particularly
important subclass. Their prominence stems from their structural resemblance to a-amino acids, where the typical
carboxylic acid group is replaced by a phosphonic acid or a related phosphorus-containing moiety [10-127. This
structural analogy contributes to their notable biological relevance [13-177.

Recently, the usage of plant-derived parts and their compounds for the synthesis of chemical reactions has been
increasing due to their importance in green synthesis. Green synthesis, including solvent-free, ultrasound, microwave,
electrochemical, light-mediated strategies, and water as a solvent [187. Different classes of a-aminophosphonates
have been synthesised by using biocatalysts such as lemon powder [197, orange peel [207, cellulose-SOsH [21, 227,
lipase enzyme [237], and penicillin G acylase [247]. The Cassia fistula is one of the medicinal plants that has numerous
pharmacological properties [257].

This species also acts as a reducing agent [267]. Chemical analysis of Cassia fistula fruit pulp powder demonstrated
substantial phenolic (22mg/kg) and flavone (4mg/kg) content [277. Other identified components include volatile
oils, waxy/residue derivatives [287, and various carbohydrates [297. It has a major anthroquinone derivative of
orange-brown coloured crystals called rhein (1,8-dihydroxy-3-anthraquinone) [307] and is 325 mg from 30 g of C.
Sistula fruit pulp [317]. While traditional reducing agents are often acidic and pose an environmental threat by
generating poisonous wastes that harm living beings, the field is rapidly moving toward green synthesis. This eco-
friendly approach utilizes various non-toxic plant parts and their derivatives as reducing agents, with extracts from
green tea, marigold flower, lemon, rose flower, orange peel, bougainvillea flower, copperleaf, and radish root being
common examples [267].

In the recent study of the literature, a-aminophosphonates (5a-5h) were synthesised from substituted aromatic
aldehydes, aniline, and dimethylphosphite in the presence of natural orange peel powder as a catalyst under reflux
conditions [207]. Our study introduces a novel and highly efficient application of Cassia fistula fruit pulp (CFFP)
extract, a member of the Fabaceae family native to the Indian subcontinent, which acts as a reducing agent. As rhein
is the major constituent in the fruit pulp, this chemical structure might be allowing it to donate electrons for reducing
other molecules.

This green synthesis method, which utilizes only shed-off fruits, offers three key advantages: it avoids using
living parts of the plant, helps with environmental cleaning, and enables effective waste management. In relation to
exploring the pharmacological properties of 5a-5h compounds, in our current study, we focused on the synthesis of
the same compounds by using the CFFP as a biocatalyst and examined their potency by i vitro studies to inhibit a-
amylase and a-glucosidase enzymatic reactions. Furthermore, docking experiments were conducted to compare the

outcomes with the experimental findings.
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2. MATERIALS AND METHODS
2.1. Collection and Preparation of Catalyst

Fresh parts of the naturally available CFFP were collected from different regions of the Chittoor district of
Andhra Pradesh, India (Figure 1a). A voucher specimen PARC/2022/4819 has been deposited and confirmed by the
Plant Anatomy Research Centre (PARC), Chennai. Fruit pulp (Figure 1b) was separated from fruit (Figure 1a) and
made into small pieces, followed by shade-drying for 5 days, and blended into a fine powder. It was stored in a sterile

container for further application as a natural biocatalyst.

: . A
Figure 1. (a) Cassza fistula Fruit and (b) Cassza fistula fruit pulp.

2.2. Synthests of a-Aminophosphonates

The methodology of synthesis of a-aminophosphonates was adopted from Ghodke et al. [207] by changing the
catalyst to CFFP. In our study, after completion of each reaction, the reaction mixture was cooled, and the solid
catalyst CFFP particles, which do not dissolve in the ethanol solvent, were filtered through the Buckner funnel. The
collected CFFP catalyst was then washed with a small amount of ethanol to remove any adsorbed organic product.
For all the reactions, we used the fresh catalyst of CFFP crushed powder, but not the recycled. All the structures of

the compounds were confirmed by comparing the literature values [207].
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Figure 2. Synthesis of a-aminophosphonates (5a-5h).

