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ABSTRACT: This work introduces a novel class of hybrid antimicrobial agents by integrating
sulfone and sulfonamide functionalities with polyhedral oligomeric silsesquioxanes (POSSs).
By employing efficient synthetic protocols, we have successfully prepared both sulfone
(ethylvinylsulfone-POSS and phenylethylsulfone-POSS) and sulfonamide (benzenesulfona-
mide-POSS, p-toluenesulfonamide-POSS, 3-fluorobenzenesulfonamide-POSS, and 2-naphtha-
lenesulfonamide-POSS) derivatives with high yields (73−90%). All derivatives were examined
using Fourier transform infrared spectroscopy, multinuclear (1H, 13C, 19F, and 29Si) NMR
spectroscopy, MALDI-ToF MS spectrometry, and elemental analysis. Additionally, the crystal
structure of the p-toluenesulfonamide-POSS hybrid was revealed. The unique cage-like POSS
structure not only imparts enhanced thermal and chemical stability, a common feature of
silsesquioxane-based hybrids, but also boosts the lipophilic character of these compounds,
thereby facilitating their interaction with microbial membranes. This interaction, likely
resulting in membrane disruption and cell lysis, translates into potent antimicrobial activity
(against Escherichia coli, Pseudomonas aeruginosa, Enterococcus hirae, Staphylococcus aureus, and Candida albicans)�especially against
Gram-positive bacteria�at remarkably low minimum inhibitory concentrations in the range from 125 to 3000 μM. In turn, E. hirae
and S. aureus were more susceptible compared to Gram-negative bacteria and C. albicans. The strategic incorporation of POSSs into
these sulfur-based moieties represents a significant breakthrough, opening new avenues for the development of advanced
antimicrobial coatings and therapeutic agents in the fight against antibiotic resistance.

■ INTRODUCTION
Sulfones and sulfonamides are valuable in chemistry and
pharmaceuticals due to their notable biological activity,
stability, and synthetic accessibility. Some sulfonamides serve
as antibiotics, while sulfones treat diseases like malaria and
leprosy.1 Their stability under various conditions makes them
suitable for diverse chemical reactions and pharmaceutical
formulations.2,3 They are often synthesized from readily
available materials, enhancing cost-effectiveness.4 Many
sulfonamide drugs exhibit good oral bioavailability and
metabolic stability, improving their pharmaceutical efficacy.5

Their ability to selectively target enzymes or receptors enables
potent therapeutic agents.6,7 Extensive research has established
structure−activity relationship data, aiding in designing
bioactive compounds.8 Beyond pharmaceuticals, sulfones and
sulfonamides are used in agrochemicals and materials science
due to their versatile properties.9,10 This inherent versatility
facilitates the generation of a diverse array of chemical
structures and sometimes unconventional synthetic ap-
proaches,11−14 a pivotal aspect inter alia in drug discovery
and development.15−18 However, conventional sulfone and
sulfonamide compounds sometimes face limitations in
addressing emerging challenges, such as antibiotic resistance
and the need for multifunctional materials with improved
performance.

Recent advances in hybrid materials have provided
innovative strategies to overcome these limitations by
integrating bioactive moieties with silicon-based frame-
works.19−22 Among silicon-containing hybrid materials, poly-
hedral oligomeric silsesquioxanes (POSSs) are attracting
significant attention due to their unique cage-like structure,
which provides enhanced thermal and chemical stability,
increased lipophilicity, and exceptional versatility in function-
alization. Introducing POSS, for instance, into polymers allows
for the creation of materials with highly specialized properties.
As a result, these systems find applications across a wide range
of fields from modern dressings and implants to smart drug
delivery systems. Here, precise control of the composition and
morphology of the material is crucial to achieve the desired
biological and functional effects affecting biocompatibility,
antibacterial properties, promoting cell adhesion, reducing
inflammation, antiviral and antifungal properties, and modify-
ing drug release.23,24 Recent findings from our research group
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have demonstrated that hybrid materials based on these
particular organosilicons lead to a wide range of applications in
materials engineering,25−28 tissue engineering,29 drug delivery
systems,30 and coordination chemistry.31

