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1. Introduction
	 Alpha-substituted phosphonic acids 
are a class of organophosphorus compounds 
characterized by the presence of a substituent 
at the alpha (α) position relative to the phos-
phonic acid group (–PO(OH)₂) (1-3). These 
compounds can be synthesized via multicom-
ponent reactions involving dimedone, aromat-

Abstract
	 α-Substituted phosphonic acids exhibit promising antifungal activity by targeting key fungal meta-
bolic pathways. Their structural versatility allows for enhanced binding affinity to fungal enzymes, inhibit-
ing growth and virulence. These compounds demonstrate broad-spectrum efficacy against resistant strains, 
including Candida and Aspergillus species. Further optimization could lead to novel antifungal agents 
with reduced toxicity and improved pharmacokinetics. In this study, a series of α-substituted phosphonic 
acids (4a-4c) were synthesized using Nano-SnCl₄/SiO₂ as a catalyst in an ethanolic solution under reflux 
conditions with good yields. The chemical structures of the new compounds were confirmed by spectro-
scopic methods, including ¹H-NMR, ¹³C-NMR, and ³¹P-NMR. The synthesized compounds were evaluated 
for their antimicrobial activities. The broth microdilution method, as recommended by the Clinical and 
Laboratory Standards Institute, was used to determine the antifungal and antibacterial activities of the new 
compounds. The antimicrobial evaluation was tested against six different species of yeasts and four species 
of bacteria. Fluconazole and ciprofloxacin were used as reference drugs. The results demonstrated that the 
presence of an electronegative group on the phenyl ring had a positive effect on antimicrobial potency.
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ic aldehydes, and triethyl phosphite, often cat-
alyzed by nano zinc oxide or other catalysts to 
yield novel derivatives (1, 4). The α-position 
can be substituted with various groups such 
as hydroxyl (α-hydroxymethylene), halogens 
(α-chloromethylene, α-bromomethylene), or 
alkyl/aryl groups, which affect the compound's 
biological activity and receptor interactions 
(3, 4). These compounds often serve as stable 
analogues of phosphate esters, being resistant 
to enzymatic hydrolysis, which makes them 
useful in drug design and biochemical studies 
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(5). Substituted phosphonic acids exhibit di-
verse biological activities, including antican-
cer (6-8), antibacterial (9, 10) antiviral (11), 
enzyme inhibitors (12) and HIV protease in-
hibitors (13). 
	 Multi-component reactions (MCRs) 
constitute one of the most efficient tools in 
modern synthetic organic chemistry for the 
preparation of highly functionalized organic 
compounds (14). They play an important role 
in organophosphorus chemistry, where phos-
phorus reagents are used as substrates for the 
synthesis of a wide range of phosphonates 
(15). The presented examples underline the 
greatest advantage of multi-component re-
actions, which is to create diverse bioactive 
compounds from simple building blocks in 
only one step. These methodologies will have 
a bright future in drug design and synthesis 
(16).
	 Nano metal oxides are nanoparticles 
composed of metal oxides with particle sizes 
typically ranging from 1 to 100 nanometers. 
These nanomaterials exhibit unique physical, 
chemical, electrical, and optical properties 
that differ significantly from their bulk coun-
terparts due to their high surface-area-to-vol-
ume ratio and quantum size effects (17, 18). 
Nano-SnCl₄/SiO₂ is a heterogeneous, reus-
able, and eco-friendly catalyst widely used in 
organic synthesis. It is prepared by supporting 
tin tetrachloride (SnCl₄) on nano-sized silica 
(SiO₂), which enhances its catalytic activity 
and surface area (19, 20). Nano-SnCl₄/SiO₂ 
acts as a mild Lewis acid catalyst, promoting 
one-pot synthesis reactions under relatively 
mild and green conditions. It enables high 
yields, short reaction times, and easy work-up 
procedures, making it cost-effective and envi-
ronmentally friendly (19). A simple and green 
synthesis of some novel phosphonic acids has 
been achieved from a three-component reac-
tion between various aldehydes, dimedone, 
and triethyl phosphite using Nano-SnCl₄/SiO₂ 
as a catalyst in an alcoholic solution under re-
flux conditions. The chemical structures of the 
novel compounds were confirmed by differ-
ent spectroscopic methods. The antimicrobial 
activities of the synthesized compounds were 
also evaluated using the broth microdilution 
method against different yeasts and bacteria. 

Fluconazole and ciprofloxacin were used as 
positive controls.