The reaction mechanisms of Figure 2 were described in Figure 8 and Figure 4. In the Figure 3 the aromatic

primary amine reacts with an aldehyde (carbonyl compound), forming a carbinolamine intermediate, followed by

e
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Figure 3. Reaction mechanism for the formation of an imine or Schiff’s base from an aromatic amine and an aldehyde.

dehydration, which forms an imine (Schiff's base) [827.
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The most stable form of tetracoordinate phosphine oxide tautomerizes with the less stable form of tricoordinate
phosphinous acid (Scheme 38) [3387. In the Pudovik reaction, the tricoordinate phosphinous acid cyclises with an imine

in an unstable transition form and converts to a-aminophosphonate [347].
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Figure 4. (a). Tautomeric forms of tetracoordinate phosphineoxide and tricoordinate phosphinous acid (b). Pudovik reaction
mechanism.

3. RESULTS AND DISCUSSION

The successful application of CFFP as a novel, highly efficient and reusable natural catalyst aligns with the
principles of green chemistry and the increasing emphasis on sustainable synthetic methodologies. Our findings
strongly support a growing body of work that validates the use of unfunctionalized and modified biomass waste as
effective heterogeneous catalysts for C-P bond formation. The current work is a key extension of the methodology
pioneered by Ghodke et al. (207, who reported a nearly identical protocol using Orange Peel Powder (OPP) as a
catalyst for a-aminophosphonate synthesis [207]. The comparable efficiency and operational simplicity between the
CFFP and OPP systems confirm the presence of inherent catalytic sites (likely acidic functional groups from pectin,
cellulose, or phenolic compounds) in various forms of agricultural waste, establishing them as cost-effective and
environmentally benign alternatives to traditional toxic acid or metal catalysts.

The results of heterogeneous Acid Catalysis are also consistent with the performance of other naturally derived
solid acid catalysts. For example, the use of Cellulose-SO3H as a recyclable, solid-acid catalyst has been reported to
efficiently catalyze the solvent-free Kabachnik—Fields reaction, further emphasizing that functionalized cellulose (the
major component of CFFP) provides an excellent platform for promoting this transformation [227. Similarly, the use
of Natrolite zeolite, a natural mineral, has shown excellent catalytic activity and recyclability under solvent-free
conditions, reinforcing the general utility of natural, heterogeneous acid surfaces in this reaction [357]. These studies
collectively validate the catalytic mechanism facilitated by the solid-phase Cassia fistula catalyst.

Several studies have demonstrated that the Kabachnik—Fields reaction can be achieved in good to high yields (up
to 83%) using a simple catalyst-free protocol under solvent-free conditions at elevated temperatures [367]. The
mechanism in these cases is proposed to rely solely on the intrinsic acidity of the dialkyl phosphite or the thermal
activation of the reagents to promote imine formation and subsequent nucleophilic addition. This approach
fundamentally contrasts with our method, which relies on CFFP (catalyst) and ethanol (solvent). The existence of
highly efficient catalyst-free routes suggests that the primary advantage of the CFFP may not be sheer catalytic
activity, but rather its role in offering a highly accessible, sustainable, and recyclable platform for heterogeneous
catalysis. Future work could focus on investigating if a solvent-free protocol using CFFP could further optimize the

sustainability and overall reaction rate, potentially leading to a superior, fully waste-minimizing methodology.
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From the reaction Figure -2, the structure of the product is characterized by the variation in the 'R' group of the
initial aldehyde. This 'R' group is attached to the carbon bearing both the amine and the phosphonate moiety. To
discuss the SAR, the different 'R’ groups and their potential impact observed as, in 5a, R = CsH; (Ethyl). It is relatively
lipophilic and has minimal electronic effects. It serves as a baseline for comparison with the other substituted
derivatives. In 5b, R = 2-OH-C.H. (2-Hydroxyethyl), the introduction of a hydroxyl group makes the molecule more
hydrophilic and introduces the possibility of hydrogen bonding. This could enhance water solubility and potentially
alter interactions with biological targets that involve hydrogen bonding. In 5¢, R = 2-Cl-C,H, (2-Chloroethyl), the
presence of a halogen (chlorine) introduces an electronegative atom and increases the lipophilicity compared to the
hydroxyl group, but might be less hydrophilic than the ethyl group. Halogens can participate in halogen bonding and
can also be metabolically labile. In 5d, R = 3-NO,-C,H, (8-Nitropropyl), the nitro group (—NO,) is a strong electron-
withdrawing group. Its presence will significantly alter the electronic properties of the molecule, potentially affecting
its interactions with biological targets that are sensitive to electron density. The increased polarity due to the nitro
group might also influence solubility and membrane permeability. In 5e, R = 4-OCH;-CoH. (4-Methoxybutyl), the
methoxy group (—OCHs) is an electron-donating group through resonance and electron-withdrawing through
induction (due to the electronegativity of oxygen). It introduces a polar ether linkage and increases lipophilicity
compared to a hydroxyl group. The longer chain separates the methoxy group from the chiral centre, potentially
diminishing its direct influence on interactions around that centre. In 5f, R = 4-N(CHs),C.H, (4-(Dimethylamino)
butyl), the dimethylamino group (—N(CHjs).) is a basic and electron-donating group. It can be protonated at
physiological pH, leading to a positive charge on the molecule. This can significantly impact its solubility,
distribution, and interactions with negatively charged biological targets. In 5g, R = 4-Cl-CoH, (4-Chlorobutyl),
similar to 5c, this compound contains a halogen. The chlorine atom is further away from the chiral center compared
to 5¢, which might lead to different steric and electronic effects at the active site of a biological target. In 5h, R = 4-
CH;-CoH4 (4-Methylbutyl), contains a lipophilic alkyl group. Compared to the ethyl group in 5a, the longer chain and