Yet, the full potential of POSS-based sulfones and
sulfonamides as advanced antimicrobial agents remains
underexplored. In this context, Ziarani et al. reported the
modification of octa-substituted POSSs with multifunctional
sulfonamide groups via a click condensation approach.32 These
POSS-like derivatives were synthesized through a copper-
catalyzed Huisgen 1,3-dipolar cycloaddition reaction, involving
the direct propargylation of sulfonamides, subsequent azide
exchange of POSS-(Cl)8 with sodium azide, and a final click
reaction facilitated by CuI in DMF. While the resulting
structures exhibited antimicrobial activity, their effectiveness
was diminished due to increased particle mass and reduced
solubility.
This study introduces a scalable and efficient synthetic

approach to developing antimicrobial agents by integrating
sulfone and sulfonamide functionalities with monosubstituted
POSS moieties. Direct incorporation into the POSS framework
streamlines synthesis, while preserving and enhancing the
bioactivity of sulfur-based groups. The rigid POSS core
improves material stability and promotes microbial membrane
interactions, where its lipophilicity facilitates penetration,
leading to membrane disruption and cell lysis, particularly in
Gram-positive bacteria. The observed antimicrobial activity
highlights the potential of POSS-based hybrids for advanced
coatings and therapeutics. By strategically embedding sulfone
and sulfonamide groups within the POSS structure, our
approach overcomes the limitations of conventional sulfur-
containing compounds, yielding hybrid materials with
significantly enhanced antimicrobial properties. The high-
yield synthesis, performed under mild conditions, ensures
scalability and sustainability, addressing the urgent demand for
new antimicrobial solutions in response to rising antibiotic
resistance. This innovative platform not only advances
antimicrobial strategies but also opens new avenues for
multifunctional materials in medicine, environmental safety,
and beyond.

■ EXPERIMENTAL SECTION
Materials and Methods. All commercially available chemicals

were used without further purification: 2,2-Dimethoxy-2-phenyl-
acetophenone DMPA (Aldrich, 99%), divinylsulfone (Aldrich,
≥98%), phenylvinylsulfone (Aldrich, 99%), triethylamine (Chempur,
99%), p-toluenesulfonyl chloride (Aldrich, ≥99%), 3-fluorobenzene-
sulfonyl chloride (AmBeed, 99.92%), benzenesulfonyl chloride
(Thermo Fisher Scientific, 98%), 2-naphthalenesulfonyl chloride
(Thermo Fisher Scientific, 97%), 3-mercaptopropylheptaisobutyl-
POSS (Hybrid Plastics Inc.), and 3-aminopropylheptaisobutyl-POSS
(Hybrid Plastics Inc.). Solvents for synthesis: toluene and methylene
chloride (HPLC, VWR) were dried and purified by using the solvent
purification systems (Inert, PureSolv EN 1−7 Base). Solvents for the
standard workup were used as received. The 1H and 13C NMR spectra
were obtained at 300 K by using a BrukerAvance III 500 MHz
spectrometer. The 29Si NMR spectra were obtained at 300 K using a
BrukerAvance III 600 MHz spectrometer. The chemical shifts are
given in ppm relative to the residual signals of the solvent (CDCl3,
1H: 7.26 ppm, 13C: 77.16 ppm). The 19F NMR spectra was obtained
at 300 K using a Jeol JNM-ECZR 500 MHz spectrometer. HRMS
spectra were recorded using JEOL JMS-S3000 SpiralTOF-plus Ultra-
High Mass Resolution MALDI-ToF MS. Infrared (IR) spectra were
recorded using a Bruker Vertex 70 spectrometer (measured samples
were prepared by making a KBr pellet) and a Shimadzu IR Spirit-T

spectrometer with a diamond ATR attachment. Elemental analyses
were measured on an Elementar’s Vario EL Cube analyzer.
Crystallographic data of 4 were obtained using an XtaLAB Synergy
R, DW system, HyPix-Arc 150 diffractometer by using graphite-
monochromatized Cu Kα radiation (λ = 1.54184 Å) at 100 K. Frame
integration, data reduction, and absorption correction were performed
using the CrysAlisPro33 program package. Using Olex2 software,34 the
structure was solved with the SHELXS35 structure solution program
using Direct Methods and refined with the SHELXL36 refinement
package using least-squares minimization. The positions of the
hydrogen atoms were idealized using the HFIX command. Details of
the crystal parameters, data collection, and refinement for structure of
4 are listed in Table 1. Crystallographic data have been deposited with

