Open Access Article. Published on 30 September 2025. Downloaded on 1/21/2026 6:58:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 36213

Received 12th July 2025
Accepted 15th September 2025

DOI: 10.1039/d5ra04981d

Simultaneous conversion of dialkyl phosphites to
dialkyl phosphoric acids and SeO, to Se
nanoparticles in water and their anticancer
properties
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A novel, very simple, one-way, economical, and convenient reaction method for the simultaneous synthesis
of dialkyl phosphoric acids and selenium nanoparticles has been developed. This communication describes
the synthesis and characterization of selenium nanoparticles through the reactions of dialkyl phosphites and
selenium dioxide. Dialkyl phosphites serve as reducing agents for converting selenium dioxide (a hazardous
selenium source) to selenium nanoparticles (Se NPs), and conversely, selenium dioxide oxidizes dialkyl
phosphites to dialkyl phosphoric acids. The impact of solvents, temperature, and ratio of materials is
included in this study. Most of the prepared Se NPs tend to agglomerate, and their stability improved by
the addition of B-cyclodextrin. In addition to enhancing the stability of Se NPs by cyclodextrin, the
anticancer properties of the as-prepared Se NPs stabilized by B-cyclodextrin are studied. The reported
method presents the conversion of selenium dioxide (a hazardous selenium source) to valuable Se NPs
(hemispherical Se crystals) and industrially applicable dialkyl phosphoric acids from inexpensive materials
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Introduction

The development of safe, efficient, and economical synthesis
methods is one of the main challenges for chemists.”® Over the
past two decades, green and economical methods for the
synthesis of organic and inorganic compounds have attracted
increasing attention due to increasing environmental
problems.** Selenium (Se) is a very important element in the
fields of biology, physics, and chemistry, with many applica-
tions, both industrially and commercially.” The elemental
form of selenium is insoluble in water. Among the four oxida-
tion states of selenium that exist in nature (6, 4, 2, and 0),
elemental selenium is the least toxic and plays a critical role in
the maintenance of human health and growth.' In nanotech-
nology, the synthesis of metal nanoparticles is important due to
their applications in biomedicine." Amongst the various metal
nanoparticles, selenium nanoparticles (Se NPs) have attracted
much attention due to their antimicrobial,** antioxidant,"
anticancer, and anti-biofilm properties.”® On the other hand,
according to literature reports, Se NPs are extensively used in
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with zero E factor and one atom economy.

semiconductors, renewable energy devices, and photocells.*
Various physical (UV irradiation, laser ablation, and hydro-
thermal),” chemical,’® and biological methods have been re-
ported for the synthesis of Se NPs. However, all the methods
have a very low atom economy, resulting in the formation of
a lot of wastes.

Organophosphorus esters are important materials that have
large applications in agricultural, medicinal, industrial, and
organic synthesis.**** Among the organophosphorus esters,
dialkyl phosphoric acids have attracted much attention due to
their use in the oil industry and for the extraction of rare
metals.>*?* For example, bis(2-ethylhexyl) phosphate (D2EHPA,
P204) is a famous rare-metal extractant.>® Dialkyl phosphoric
acids have been synthesized by various methods, including the
reaction of POCI; with a long chain alcohol in benzene, followed
by alkaline hydrolysis®” and the reaction of o-phenylene phos-
phorochloridate with alcohols (with more than four carbons in
the alkyl group), followed by deprotection of the resulting di-
alkyl o-hydroxyphenyl phosphate with PhI(OAc),.>® The first
method gives low yields (11-35%) because of the selective
crystallization of the solid dialkyl phosphate from the reaction
mixture, and it is not applicable for alcohols with less than ten
carbons in the alkyl group.

The most common selenium sources for the synthesis of Se
NPs are sodium selenite, sodium selenate, selenous acid,
sodium selenosulphate, and 1,2,3-selenadiazole. Selenium in
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selenite and selenate forms has a hazardous effect even at
extremely low concentrations. In order to avoid the use of
hazardous selenium sources and additives (reductants and
stabilizers) for the synthesis of Se NPs, a direct, atom-efficient,
and simple transformation of SeO, into Se NPs is necessary.
Although the application of SeO, for the oxidation of a wide
range of organic materials is being investigated,*?° the direct
synthesis of industrially important dialkyl phosphoric acid
compounds through the reaction of SeO, and dialkyl phos-
phites (which is easily prepared from P,)** has not yet been
studied. Here, we describe a convenient, one-step process for
the synthesis of valuable Se NPs (hemispherical crystalline
selenium) and industrially applicable dialkyl phosphoric acids
from inexpensive materials with zero E factor, one-atom
economy, and complete conversion conditions suitable for
scale-up.