the presence of a methyl substituent might influence hydrophobic interactions and membrane permeability.

3.1. In Silico Docking Studies for the Enzymes a-amylase and a-Glucosidase
The docking studies of the compounds 5a-5h for the enzymes with the pdb 1B2Y for a-amylase and 5NN8 for a-
Glucosidase were performed using our previous methodology [877], and the results of binding inhibitions were

presented (Table 1).

Table 1. Docking results of 1B2Y and 5NN8 inhibition by 5a-5h.

Compound 1B2Y binding energy (KCal/Mol) 5NN8 Binding Energy (KCal/Mol)
ba -6.3117 -6.2332
5b -6.2729 -6.2499
5¢ -6.4867 -6.3225
5d -6.7598 -6.808
be -6.7843 -6.8492
5t -6.7848 -6.9792
5g -6.2296 -6.366
5h -6.229 -6.5076
Acarbose -8.4731 -7.5478

3.2. In-Vitro a-Amylase and a-Glucosidase Inhibitory Assay

The revised methodology of a well-established procedure for in witro analysis of a-amylase inhibitors 38, 397
and o-glucosidase inhibitors [407] was adopted. The screening was conducted for the compounds 5a-5h at various
doses ranging from 5 to 25 pg/mL, and the resulting IC;s, values were presented (Table 2). The compounds 5f, 5e,

and 5f showed effective inhibition of the target enzymes.
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Table 2. In vitro analysis of a-amylase and a-glucosidase inhibition by 5a-5h.