the Cambridge Crystallographic Data Centre (CCDC) as supple-
mentary publication CCDC 2355504. Copies of the data can be
obtained free of charge by application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: (Internet.) + 44 1223/336−033; e-
mail: deposit@ccdc.cam.ac.uk].
Syntheses. All of the reactions and operations that required an

inert atmosphere were performed by using a Schlenk apparatus and
vacuum line techniques. The following procedures are described for
laboratory scale, but these syntheses have also been tested on a larger
scale, where the main product was obtained in approximately 5 g. The
solubility of the resulting 1−6 in commonly used solvents is described
in Table S2.
Note: No uncommon hazards are noted.
Synthesis of Ethylvinylsulfone-POSS (1). In a round-bottom

flask equipped with a magnetic stirrer, 0.2 mmol (180 mg) of 3-
mercaptopropylheptaisobutyl-POSS (precursor A) and 0.02 mmol (5
mg) of catalyst (DMPA) were dissolved in toluene and left on the
stirrer for 15 min. Then, 0.2 mmol (24 mg, 20 μL) of divinylsulfone
was slowly added dropwise. The flask was placed under a UV lamp
(365 nm) for 24 h. After this time, the mixture was evaporated using a
rotary evaporator. The product was precipitated by washing it three
times with cold methanol. The workup gave a white precipitate with
90% yield. 1H NMR (500 MHz, CDCl3, 300 K): δ 6.65 (m, 1H), 6.45
(d, JH,H = 16.6 Hz, 1H), 6.18 (d, JH,H = 9.9 Hz, 1H), 3.19 (m, 2H),
2.82 (m, 2H), 2.54 (m, 2H), 1.84 (m, 7H), 1.67 (m, 2H), 0.94 (dd,
JH,H = 6.5, 2.0 Hz, 42H), 0.68 (m, 2H), 0.58 (dd, JH,H = 6.8, 3.0 Hz,
14H). 13C NMR (126 MHz, CDCl3, 300 K): δ 136.15 (s, 1C), 131.04
(s, 1C), 54.62 (s, 1C), 35.26 (s, 1C), 25.69 (s, 14C), 24.06 (s, 1C),
23.85 (s, 7C), 22.96 (s, 1C), 22.50 (s, 7C), 11.58 (s, 1C). 29Si NMR
(99 MHz, CDCl3, 300 K): δ −67.63, −67.86, −68.24. MALDI-MS:
m/z: 1031.28 {calcd [M + Na]+ 1031.28}. IR (cm−1): νC−H = 2955,
(s), νC−H = 2928 (w), νC�C = 1634 (m), δS−O = 1327 (m), νSi−C =
1231 (s), νSi−O−Si = 1110 (vs), νS−C = 743. Elemental analyses calcd
(%); found, for C35H76O14S2Si8: C, 41.63 (41.43); H, 7.59 (7.53); S,
6.35 (6.23).