Results and discussion

Our continued interest in the green synthesis of organophos-
phorus compounds motivated us to explore the possibility of
synthesizing dialkyl phosphoric acids from dialkyl phosphites
in the presence of SeO,. Diethyl phosphite 1a was selected as
a model compound, and optimization of the reaction condi-
tions was carried out in various solvents (Table S1; the reaction
yield was monitored by *'P NMR). In the presence of SeO,,
compound 1a was converted to diethyl phosphoric acid 2a in
90% yield in acetonitrile at RT for 12 h. During the reaction,
black selenium particles appeared in the reaction mixture.
Replacing acetonitrile with other solvents, such as dioxane,
DMSO, methanol, toluene, and water, resulted in good to
excellent yields. Furthermore, operating the reaction at RT for 3
h in water led to the targeted product 2a in quantitative yield
(Scheme 1). The effect of the amount of SeO, on the synthesis of
compound 2a was also examined. Decreasing the amount of
SeO, to 0.5 equivalent also gave 2a in quantitative yield.
However, a further decrease in the amount of SeO, to 0.25
equivalent, resulted in compound 2a in 45% yield. Further
studies showed that the reaction atmosphere had no effect on
the yield of the product 2a. It should be noted that the reaction
failed using other selenium sources such as sodium selenite
(Na,SeO3).

With the optimized conditions in hand, the reaction
between various dialkyl phosphites and SeO, in water at RT was
evaluated (Table 1). It should be noted that dialkyl phosphites
with a short chain of alkyl groups gave the corresponding di-
alkyl phosphoric acids; for instance, the readily hydrolysable
dimethyl phosphite gave dimethyl phosphoric acid [(MeO),P(O)
OH, 2b] in 92% yield. Dialkyl phosphites with primary alkyl
chains, such as n-butyl, gave the corresponding dialkyl

Q H,0

1l I
Se0, + 2H—P(OEt)2W Sel+ 2 HO-P(OEt),

0.5mmol 1 mmol

Scheme 1 Reaction of SeO, with diethyl phosphite.
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Table1l Reaction of SeO, with dialkyl phosphites and diaryl phosphine
oxides®

% 0
i H,0 I
SeO, + 2H-PR, Y Ser 2HO-PR,
' 2 yield®
1l 1] 9
~~oP~o——~ ~o0-P~o0— /Ho"?\o*ﬁs\
OH OH 3 OH
2a (94%) 2b (92%) 2¢ (85%)
T ol
2d (90%) 2e (71%)
o)
1
)\ofP\oJ\ >L0,P\O r.o—0-P~0—cF,
® OH
2f (77%) 2g (-)b 2h (83%)
2
— ,P\ —
Ph——0 o Ph Q\O,p\O@ Q?O
OH
2i (79%) 2j (60%) 2K (81%)
: OH : %} {é
X = Cl; 21 (64%)°

X = MeO; 2m (78%)
X = CF3; 2n (86%)°

¢ Yields refers to isolated compound 2 for the reaction of 1 (1 mmol)
with SeO, (0.5 mmol) in water (2 mL). > Compound 1g decomposed in
the reaction condition. °The reaction was carried out using
acetonitrile as the solvent.

phosphoric acid 2¢ in 85% yield. B-substituted aliphatic primary
alkyl chains, such as 2-methylpropyl and 2-ethylhexyl, afforded
the corresponding products 2d and 2e in 90% and 71% yields,
respectively. It should be noted that bis(2-ethylhexyl) phos-
phoric acid (D2EHPA, 2e), a known rare-metal extractant, was
obtained in high purity and yield using this method.