Ligand a-Amylase IC: (ug/mL) a-Glucosidase ICs (ug/mL)
ba 13.24 13.24

5b 10.41 10.41

5¢ 9.18 9.18

5d 4.51 3.76

b5e 2.17 1.81

5f 0.75 0.38

5 5.48 5.48

5h 6.9 6.9

Acarbose 16.14 6.46

The current study evaluated the binding affinities and inhibitory activities of a series of novel compounds (5a-
5h) against two key digestive enzymes, viz., a-amylase and a-glucosidase, with the PDB database IDs 1B2Y and
5NN, respectively, which are crucial therapeutic targets in the management of type-2 diabetes. The docking results
for both proteins (Table 1) revealed that all tested compounds exhibited appreciable binding affinities toward both
enzymes, with binding energies ranging from approximately -6.0 to -7.0 kcal/mol. In comparison, Acarbose, a
clinically used standard, displayed the strongest binding energies at -8.4731 KCal/mol for a-amylase and -7.5478
KCal/mol for a-glucosidase. Among the tested compounds, with a slight variation, 5d has -6.7598 and -6.608
KCal/Mol for a-amylase and a-glucosidase, respectively, and was relatively better in binding affinities. The binding
interactions of the ligands with 1B2Y at active site were shown as 5a: Asp300, Leul65, His101, Ala198, Ile235,
His305; 5b: Asp300, Leu165, Trp59, Leu162, Ile235; 5¢: Asp300, Leu165, Ala198, Leu162, Trp59, His305; 5d: Asp300,
Leul65, His305, Leul62, His101, Tyr62, Trp59, Asp356; 5e: Asp300, Leul6s, His201, Tyr151, Glu2ss, Ile2ss,
Phe2s6, His101; 5f: Asp300, Leul65, His305, His299, Asp356, Trp59, Tyr62, Ala198, Asp197, His101; 5g: Asp300,
[le235, Ala198, Trp59, His305, Asp356; 5h: Asp300, Leul65, Tyr62, His305, Asp356 and the positive control
Acarbose were shown as Asp300, Gly306, Tyr62, Gluzss, Tyr151, Lys200, Leu162 (Figure 5). Similarly, the binding
interactions of 5NN8 for all the ligands at active site were shown as 5a: Ala93, Ala97, Val321, Trp273, Asp91; 5b:
Ala93, Ala97, Tyr543, Prog4, Pro125, Asp91, Val321; 5c: Ala93, Arg275, Asp91, Pro125, Gly123, Gln124; 5d: Ala9s,
Trpi26, Tro125, Gly123, Trp273, Asp91, Val321, Lys96; 5e: Ala9s, Arg275, Val321l, Asp9l, Gly123, Pro12s,
Trpi2e; 5t Alags, Arge7s, Vals2l, Trp273, Gly123, Asp91, Pro125, Cys127, Trp126, 1le9s; 5g: Alags, Trp126,
Gly123, Pro125, Trp273, Asp91, Arg275, Val321; 5h: Alags, Ala97, Trp126, Pro125, Asp91, Vals21, Pro94, Tyr54:3;
and Acarbose: Trp126, I1e98, Ala97, Lys96, Pro94, Arg275, Val544 (Figure 6).
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Figure 5. Binding interactions of the synthetic compounds 5a-5h and standard, acarbose with the protein 1B2Y.
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Figure 6. Binding interactions of the synthetic compounds 5a-5h and standard, acarbose with the protein 5NNS8.

The interaction analysis of ligands with the 1B2Y protein reveals that certain residues consistently play a crucial
role in ligand binding. Asp300 is the most frequently involved residue, appearing in all ligand interactions, including
the reference compound Acarbose, indicating its critical role in the catalytic activity of the enzyme. Other residues,
such as Leul65, Trp59, His305, Ala198, and His101, are also commonly involved, suggesting they contribute to the
stabilization of ligands within the binding pocket. Notably, ligand 5f exhibits the most extensive interactions (10
residues) with the binding energy of -6.7548 KCal/Mol, indicating strong and diverse binding potential. It overlaps
significantly with Acarbose in terms of key interacting residues, making it a promising candidate for further
investigation. The other ligands, viz., 5e and 5d, also have shown strong binding affinities with -6.784:3 and -6.7598
KCal/Mol, respectively (Table 1). For the 5NN8 protein, residues such as Alag3, Asp91, Vals21, Pro125, and Trp126
appear most frequently across the ligand set, suggesting they are central to ligand recognition and binding. Similar
to the trend observed in 1B2Y, ligand 5f again shows the highest number of interactions, including both hydrophobic
and polar residues, indicating strong binding affinity (Table 1). The reference compound Acarbose interacts with a
slightly different set of residues, such as Ile98, Lys96, and Val544, suggesting a distinct orientation or binding mode.
Nevertheless, ligands like 5e, 51, and 5g share multiple common residues with Acarbose, implying they may mimic its
inhibitory action. Overall, ligand 5f demonstrates the most consistent and robust interaction profile across both
targets.

The ICs values of the ligand series (5a—5h) for a-glucosidase and a-amylase enzymes suggest varying degrees
of antidiabetic potential. Among them, ligand 5f exhibited the strongest dual inhibition, with an ICs, of 0.38ug/mL
for a-glucosidase and 0.75 pg/mL for a-amylase. This is consistent with its extensive hydrogen bonding and
hydrophobic interactions with critical active site residues, including Asp300, His305, His101, and Trp59. Ligands 5e
and 5d also demonstrated relatively potent activity, with ICs of 1.81 and 3.76 pg/mL, respectively, for a-glucosidase,
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attributed to favourable interactions with residues such as Tyr151, Glu23s, and Asp356. The trend in activity
correlates well with binding site affinity and the presence of electron-donating groups such as 0-OCHjs (5e) and o-
N(CHs). (5f) or withdrawing substituents (m-NO,) (5d) on the phenyl ring, affecting their interaction strength and
binding orientation. In comparison, Acarbose, the positive control, showed ICso values of 6.46 pg/mL against o-
glucosidase and 16.14-ug/mL against a-amylase, indicating a stronger inhibitory effect on the former enzyme. Several
ligands, notably 5f, 5e, and 5d, displayed better potency than Acarbose, particularly against a-glucosidase (Table 4).
These findings highlight the potential of the synthesized ligands, especially 5f, as promising antidiabetic candidates.
Their superior activity compared to Acarbose suggests that further i vitro and in vivo evaluations are warranted to

validate their therapeutic potential and pharmacokinetic profiles.