Table 1. Selected Experimental Details for 4

4

deposition number 2355504
empirical formula C38H77NO14SSi8
formula weight 1028.78
crystal system Triclinic
space group P1̅
temperature/K 100(2)
a, b, c/Å 9.967(10), 10.950(2), 24.232(3)
α, β, γ/° 91.28(10), 91.70(10), 91.21(10)
volume/Å3 2642.2(6)
Z 2
radiation Cu Kα
μ/mm−1 1.24
crystal size/mm3 0.32 × 0.24 × 0.16
Rint 0.061
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Synthesis of Phenylethylsulfone-POSS (2). Synthesis was
carried out analogously to that for 1, but instead of divinylsulfone,
0.2 mmol (34 mg) of phenylvinylsulfone was added. The workup gave
a white precipitate with 73% yield. 1H NMR (500 MHz, CDCl3, 300
K): δ 7.90 (m, 2H), 7.66 (m, 1H), 7.56 (m, 2H), 3.31 (m, 2H), 2.75
(m, 2H), 2.48 (t, JH,H = 7.3 Hz, 2H), 1.83 (m, 7H), 1.62 (m, 2H),
0.93 (d, JH,H = 6.6 Hz, 42H), 0.65 (m, 2H), 0.58 (d, JH,H = 7.0 Hz,
14H). 13C NMR (126 MHz, CDCl3, 300 K): δ 138.94 (s, 1C), 133.82
(s, 1C), 129.39 (s, 2C), 127.99 (s, 2C), 56.52 (s, 1C), 35.20 (s, 1C),
25.68 (s, 14C), 24.26 (s, 1C), 23.84 (d, 7C), 22.89 (s, 1C), 22.45 (d,
7C), 11.51 (s, 1C). 29Si NMR (99 MHz, CDCl3, 300 K): δ −67.65,
−67.88, −68.93. MALDI-MS: m/z: 1081.29 {calcd [M + Na]+
1081.28}. IR (cm−1): νC−H = 2950 (w), νC−H = 2927 (w), δS−O =
1368 (m), νSi−C = 1230 (m), νSi−O−Si = 1083 (vs), δAr = 839 (m), νS−C
= 736 (m), δO−Si−C = 471 (s). Elemental analyses calcd (%); found,
for C39H78O14S2Si8: C, 44.20 (44.03); H, 7.42 (7.31); S, 6.05 (5.89).
Synthesis of Benzenesulfonamide-POSS (3). In a round-

bottom flask equipped with a magnetic stirrer, 0.2 mmol (35 mg, 26
μL) of benzenesulfonyl chloride and 0.2 mmol (20 mg, 28 μL) of
triethylamine were dissolved in DCM and left on the stirrer for 15
min, and then, 0.15 mmol (131 mg) of 3-aminopropylheptaisobutyl-
POSS (precursor B) was slowly added. The mixture was stirred under
an inert atmosphere for 24 h. After this time, the solution was
concentrated using an evaporator. The product was precipitated by
washing several times with cold methanol. The workup gave a white
precipitate with 76% yield. 1H NMR (500 MHz, CDCl3, 300 K): δ
7.84 (m, 2H), 7.55 (m, 1H), 7.49 (m, 2H), 4.31 (s, 1H), 2.95 (m,
2H), 1.83 (m, 7H), 1.55 (m, 2H), 0.94 (dd, JH,H = 6.6, 4.8 Hz, 42H),
0.57 (m, 16H). 13C NMR (126 MHz, CDCl3, 300 K): δ 140.17 (s,
1C), 132.53 (s, 1C), 129.06 (s, 2C), 126.99 (s, 2C), 45.53 (s, 1C),
25.67 (s, 14C), 23.85 (s, 7C), 23.33 (s, 1C), 22.44 (s, 7C), 9.17 (s,
1C). 29Si NMR (99 MHz, CDCl3, 300 K): δ −67.60, −67.87, −68.21.
MALDI-MS: m/z: 1036.28 {calc. [M + Na]+ 1036.30}. IR (cm−1):
νN−H = 3266 (w), νC−H = 2955 (m), νC−H = 2869 (w), δS−O = 1328
(m), νSi−C = 1230 (s), νSi−O−Si = 1086 (vs), δAr = 833 (w), νS−C =
741(s), δO−Si−C = 465 (s). Elemental analyses calcd (%); found, for
C37H75NO14S2Si8: C, 43.80 (43.91); H, 7.45 (7.53); N, 1.38 (1.27);
S, 3.16 (3.03).
Synthesis of p-Toluenesulfonamide-POSS (4). Synthesis was