2. Materials and Methods
	 All chemicals were obtained from 
Merck (Germany), Fluka (Switzerland), and 
other chemical companies. All yields refer 
to isolated products after chromatography or 
other indicated purification methods. Infrared 
(IR) spectra were run on a Shimadzu FTIR-
8300 spectrophotometer. The ¹H-NMR, ¹³C-
NMR, and ³¹P-NMR spectra were run on a 
Bruker Avance DPX-250

2.1. General procedure for synthesis of 
α-substituted phosphonic acids
	 According to the optimized condi-
tions, a mixture of 1 mmol of aldehyde (1), 1 
mmol of dimedone (2), 1.1 mmol of triethyl 
phosphite (3), and 0.3 mmol (0.02 g) of Nano-
SnCl₄/SiO₂ was added to ethanol (3 mL). The 
reaction mixture was refluxed, and the prog-
ress of the reaction was checked by TLC. Af-
ter the completion of the reaction, the mixture 
was centrifuged and filtered. To achieve the 
pure product, column chromatography with n-
hexane and ethyl acetate was applied (Figure 
1).

2.2. Spectra data
	 M((4-bromophenyl)(4,4-dimeth-
yl-2,6-dioxocyclohexyl)methyl)phosphonic 
acid (4a)
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.10 (s, 
6H, CH3),1.59 (brs. 2H, OH), 2.14-2.25 (AB 
q, J1=J2=16.4 Hz, 4H, CH2), 4.69 (s, 1H, 
-CO-CH-CO), 5.52-5.54 (d, J= 8.9 Hz, 1H, 
-CH-PO-), 7.15-7.18 (m, 2H, aromatic), 7.31-
7.34 (m, 2H, aromatic). 13C-NMR (63 MHz, 
CDCl3, δ/ppm): 31.1 (C(CH3)2), 31.3 (d, 
1JCP=44.0 Hz, -CH-PO-), 46.3 (-CH2-CO-), 
47.0 (-CO-CH-CO-), 120.6, 121.7, 131.6, 
133.7, 150.5, 169.3 (C=O), 170.4 (C=O). 31P-
NMR (162 MHz, CDCl3, δ/ppm, 85% aque-
ous H3PO4 as external reference) -1.5.
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	 ((4,4-dimethyl-2,6-dioxocyclohexyl)
(4-fluorophenyl)methyl)phosphonic acid (4b)
1H-NMR (400 MHz, CDCl3, δ/ppm): 0.93 (s, 
6H, CH3),1.61 (brs. 2H, OH), 2.142.45 (AB 
q, J1=J2=35.64 Hz, 4H, CH2), 4.72 (s, 1H, 
CO-CH-CO-), 5.36 (d, 1JCP =10.92 Hz, 1H, 
-CH-PO-), 6.86-6.89 (m, 2H, aromatic), 7.10-
7.23 (m, 1H, aromatic), 7.23-7.34 (m, 1H, 
arom.). 13C-NMR (100 MHz, DMSO-d6, δ/
ppm): 28.5 (-C(CH3)2), 36.6 (-CH-PO-), 47.0 
(-CH2-CO-), 48.4 (-CO-CH-CO-), 122.0, 
128.4, 132.8, 149.4, 159.6 (C=O), 161.2 
(C=O). 31P-NMR (162 MHz, CDCl3, δ/ppm, 
85% aqueous H3PO4 as external reference): 
-1.5.

	 ((4,4-dimethyl-2,6-dioxocyclohexyl)
(4-methoxyphenyl)methyl)phosphonic acid 
(4c)
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.27 (s, 
6H, CH3),1.68 (brs. 2H, OH), 2.30-2.44 (m, 
4H, CH2), 3.49 (s, 1H, -CO-CH-CO-),3.73 (s, 
3H, OCH3), 4.69-4.73 (d, J= 9.0 Hz, 1H, -CH-
PO-), 7.06 (m, 2H, aromatic), 7.52 (m, 2H, 
aromatic). 13C-NMR (100 MHz, DMSO-d6, 
δ/ppm): 28.0 (-C(CH3)2), 38.0 (d, 1JCP=121 
Hz, -CH-PO-), 46.4 (-CH2-CO-), 47.6 (-CO-
CH-CO-), 52.2 (-OCH3), 113.8, 125.1, 137.3, 
155.7, 160.7, 162.5 (C=O), 163.4 (C=O). 31P-
NMR (162 MHz, CDCl3, δ/ppm, 85% aque-
ous H3PO4 as external reference): -1.5.