4. CONCLUSION

The study successfully established a simple, green, and highly efficient protocol for the one-pot, three-component
synthesis of a-aminophosphonates using CFFP as a novel, natural, and heterogeneous catalyst. The synthesized
compounds (5a-5h) demonstrated significant and dual inhibitory activity against both a-amylase and a-glucosidase,
positioning them as promising lead molecules for antidiabetic drug development. The heterogeneity of the CFFP
catalyst is a major advantage for sustainable separation and potential reusability. The molecular docking and in vitro
analysis of ligands 5a—5h against a-amylase and o-glucosidase enzymes demonstrated promising antidiabetic
potential. Docking studies revealed that ligands such as 5f, 5e, and 5d showed strong binding affinities, forming
multiple interactions with key catalytic residues, including Ala93, Asp91, Trp126, and Val321 in a-amylase and
Asp300, His305, Trp59, and Tyr62 in a-glucosidase. These interactions were correlated with high binding stability
and optimal positioning within the enzyme's active sites, suggesting a high likelihood of inhibitory activity. The in
vitro ICso values supported the docking results, with ligand 5t exhibiting the lowest ICso values for both enzymes,
outperforming the standard drug Acarbose. Several other ligands also showed comparable or superior activity,
especially against a-glucosidase. The combined findings from docking and I1Cs, estimation suggest that these ligands,
particularly 5f, could serve as effective dual inhibitors of key carbohydrate-digesting enzymes and warrant further

biological evaluation and lead optimization for antidiabetic drug development.

4.1. Implications

This work carries significant implications for both synthetic organic chemistry and medicinal chemistry. First,
the successful use of an abundant agro-waste like CFFP eliminates the need for expensive, toxic, or rare metal-based
catalysts, strongly promoting the principles of green and sustainable chemistry in the synthesis of high-value
compounds. This simultaneously provides a compelling strategy for the valuation of agricultural by-products,
converting environmental waste into a valuable chemical resource. Second, the demonstrated dual inhibitory activity
against a-amylase and a-glucosidase provides a clear, high-potential pathway for developing new-generation
antidiabetic agents that target both key carbohydrate-hydrolyzing enzymes, offering a more comprehensive

therapeutic approach.

4.2. Limitations

Despite the successful methodology, the study has several limitations. The current study was primarily restricted
to substituted aromatic aldehydes and aniline, meaning the efficacy of the CFFP catalyst for substrates involving less
reactive ketones or different classes of amines (e.g., secondary or aliphatic) was not fully explored. Furthermore, while
the catalyst is easily separated, a detailed study on its long-term stability and reusability over multiple reaction cycles
was not provided. This is a crucial factor for evaluating its viability for large-scale industrial applications. Finally, the
precise nature of the active catalytic sites on the CFFP surface has been inferred, but not conclusively determined via

advanced spectroscopic analysis.

10
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4.8. Future Research Suggestions

To overcome the noted limitations and build upon these findings, future research should focus on three key areas.

First, investigate the effect of chemical pre-treatment, such as sulfonation or acid functionalization, on the CFFP to

potentially enhance its catalytic activity, stability, and recyclability. Second, validate the most potent derivatives from

the study for iz vivo antidiabetic evaluation using relevant animal models to establish the acute and chronic toxicity

profile.

Funding: This study received no specific financial support.

Institutional Review Board Statement: Not applicable.

Transparency: The authors state that the manuscript is honest, truthful, and transparent, that no key aspects
of the investigation have been omitted, and that any differences from the study as planned have been clarified.
This study followed all writing ethics.

Competing Interests: The authors declare that they have no competing interests.

Authors’ Contributions: All authors contributed equally to the conception and design of the study. All
authors have read and agreed to the published version of the manuscript.