Linear secondary alkyl chains, such as iso-propyl, performed
well in the reaction with a good yield. Although di-t-butyl
phosphite 1g didn't give the corresponding phosphoric acid 2g
in this condition or via the use of acetonitrile as the solvent, the
reaction with di-2,2,2-trifluoroethyl phosphite gave the desired
product 2h in 83% yield. In spite of the lower stability of di-
benzyl- and diphenyl-phosphite 1i and 1j in water, reaction with
SeO, in water gave corresponding phosphoric acids 2i and 2j in
79% and 60% yields, respectively. In addition, some diaryl
phosphine oxides were examined for these transformations.
Treatment of diphenyl phosphine oxide with SeO, in water gave
diphenyl phosphinic acid 2k in quantitative yield. Various di-
phenyl phosphine oxide derivatives bearing electron-donating
or electron-withdrawing groups on the phenyl moiety in the
presence of SeO, afforded the corresponding diphenyl phos-
phinic acids 21-2n in good yields. Under similar conditions, di-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H 70°C, 3 h OH
Cl OH ¢l OH
3 4

Scheme 2 Reaction of SeO, with HzPO, (50%) and compound 3.

3,5-dimethyl phosphine oxide 10, as a two substituted diaryl
phosphine oxide, served as a suitable reaction component; the
corresponding product 20 was obtained without any problems.
In all the experiments, Se particles were obtained and collected.

In the next attempt, the conversion of SeO, to Se particles
was examined in the presence of H;PO, (50%). Interestingly, it
was found that treatment of SeO, with H;PO, (50%) at RT for 3 h
gave Se particles in quantitative yield (Scheme 2).

1-Hydroxy-(2-chlorophenyl)methylphosphinic acid 3 was
obtained on a gram scale from the reaction of an aldehyde with
hypophosphorus acid at reflux in ethanol for 48 h (Scheme 2),
following a literature procedure. Treatment of compound 3 with
SeO, at 70 °C for 3 h gave the corresponding 1-hydrox-
yphosphonic acid 4 in 90% yield (Scheme 2).

To obtain information on the size and morphology of Se
particles, all the collected samples were subjected to TEM
analysis. TEM analysis of the Se particles revealed that the
majority of particles agglomerated in all the samples (for
example, see Fig. S50 in SI), except Se particles (DMP-Se NPs)
collected from the reaction of SeO, with dimethyl phosphite
(1b). As shown in the TEM image (Fig. 1 and S46 in SI), Se
particles are clearly visible as hemispherical Se crystals. It
should be noted that this sample also tended to aggregate into
larger particles.

Fig. 1 TEM micrograph of DMP-Se NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of DMP-Se NPs.

The particle size distribution from the TEM micrographs
revealed that particle sizes were 25-60 nm (Fig. S47; particle size
distribution diagram of DMP-Se NPs). XRD pattern of DMP-Se
NPs is shown in Fig. 2, which confirmed the high crystallinity of
DMP-Se NPs. The average particle size of DMP-Se NPs was
calculated using the Scherrer equation and was found to be 40
nm.

Furthermore, corresponding to the color change of the
reaction mixture from colorless to red, formation of Se NPs was
confirmed by a sharp absorbance peak of the Se nanoparticles
at 265 nm (Fig. S47). XPS spectrum of DMP-Se NPs is shown in
Fig. S48. The XPS spectrum of Se revealed a binding energy of
55.18 eV for the purified selenium nanoparticles, confirming
the presence of elemental selenium (Se0). The XPS spectrum of
oxygen showed broad peaks, indicating the presence of
different chemical states of oxygen. The O 1s peaks at 530.6—
530.9 eV were attributed to the non-bridging oxygen in the
phosphate group (P=0).**

The peak at 532.5-535.9 eV was assigned to the combined
effects of singly bonded oxygen (-O-) in C-O-P groups, chem-
isorbed oxygen and oxygen in water.*> In Fig. S48, the XPS
spectrum of phosphorous shows peaks at 132.9-133.1 and 136
eV, which are attributed to tetra-coordinated phosphorus.*

As mentioned, TEM analysis showed that in the reaction
media, the prepared Se NPs start to aggregate and form larger
particles. In continuation to our efforts and literature reports on
the synthesis of metal nanoparticles stabilized by cyclodex-
trins,* synthesis of Se NPs was examined in the presence of -
cyclodextrin as a stabilizing agent to prevent aggregation. It was
found that the reaction of SeO, with diethyl phosphite in water
at 60 °C for 2 h in the presence of B-cyclodextrin gave Se NPs
without aggregation. The reaction mixture changed its color in 2
h upon adding B-cyclodextrin (Fig. 3). The reaction was also
examined in the presence of other stabilizers such as poly(ethyl
methacrylate), chitosan, and poly sorbet. Experimental results
showed that other stabilizers did not prevent aggregation
(Fig. S55).