2.3. Antimicrobial Assessment
	 The broth microdilution method was 
used to determine the antimicrobial activities 
of the α-substituted phosphonic acids. Various 
American Type Culture Collection (ATCC) 
strains of fungi and four standard species of 
bacteria were used for this purpose. The Mini-
mum Inhibitory Concentration (MIC) values 
of all compounds were examined using the 
broth microdilution method (Clinical and 
Laboratory Standards Institute method) with 
some modifications (22, 23). Serial dilutions 
of the synthetic compounds (1–256 μg/mL) 
were prepared in 96-well microtiter plates us-

ing RPMI-1640 media (Sigma, St. Louis, MO, 
USA) buffered with MOPS (Sigma). A stock 
inoculum was prepared from three colonies 
of the examined yeast in 5 mL sterile 0.85% 
NaCl, and then the turbidity of the inoculum 
was adjusted to 0.5 McFarland standards at 
530 nm wavelength. Aspergillus spp. and 
dermatophytes conidia were cultured on po-
tato dextrose agar using a wetting loop with 
Tween-20. Their turbidity was adjusted to 
OD=0.09-0.11, which yields 0.4-5×10⁶ conid-
ia/mL. A working suspension was prepared by 
making a 1/50 and 1/1000 dilution with RPMI 
of the stock suspension for molds and yeasts, 
respectively. The working inoculum (0.1 mL) 
was added to the microtiter plates, which were 
incubated in a humid atmosphere at 30 ºC for 
24–48 h. Uninoculated medium (200 μL) was 
included as a sterility control (blank). In ad-
dition, growth controls (medium with inocu-
lum but without antibiotics or the synthetic 
compounds) were also examined. The growth 
in each well was compared with that of the 
growth in the control well. 

3. Results and Discussion
	 Following our studies on the develop-
ment of green synthesis of biologically active 
compounds using nano-catalysts (21), we uti-
lized the valuable nanoparticle catalyst Nano-
SnCl₄/SiO₂ for the synthesis of α-substituted 
phosphonic acids. A simple one-pot, three-
component reaction involving an aldehyde, 
dimedone, and triethyl phosphite was con-
ducted in the presence of Nano-SnCl₄/SiO₂ 
under reflux. This approach successfully 
yielded the corresponding ((4,4-dimethyl-2,6-
dioxocyclohexyl)(phenyl)methyl)phosphonic 
acids (4a–4c) in good yields (Figure 1).

3.1. Preparation and Characterization of Na-
no-SnCl₄/SiO₂ Catalyst 
	 Nano SnCl₄/SiO₂ was prepared by sup-
porting tin tetrachloride on activated nano sil-
ica following a modified procedure based on 
the referenced method. Nano silica was dried 
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at 150 °C, suspended in dry n hexane, and 
treated dropwise with a solution of SnCl₄ un-
der nitrogen. After 24 h of stirring at room tem-
perature, the solid was filtered, washed with n 
hexane, and dried to afford a stable white pow-
der. FT IR analysis confirmed catalyst forma-
tion. The spectrum displayed the characteristic 
Si–O–Si stretching band near 1100 cm⁻¹ and 
Si–OH absorption around 700 cm⁻¹. A distinct 
band at approximately 900 cm⁻¹ indicated the 
presence of Sn–O–Si bonds, consistent with 
successful immobilization of SnCl₄ on the sil-
ica surface (Figure S1). The catalyst thus ob-
tained acts as a mild, reusable solid Lewis acid 
and was employed efficiently in the synthesis 
of α substituted phosphonic acids in this study 
(20).

3.2. Optimization of reaction conditions for 
synthesis of α-substituted phosphonic acids 

	 To find the optimum conditions for the 
synthesis of α-substituted phosphonic acids, 
the reactions between 4-bromobenzaldehyde 
(1a), dimedone (2), and triethyl phosphite (3) 
were selected for initial screening experiments 
as a model reaction. Various solvents were ex-
amined (Table 1, entries 1-4). The best results 
were obtained in ethanol. Then, different tem-
peratures were also examined (Table 1, entries 
4-6), and the results showed that the optimal 
temperature for this reaction was 80 °C. To 
achieve the optimal mmol amount of Nano-
SnCl₄/SiO₂, various mmol quantities includ-
ing 0.4, 0.3, and 0.2 mmol were tested. We ob-
tained the best yield with 0.3 mmol (Table 1, 
entries 7-9). After initial optimization for the 
synthesis of compound 4a, the optimal condi-
tions were determined to be in ethanol, at 80 
°C, and with 0.3 mmol of the catalyst (Table 1, 
entry 9).

Figure 1. Synthesis of ((4,4-dimethyl-2,6-dioxocyclohexyl)(phenyl)methyl)phosphonic acids 
(4a–4c).