REFERENCES

[

2]

[s]

4]

5]

ICH

[7]

(8]

[9]

[10]

RN

[12]

[18]

N. A. ElSayed et al, "7. Diabetes technology: Standards of care in diabetes—2023," Diabetes Care, vol. 46, no.
Supplement_1, pp. S111-S127, 2023. https://doi.org/10.2337/dc23-S007

S. I. Khalivulla, A. Mohammed, and K. Mallikarjuna, "Novel phytochemical constituents and their potential to manage
diabetes," Current Pharmaceutical Design, vol. 27, no. 6, pp- 775-788, 2021.
https://doi.org/10.2174/1381612826666201222154159

Y. Li et al, "Diabetic vascular diseases: Molecular mechanisms and therapeutic strategies," Signal Transduction and
Targeted Therapy, vol. 8, no. 1, p. 152, 2023. https://doi.org/10.1038/541392-023-01400-z

L. Maier, G. Zon, and K. Mislow, The chemistry of organophosphorus compounds I. Berlin/Heidelberg: Springer-Verlag,
1971.

R. Engel, "Phosphonates as analogues of natural phosphates," Chemical Reviews, vol. 77, no. 8, pp. 349-367, 1977.
https://doi.org/10.1021/cr60307a003

K. Moonen, I. Laureyn, and C. V. Stevens, "Synthetic methods for azaheterocyclic phosphonates and their biological
activity," Chemical Reviews, vol. 104, no. 12, pp. 6177-6216, 2004. https://doi.org/10.1021/cr030451¢

V. laroshenko and S. Mkrtchyan, Phosphorus heterocycles, organophosphorus chemistry: From Molecules to applications.
Weinheim, Germany: Wiley-VCH, 2019, pp. 295-4.56.

G. Brahmachari, Green synthetic approaches in organophosphorus chemistry: recent developments with energy-efficient protocols, in:
D. W. Allen, D. Loakes, J. C. Tebby (Eds.), Organophosphorus Chemistry. Cambridge, UK: The Royal Society of Chemistry,
2016.

O. I. Kolodiazhnyi and A. O. Kolodiazhna, "Stereoselective syntheses of organophosphorus compounds," Symmetry, vol.
16, no. 3, p. 342, 2024. https://doi.org/10.3390/sym16030342

A. Walecka-Kurczyk, K. Walczak, A. KuZnik, S. Stecko, and A. PaZdzierniok-Holewa, "The synthesis of a-
aminophosphonates via enantioselective organocatalytic reaction of 1-(N-Acylamino) alkylphosphonium salts with
dimethyl phosphite," Molecules, vol. 25, no. 2, p. 405, 2020. https://doi.org/10.3390/molecules25020405

L. Souii et al, "Synthesis and characterization of a new series of Bis(allylic-a-aminophosphonates) under mild reaction
conditions," Molecules, vol. 28, no. 12, p. 4678, 2028. https://doi.org/10.3890/molecules28124678

A. Mucha, P. Kafarski, and L. Berlicki, "Remarkable potential of the a-aminophosphonate/phosphinate structural Motif
in  medicinal chemistry," Journal of Medicinal ~Chemaistry, vol. 54, mno. 17, pp. 5955-5980, 2011.
https://doi.org/10.1021/jm200587f

D. Kocsis et al., "Transdermal delivery of a-aminophosphonates as semisolid formulations—An in vitro-ex vivo study,"

Pharmaceutics, vol. 15, no. 5, p. 1464, 2028. https://doi.org/10.8390/pharmaceutics 15051464

11

© 2026 Conscientia Beam. All Rights Reserved.


https://doi.org/10.2337/dc23-S007
https://doi.org/10.2174/1381612826666201222154159
https://doi.org/10.1038/s41392-023-01400-z
https://doi.org/10.1021/cr60307a003
https://doi.org/10.1021/cr030451c
https://doi.org/10.3390/sym16030342
https://doi.org/10.3390/molecules25020405
https://doi.org/10.3390/molecules28124678
https://doi.org/10.1021/jm200587f
https://doi.org/10.3390/pharmaceutics15051464

1]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

International Journal of Chemistry and Materials Research, 2026, 14(1): 1-13

P. R. Varga and G. Keglevich, "The last decade of optically active a-aminophosphonates," Molecules, vol. 28, no. 16, p.
6150, 2023. https://doi.org/10.3390/molecules28166150

R. Aissa et al., "New promising generation of phosphates a-aminophosphonates: Design, synthesis, in-vitro biological
evaluation and computational study," Jowrnal of Molecular Structure, vol. 1247, p. 131836, 2022.
https://doi.org/10.1016/j.molstruc.2021.131336

B. Song, L. Jin, S. Yang, and P. S. Bhadury, Studies on a-aminophosphonates with antiviral activity, in: Environmental antiviral
agents from plants. Berlin Heidelberg: Springer 2010.