carried out analogously to that for 3, but instead of benzenesulfonyl
chloride, 0.2 mmol (38 mg) of p-toluenesulfonyl chloride was added.
The workup gave a white precipitate with 85% yield. 1H NMR (500
MHz, CDCl3, 300 K): δ 7.71 (m, 2H), 7.27 (m, 2H), 4.33 (t, JH,H =
6.1 Hz, 1H), 2.92 (q, JH,H = 6.7 Hz, 2H), 2.38 (s, 3H), 1.82 (m, 7H),
1.52 (m, 2H), 0.92 (m, 44H) 0.57 (m, 14H). 13C NMR (126 MHz,
CDCl3, 300 K): δ 143.24 (s,1C), 137.24 (s, 1C), 129.65 (s, 1C),
127.07 (s, 1C), 45.51 (s, 1C), 30.90 (s, 1C), 25.68 (s, 14C), 23.87 (s,
7C), 23.30 (s, 1C), 22.48 (s, 7C), 21.49 (s, 1C). 29Si NMR (99 MHz,
CDCl3, 300 K): δ −67.60, −67.80, −68.17. MALDI-MS: m/z:
1050.31 {calcd [M + Na]+ 1050.32}; 1066.28 {calc. [M + K]+
1066.42}. Elemental analyses calcd (%); found, for C38H77NO14SSi8:
C, 44.37 (44.23); H, 7.54 (7.51); N, 1.36 (1.42) S, 3.12 (3.19). IR
(cm−1): νN−H = 3260 (w), νC−H = 2955 (m), νC−H = 2869 (w), δS−O
= 1328 (m), νSi−C = 1230 (m), νSi−O−Si = 1086 (vs), δAr = 838 (w),
νS−C = 741, and δO−Si−C = 473 (s).
Synthesis of 3-Fluorobenzenesulfonamide-POSS (5). Syn-

thesis was carried out analogically as for 3, but instead of
benzenesulfonyl chloride, 0.2 mmol (40 mg, 27 μL) of 3-
fluorobenzenesulfonyl chloride was added. The workup gave a
white precipitate with 78% yield. 1H NMR (500 MHz, CDCl3, 300
K): δ 7.63 (d, JH,H = 7.8 Hz, 1H), 7.55 (dt, JH,H = 12.2, 8.1, 4.1 Hz,
1H), 7.48 (m, 1H), 7.26 (m, 1H), 4.39 (s, 1H) 2.96 (q, JH,H = 6.8 Hz,
2H), 1.83 (m, 7H), 1.55 (m, 2H), 0.94 (m, 42H) 0.55 (m, 16H). 13C
NMR (126 MHz, CDCl3, 300 K): δ 162.46 (d, JC,C = 251.5 Hz, 1C),
142.40 (s, 1C), 130.89 (s, 1C), 122.70 (s, 1C), 119.64 (s, 1C), 114.51
(s, 1C), 45.57 (s, 1C), 25.64 (s, 14C), 23.87 (s, 7C), 23.37 (s, 1C),
22.47 (s, 7C), 9.21 (s, 1C). 29Si NMR (99 MHz, CDCl3, 300 K): δ
−67.58, −67.86, −68.29. 19F NMR (470 MHz, CDCl3, 300 K): δ
−109.52 (ddd, 1F, JF−H(A) = 16.6 Hz; JF−H(B) = 8.5 Hz; JF−H(C) = 5.0
Hz). MALDI-MS: m/z: 1054.29 {calcd [M + Na]+ 1054.30}.

Elemental analyses calcd (%); found, for C37H74FNO14SSi8: C,
43.03 (42.98); H, 7.22 (7.16); N, 1.36 (1.40); S, 3.10 (3.12). IR
(cm−1): νN−H = 3266 (w), νC−H = 2955 (m), νC−H = 2869 (w), νS−O
= 1334 (m), νSi−C = 1230 (s), νSi−O−Si = 1081 (vs), δAr = 833 (s), δS−C
= 741 (m), and δO−Si−C = 477 (s).
Synthesis of 2-Naphthalenesulfonamid-POSS (6). Synthesis