The formation of non-aggregated Se NPs was confirmed by
FE-SEM analysis. As shown in the FE-SEM image (Fig. S49 in SI),
Se particles were clearly visible as hemispherical structures.

Furthermore, the anticancer properties of the B-cyclodextrin-
stabilized Se NPs (B-CD@SeNPs) were studied (all biological

RSC Adv, 2025, 15, 36213-36218 | 36215
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aggregation of particles

No aggregation

Fig. 3 (a) Reaction mixture of SeO, (0.5 mmol) and diethyl phosphite
(1 mmol) with and without B-cyclodextrin (0.5 mmol) in water. (b)
Corresponding change in the mixture color after 2 h at 60 °C.

samples were purchased from the Iranian Biological Resource
Center). The viability of the mouse and human breast cancer
cell lines treated with different concentrations of Se NPs was
evaluated using the MTT assay after 24 hours. Results depicted
in Fig. S50 demonstrated that Se NPs suppressed the prolifer-
ation of breast cancer cells in a concentration-dependent
manner. Regarding to the mouse breast cancer cells, the
inhibitory concentration (ICs,) was calculated to be 32.74 pg
mL " for 24 h of exposure. A significant inhibition of cell growth
was observed among all treatment groups in a dose-dependent
manner. In MCF-7 culture groups, cell survival also decreased
with increasing concentration of Se NPs (Fig. S50B). All treat-
ment groups displayed a notable difference in cell viability,
except for the group that underwent treatment with 2.5 ug mL ™"
concentration, which revealed no significant cell mortality
compared with the control group. ICs, value for the MCF-7 cell
line after 24 h was 14.47 pug mL ™. Se NPs also had a significant
effect on the viability of MDA-MB-231 cells in all the studied
concentrations, and the ICs, for these cells after 24 hours of
exposure was measured to be 29.39 ug mL .

This study evidenced that B-CD@SeNPs can directly induce
cell death in cultured mouse and human breast cancer cell
lines. B-CD@SeNPs reduced cell viability in two human breast
cancer cell lines, namely, MDA-MB-231 and MCF-7, and
a mouse derived breast cancer cell line, 4T1. These results were
consistent with earlier reports that indicated Se NPs can inhibit
cell proliferation and induce apoptosis in cancer cell lines.**?*
Exposure of 4T1 cells to Se NPs led to a decrease in cell number
that was found to be time- and concentration-dependent.

A decrease in viability of MDA-MB-231, MCF-7 and 4T1 cells
treated with all concentrations of Se NPs confirmed that the
reduction in cell number was due to enhanced cell death. In this
study, cells were exposed to DMEM media containing different
concentrations of Se NPs. In 4T1 cells, the IC;, values for Se NPs
were lower than those of human breast cancer cell lines. This
phenomenon may be attributed to the varying doubling times of
these cells. Research has indicated that cells that proliferate
more rapidly tend to exhibit greater sensitivity to anticancer
treatments,*” and 4T1 has the lowest doubling time among the
studied cell lines.*®

Based on our review of the literature on the conversion of
SeO, to elemental selenium in oxidation processes, we propose

36216 | RSC Adv, 2025, 15, 36213-36218
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Scheme 3 Proposed reaction mechanism.

a mechanism for the simultaneous synthesis of dialkyl phos-
phoric acids and selenium nanoparticles through the reaction
of dialkyl phosphites and SeO,, as shown in Scheme 3. Initially,
the reaction of SeO, with the tautomeric form of dialkyl phos-
phite gave intermediate I, which then underwent an internal
oxidative rearrangement, giving intermediate II. The next step
involved the nucleophilic attack of a dialkyl phosphite on the
intermediate II, giving intermediate III and one molecule of
dialkyl phosphoric acid. Finally, elemental selenium and
second dialkylphosphoric acid form via an internal oxidative
rearrangement of the intermediate IIL *'P NMR spectra at
different reaction times showed the complete conversion of the
compound 1a to 2a in the presence of SeO, (Fig. S53).