O. M. Ali, M. T. Alotaibi, Y. H. Zaki, and H. H. Amer, "Design, synthesis, and spectroscopic studies of some new a-
aminophosphonate analogues derived from 4-hydroxybenzaldehyde with special reference to anticancer activity," Drug
Design, Development and Therapy, vol. 16, pp. 2589-2599, 2022. https://doi.org/10.2147/DDDT.S357998

K. D. Demadis, S. K. Adla, J. Timonen, and P. A. Turhanen, "Green phosphonate chemistry—Does it exist?," Green
Chemistry, vol. 277, no. 4, pp. 863-914, 2025. https://doi.org/10.1039/D4GC02940B

P. M. Khandare, S. S. Ghodke, R. R. Dixit, R. D. Ingle, and R. P. Pawar, "Synthesis of a-amino phosphonates using
lemon peel powder as an efficient catalyst," Journal of Emerging Technologies and Innovative Research, vol. 7, no. 3, pp. 30—
34, 2020

S.S. Ghodke, P. M. Khandare, R. D. Ingle, and R. P. Pawar, "A green protocol for the synthesis of a-Amino phosphonates
catalyzed by orange peel powder," Letters in Applied NanoBioScience, vol. 11, no. 1, pp. 3175-3180, 2022.
https://doi.org/10.83263/LIANBS111.31753180

N. B. Reddy et al.,, "Cellulose-SO3H catalyzed synthesis of Bis(a-aminophosphonates) and their antioxidant activity,"
Organic Communications, vol. 10, no. 1, pp. 46—55, 2017. https://doi.org/10.25135/acg.0c.8.16.06.422

K. S. Kumar, B. S. Krishna, C. B. Reddy, M. V. N. Reddy, and C. S. Reddy, "Solvent-free synthesis of a-
aminophosphonates: Cellulose-SO3H as an efficient catalyst," Arabian Journal of Chemistry, vol. 10, pp. S368-S375, 2017.
D. Koszelewski et al., "Relationship between structure and antibacterial activity of a-Aminophosphonate derivatives
obtained via Lipase-Catalyzed Kabachnik—Fields reaction," Materials, vol. 15, no. 11, p. 38846, 2022.
https://doi.org/10.8890/ma15113846

K. Zielifiska, R. Mazurkiewicz, K. Szymanska, A. Jarzebski, S. Magiera, and K. Erfurt, "Penicillin G acylase-mediated
kinetic resolution of racemic 1-(N-acylamino) alkylphosphonic and 1-(N-acylamino) alkylphosphinic acids and their
esters," Journal of  Molecular Catalysis B: Enzymatic, vol. 182, Pp- 31-40, 2016.
https://doi.org/10.1016/j.molcath.2016.05.011

R. W. Mwangi, J. M. Macharia, I. N. Wagara, and R. L. Bence, "The medicinal properties of Cassia fistula L: A review,"
Biomedicine & Pharmacotherapy, vol. 144, p. 112240, 2021. https://doi.org/10.1016/].biopha.2021.112240

M. Varshini et al,, "Effective composite partnering of green synthesized rGO with SnO2: Ce: An eco-friendly approach
using Cassia fistula fruit pulp for photocatalytic and biomedical applications," Ceramics International, vol. 50, no. 9, pp.
14253-14267, 2024. https://doi.org/10.1016/).ceramint.2024.01.333

M. Bhatnagar, V. Sunil, V. Yogesh, S. Durgesh, and S. Kanika, "Antioxidant activity of fruit pulp powder of Cassia
fistula," Pharmacognosy Journal, vol. 2, no. 8, pp. 219-228, 2010.

T. Bahorun, V. S. Neergheen, and O. I. Aruoma, "Phytochemical constituents of Cassia fistula," African journal of
Biotechnology, vol. 4, no. 13, pp. 1530—1540, 2005.

M. M. A. Rizvi, M. Irshad, G. E. Hassadi, and S. B. Younis, "Bioefficacies of Cassia fistula: An Indian labrum," Afr J
Pharm Pharmacol, vol. 3, no. 6, pp. 287-292, 20009.