was carried out analogically as for 3, but instead of benzenesulfonyl
chloride, 0.2 mmol (45 mg) of 2-naphthalenesulfonyl chloride was
added. The workup gave a white precipitate with 82% yield. 1H NMR
(500 MHz, CDCl3, 300 K): δ 8.41 (s, 1H), 7.95 (m, 2H), 7.88 (d,
JH,H = 7.9 Hz, 1H) 7.81 (m, 1H), 7.61 (m, 2H), 4.40 (m, 1H), 2.96
(q, JH,H = 6.8 Hz, 2H), 1.82 (m, 7H), 1.55 (m, 2H), 0.92 (m, 42H)
0.54 (m, 16H). 13C NMR (126 MHz, CDCl3, 300 K): δ 136.96 (s,
1C), 134.79 (s, 1C), 132.20 (s, 1C), 129.33 (d, JC,C = 27.7 Hz, 2C),
128.73 (s, 1C), 128.38 (s, 1C), 127.72 (d, JC,C = 45.9 Hz, 2C), 122.32
(s, 1C), 45.58 (s, 1C), 25.67 (d, JC,C = 5.6 Hz, 14C), 23.84 (d, JC,C =
3.5 Hz, 7C), 23.36 (s, 1C) 22.47 (d, JC,C = 10.6 Hz, 7C) 9.20 (s, 1C).
29Si NMR (99 MHz, CDCl3, 300 K): δ −67.60, −67.88, −68.22.
MALDI-MS: m/z: 1086.31 {calcd [M + Na]+ 1086.32}. Elemental
analyses calcd (%); found, for C41H77NO14SSi8: C, 46.25 (46.51); H,
7.29 (7.43); N, 1.32 (1.24); S, 3.01 (2.93). IR (cm−1): νN−H = 3258
(w), νC−H = 2955 (w), νC−H = 2875 (w), δS−O = 1328 (m), νSi−C =
1224 (w), νSi−O−Si = 1090 (vs), δAr = 839 (w), νC−S = 741 (m),
δO−Si−C = 465 (s).
Biological Assessment. In Vitro Antimicrobial Activity. All

strains were obtained from the American Type Culture Collection
(ATCC, USA). The antimicrobial activity of the tested compounds
were assayed using the following, Gram-negative bacteria: Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC 15422, Gram-
positive bacteria: Enterococcus hirae ATCC 10541, Staphylococcus
aureus ATCC 25923, and yeast Candida albicans ATCC 10231. The
strains were stored at −80 °C as a glycerol stock in the Department of
Biotechnology and Food Microbiology, Wrocław University of
Environmental and Life Sciences, Wrocław, Poland. The minimum
inhibitory concentration (MIC) values of tested agents (at a
concentration range of 50−3000 μM) were determined using the
protocol recommended by the National Committee for Clinical
Laboratory Standards.37 The microtiter plate wells were inoculated
with 1 μL per well of a 24 h culture of microorganisms at a final cell
density of 5 × 107 colony forming units (CFU)/mL. The tested
agents were dissolved in 100% DMSO, and then, dilutions series were
prepared in a 96-well plate, ranging from 50 μM to 3000 μM. The
antibacterial activity of the common standard antibiotic ampicillin
(Merck Millipore, Darmstadt, Germany) and the antifungal
fluconazole (Thermo Fisher Scientific, Cleveland, OH, USA) was
also recorded using the same procedure as described above at
concentrations ranging from 1 to 500 μM. Four bacteria strains were
cultured with tested compounds for 24 h at 37 °C in Mueller−Hinton
broth (MHB) (Merck Millipore, Darmstadt, Germany), while C.
albicans ATCC 10231 was grown aerobically at 37 °C on Yeast
Peptone Dextrose (YPD) broth (A&A Biotechnology, Gdanśk,
Poland) in a 96 well plate. Growth control wells contain 1%
DMSO. The optical density of each well was measured at 600 nm
using a 96-well microplate reader (TECAN Spark 10 M; Tecan
Group Ltd., Man̈nedorf, Switzerland). The MIC was defined as the
lowest concentration of the tested agents at which no microbial
growth occurred. The minimal bactericidal concentration (MBC) and
minimum fungicidal concentration (MFC) were determined by
subculturing 10 μL of the medium collected from the wells containing
compounds of concentrations equal to or greater than the MIC, on
the Mueller−Hinton (for bacteria) and YPD (for yeast) agar plates.
MBC and MFC values were defined as the lowest concentration of
the tested compounds that reduced the number of CFU by 99.9% in
comparison with the control. All the measurements were performed in
three independent experiments.
Microscopic Evaluation of Bacterial Membrane Permeabi-

lization. S. aureus ATCC 25923 harvested in the log phase were
incubated in MHB medium with 4 and 5. Bacteria cells incubated
without POSS derivatives were used as the control. After 24 h at 37
°C, microorganisms were washed with sterile phosphate-buffered
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saline (PBS; pH = 7.2). Then, the bacterial cells were stained for 30
min in the dark at 37 °C with Live/Dead BacLight Viability Kit (L-
7007, Invitrogen) prepared in PBS buffer. Cells were visualized using
fluorescence microscopy (Axio Scope A1, Zeiss, Jena, Germany).
Images were acquired and analyzed using Carl Zeiss ZEN 2.3 lite
software for quantification of live and dead cells.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 1−6 Derivatives.