The oxidative and reductive properties of SeO, were initially
studied using cyclic voltammetry (Fig. S51). The progress of the
chemical reaction of SeO, in the presence of diethyl phosphite
was then examined by recording consecutive cyclic voltammo-
grams during the reaction. Fig. 4 shows the cyclic voltammo-
grams of 1 mmol diethyl phosphite added to an electrochemical
cell containing 0.5 mmol SeO, in 10 mL of aqueous solution and
0.1 M KCl in the potential range of 0 to +1.5 Vat 100 mV s~ . The
waveform of the cyclic voltammograms varied significantly
during the progress of the reaction from curve a (at the start of
the reaction) to curve i (at the end of the reaction). Obviously,
the absence of any anodic signals indicated the non-electro-
activity of SeO, and diethyl phosphite in the studied range of

7T

i/pA

80 140

50 90

20 40

0.5 0.8

i 1.1 14 0.5 0.8
E/V vs. Ag/AgCl

1.1 1.4
E/V vs. Ag/AgCl

Fig. 4 Cyclic voltammograms (curves of a—i) of SeO, (0.5 mmol) in
the presence of diethyl phosphite (1 mmol) during the progress of the
chemical reaction. The other conditions are the same as Fig. S49 (SI).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potentials. After a while, the colorless solution turned to light-
pink, indicating the formation of Se0 nanoparticles. This
observation was accompanied with the appearance of two
distinct anodic signals of A; and A,, which were related to the
oxidation of Se0 and probably an intermediate produced from
the chemical reaction, respectively. The height of the A, signal
was initially increased (from a to e). However, it was gradually
decreased (from e to h) and finally disappeared at the end of the
reaction (curve i). The data clearly confirmed the connection of
the A, signal to the intermediate formation. According to
Scheme 2, the chemical reaction of SeO, and diethyl phosphite
resulted in an intermediate II with Se". The anodic A, signal was
attributed to the oxidation of the Se" center to Se". It is worth
mentioning that at the end of the reaction, a dense selenium
solid was deposited at the bottom of the cell. Therefore, the A;
peak was omitted at the end of the reaction.

Conclusion

In summary, this study focuses on the simultaneous synthesis
of dialkyl phosphoric acids and selenium nanoparticles by
a novel, eco-friendly, non-toxic, and sustainable method. The
method involves the reaction of dialkyl phosphites with sele-
nium dioxide in water under an optimal condition of 2 : 1 ratio
of dialkyl phosphites to selenium dioxide. Dialkyl phosphites
act as a reducing agent for converting selenium dioxide to
selenium nanoparticles (Se NPs), and conversely, selenium
dioxide oxidizes dialkyl phosphites to dialkyl phosphoric acids.
Further, the Se NPs are characterized for their morphological
and structural features by appropriate advanced analytical
methods. TEM analysis suggests that the hemispherical-shaped
nanoparticles with smooth surfaces are polydispersed. The re-
ported method presents the synthesis of valuable Se NPs
(hemispherical Se crystals) and industrially applicable dialkyl
phosphoric acids from inexpensive materials with zero E factor
and atom economy. Studies on the anticancer properties of -
cyclodextrin-stabilized Se NPs (B-CD@SeNPs) indicated that
cells that proliferate more rapidly tend to exhibit greater
sensitivity to anticancer treatments, and 4T1 has the lowest
doubling time among the studied cell lines.

Experimental
General methods

All chemicals were commercial products. NMR spectra were
obtained using a 400 MHz Bruker Avance instrument, with the
chemical shifts being reported as & ppm and couplings
expressed in Hertz. The chemical shift data for each signal on
1H NMR were given in units of § relative to CHCIl; (6 = 7.26) in
CDCIl; solution. For 13C NMR spectra, the chemical shifts in
CDCI; and DMSO were recorded relative to the CDCI; resonance
(6 = 77.0) and DMSO resonance (6 = 40.45). Silica gel column
chromatography was carried out with silica gel 100 (Merck No.
10184). Merck silica-gel 60 F254 plates (No. 5744) were used for
the preparative TLC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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General procedure for the conversion of dialkyl phosphites to
dialkyl phosphoric acids

A solution of selenium dioxide (110 mg, 0.5 mmol) in either
water or acetonitrile (4.0 mL) was prepared. Dialkyl phosphites
or diaryl phosphine oxide 1 (1.0 mmol) was then added to the
solution at room temperature under air. The mixture was stirred
for 3 hours, during which a red coloration developed, indicating
the formation of selenium nanoparticles. The reaction mixture
was allowed to stand for an additional 12 hours to facilitate
nanoparticle aggregation and growth. Subsequently, the solu-
tion was filtered through a 0.45 pm filter to separate the sele-
nium nanoparticles from the solution. Finally, the filtrate was
subjected to thermal treatment at 80 °C to remove the solvent,
yielding the final product 2 without further purification.
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