A. K. Meena et al., "Evaluation for substitution of stem bark with small branches of Cassia fistula Linn for traditional
medicinal uses: A comparative chemical profiling studies by HPLC, LC-MS, GC-MS," Heliyon, vol. 8, no. 8, p. €10251,

2022. https://doi.org/10.1016/].heliyon.2022.e10251

12

© 2026 Conscientia Beam. All Rights Reserved.


https://doi.org/10.3390/molecules28166150
https://doi.org/10.1016/j.molstruc.2021.131336
https://doi.org/10.2147/DDDT.S357998
https://doi.org/10.1039/D4GC02940B
https://doi.org/10.33263/LIANBS111.31753180
https://doi.org/10.25135/acg.oc.8.16.06.422
https://doi.org/10.3390/ma15113846
https://doi.org/10.1016/j.molcatb.2016.05.011
https://doi.org/10.1016/j.biopha.2021.112240
https://doi.org/10.1016/j.ceramint.2024.01.333
https://doi.org/10.1016/j.heliyon.2022.e10251

International Journal of Chemistry and Materials Research, 2026, 14(1): 1-13

[81] B. Yingngam, H. Zhao, B. Baolin, N. Pongprom, and A. Brantner, "Optimization of ultrasonic-assisted extraction and
purification of rhein from Cassia fistula Pod pulp," Molecules, vol. 24, no. 10, p. 2018, 2019.
https://doi.org/10.8390/molecules24102013

[32] N. T. Subasi, Overview of Schiff bases, in T. Akitsu (Ed.), Schiff base: Organic, Inorganic and Physical Chemistry. London, UK:
IntechOpen, 2022, pp. 1-22.

[383] C. A. Busacca and C. H. Senanayake, 1.9 The use of new phosphines as powerful tools in asymmetric synthesis of biologically active
compounds, in Comprehensive chirality. Amsterdam, Netherlands: Elsevier, 2012.

[84] E. Balint et al., "The synthesis of a-aryl-a-aminophosphonates and a-aryl-a-aminophosphine oxides by the microwave-
assisted Pudovik reaction," Beilstein Journal of Organic Chemistry, vol. 13, no. 1, pp. 76-86, 2017.
https://doi.org/10.8762/bjoc.13.10

[85] S. Bahari and S. M. Sajadi, "Natrolite zeolite: A natural and reusable catalyst for one-pot synthesis of a-
aminophosphonates under solvent-free conditions," Arabian Journal of Chemistry, vol. 10, pp. ST00-S704, 2017.

[s86] D. Gébor, P. Polldk, B. Volk, A. Dancsé, G. Simig, and M. Milen, "Catalyst- and solvent-free room temperature synthesis
of a-aminophosphonates: Green accomplishment of the Kabachnik—Fields reaction," ChemistrySelect, vol. 8, no. 26, p.
€202301460, 2023. https://doi.org/10.1002/5lct.202301460

[87] S. I. Khalivulla, A. U. R. Sankar, and A. B. V. K. Kumar, "Molecular docking studies of 3a,4-dihydro-8H-
[1,3,2Joxazaphospholo[8,4-aJindole-1-oxide derivatives for anticancer activity," Journal of Molecular Chemastry, India,
vol. 4, no. 2, pp. 697—704, 2024.

[388] B. Nickavar and G. Amin, "Enzyme assay guided isolation of an a-amylase inhibitor flavonoid from Vaccinium
arctostaphylos leaves," Iranian Journal of Pharmaceutical Research, vol. 10, no. 4, pp. 849-853, 2011.

[39] V.S. Patil et al., "Synthesis, crystal structure and antidiabetic activity of substituted (E)-3-(Benzo [d] thiazol-2-ylamino)
phenylprop-2-en-1-one,"  European — Journal — of  Medicinal ~ Chemistry, ~vol. 59, pp. 3804-309, 2013.
https://doi.org/10.1016/j.ejmech.2012.11.020

[40] J.-S. Kim, T. K. Hyun, and M.-J. Kim, "The inhibitory effects of ethanol extracts from sorghum, foxtail millet and proso
millet on a-glucosidase and a-amylase activities," Food Chemistry, vol. 124, no. 4, pp. 1647-1651, 2011.

https://doi.org/10.1016/].foodchem.2010.08.020

Views and opinions expressed in this article are the views and opinions of the author(s), International Journal of Education and Practice shall not be responsible
or answerable for any loss, damage or liability etc. caused in relation to/arising out of the use of the content.

13
© 2026 Conscientia Beam. All Rights Reserved.


https://doi.org/10.3390/molecules24102013
https://doi.org/10.3762/bjoc.13.10
https://doi.org/10.1002/slct.202301460
https://doi.org/10.1016/j.ejmech.2012.11.020
https://doi.org/10.1016/j.foodchem.2010.08.020