 

Table 1. Optimization of the reaction conditions for synthesis of ((4,4-dimethyl-2,6-dioxocyclohexyl)
(4-bromophenyl)methyl)phosphonic acids (4a)

Entry Solvent Temp.(oC) Time (h) mmol of the catalyst Yield(%)

1 CH3Cl 80 24 0.2 65

2 CH2Cl2 80 24 0.2 10

3 CH3OH 80 48 0.2 5

4 EtOH 80 12 0.2 80

5 EtOH 50 12 0.2 20

6 EtOH 90 12 0.2 70

7 EtOH 80 12 0.5 62

8 EtOH 80 12 0.4 70

9 EtOH 80 12 0.3 90
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3.3. Catalytic activity of Nano SnCl4/SiO2 in 
the synthesis of α-substituted phosphonic ac-
ids
	 A multi-component reaction of differ-
ent aldehydes, dimedone, and triethyl phos-
phite in the presence of Nano-SnCl₄/SiO₂ was 
carried out to prepare phosphorus compounds 
(4a-4c) (Figure 1). According to the results in 
Table 1, the desired compounds were synthe-
sized in ethanol in the presence of 0.3 mmol of 
catalyst at 80 °C. The synthesized compounds 
were characterized by ¹H-NMR, ¹³C-NMR, 
and ³¹P-NMR spectroscopic methods (Supple-
mentary Information). The chemical struc-
tures of the synthesized compounds are shown 
in Table 2.

3.4. Antimicrobial Assessment
	 The antifungal activities of the syn-
thesized compounds were evaluated, and the 
results are summarized in Table 3. The anti-
fungal evaluation was carried out against C. 
albicans, C. tropicalis, C. krusei, C. glabrata, 
C. dubliniensis, and C. parapsilosis. The re-
sults showed that compound 4a had moderate 
inhibitory potency on the growth of all studied 
yeasts in the range of 32-128 μg/mL values, 
except for C. tropicalis and C. parapsilosis. 
The growth of C. glabrata and C. dubliniensis 
was inhibited by 4a at a concentration of 32 μg/
mL. Compound 4b showed inhibitory activity 
towards C. krusei, C. glabrata, and C. dubli-
niensis, ranging from 64-128 μg/mL values. 
Furthermore, compound 4c had no inhibitory 
effect on the growth of any studied yeast. As 

Table 2. Chemical structure and physical properties of α-substituted phosphonic acid derivatives (4a-4c).
Entry Structure M.P. (℃) Yield (%) M.W.

4a

Br

P

O
HO

HO

O

O

112-115 78 389

4b

F

P

O
HO

HO

O

O

117-119 81 328.2

4c

OMe

P

O
HO

HO

O

O

130-135 79 340.11

Table 3. IC50 values (µg/mL) of the α-substituted phosphonic acids against the examined yeasts.
Entry C. albicans C. tropicalis C. krusei C. glabarata C. dubliniensis C. parapsilosis

4a 128 >256 64 32 32 >256
4b >256 >256 128 64 128 >256
4c >256 >256 >256 >256 >256 >256

Fluconazole 4 1 16 4 1 2
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a result, derivatives featuring electronegative 
substitution on the phenyl moiety showed an 
enhanced effect on the activity in the order of 
Br > F. It was also noted that the replacement 
with an electropositive substitution (OMe) in 
compound 4c on the phenyl ring led to dimin-
ished activity.
	 The antibacterial activities of the syn-
thesized compounds were evaluated, and the 
results are summarized in Table 4. The anti-
bacterial evaluation was carried out against S. 
aureus, E. faecalis, E. coli, and P. aeruginosa. 
The results showed that compound 4a exhib-
ited inhibitory activity towards S. aureus and 
E. faecalis with MIC values of 128 and 64 μg/
mL, respectively. Also, compound 4b showed 
an inhibitory effect against E. faecalis with 
an MIC value of 128 μg/mL. The structure-
activity relationship indicated that compound 
4a with a bromo moiety at the para position 
was the most active compound.

Table 4. IC50 values (µg/mL) of the α-substituted phosphonic acids against the examined bacteria.
Entry S. aureus E. faecalis E. coli P. aeruginosa

4a 128 64 G* G*
4b >256 128 G* G*
4c G* G* G* G*

Ciprofloxacin 0.5 0.025 ---- 2

4. Conclusion
	  The synthesis of some α-substituted 
phosphonic acids using an appropriate and 
green catalyst was reported. The simple 
workup, high yield, and mild conditions are 
the advantages of this method. The antifun-
gal studies of α-substituted phosphonic acid 
derivatives show moderate results in vitro to-
ward C. krusei, C. glabrata, and C. dublinien-
sis yeasts. Our results show that the existence 
of an electron-withdrawing group at the para-
position of the phenyl moiety could improve 
antifungal activities.
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