For the synthesis of sulfonyl and sulfonamide derivatives of
cage-like silsesquioxanes, we utilized commercially available
monosubstituted precursors (mono-POSS) − 3-mercaptohep-
taisobutyl-POSS (precursor A) and 3-aminopropylheptaizobu-
tyl-POSS (precursor B), respectively. As modifying agents for
precursor A, divinyl and phenyl vinyl sulfones were used. The
formation of sulfonyl derivatives occurred under mild
conditions in toluene at room temperature, facilitated by
DMPA as the photoinitiator of the thiol−ene reaction. To
ensure the effectiveness of the DMPA, the reaction mixture
was exposed to ultraviolet light with a wavelength of 365 nm
for 24 h. The reaction yielded two sulfonyl derivatives, 1 and 2.
Derivative 1 features a vinyl group linked to the −SO2−
fragment, while 2 incorporates a phenyl group, as shown in
Scheme 1. The obtained species were characterized by
spectroscopic methods such as nuclear magnetic resonance
NMR (1H, 13C, and 29Si), Fourier transform infrared
spectroscopy (FT-IR), and mass spectrometry (MALDI-MS),
and their elemental composition was confirmed by elemental
analysis (EA).
The aforementioned sulfone derivatives, containing mono-

functionalized POSS entities 1 and 2, were synthesized with
high yields of 90% and 73%, respectively. The 1H NMR
spectrum of 1 clearly exhibits chemical shifts for multiplets at
6.65, 6.45, and 6.18 ppm, indicative of the presence of a vinyl
group (Figure S1). Detailed analysis via the 13C NMR
spectrum (Figure S2) identifies methylene group peaks,
components of the organic S-containing side chain attached
to the inorganic silsesquioxane core, appearing at 54.62, 35.26,
24.06, 22.96, and 11.58 ppm. Chemical shifts in the 29Si NMR
spectrum for 1 fall within the anticipated range for
monosubstituted cubic POSS,28,31 recorded at −67.63,
−67.86, and −68.24 ppm, which corroborates the presence
of three distinct silicon nuclei configurations (Figure S3). For
compound 2, the 1H NMR spectrum (Figure S7) shows
characteristic chemical shifts for phenyl groups at 7.90, 7.66,

and 7.56 ppm. The 13C NMR spectrum (Figure S8) further
elucidates the structure, with methylene groups and aromatic
carbons noted at 56.52, 35.20, 24.26, 22.89, and 11.51 for
−CH2− groups, and 138.94, 133.82, 129.39, 127.99 ppm for
aromatic moiety. Similar to 1, the 29Si NMR spectrum (Figure
S9) of derivative 2 displays chemical shifts that validate the
expected configuration for a monosubstituted POSS, at
−67.65, −67.88, and −68.93 ppm, affirming the cage-like
silsesquioxane structure with three types of silicon atoms. For
both derivatives 1 and 2, the mass spectra (Figures S5 and
S11) of {MALDI-MS for 1: m/z: 1031.28 (calcd [M + Na]+)
1031.28; and for 2: m/z: 1081.29 (calcd [M + Na]+) 1081.28}
conclusively verified a closed-frame architecture comprising
eight silicon atoms. Seven silicon atoms are each surrounded
by isobutyl groups, while one silicon nucleus is linked to a
terminal side chain that incorporates a sulfonyl group. In the
infrared spectra of 1 and 2 (Figures S4 and S10), broad bands
indicating specific vibrations for terminal groups are observed
at 743 (νS−C) and 1327 (δS−O) cm−1 for 1, and at 736 (νS−C)
and 1368 (δS−O) cm−1 for 2. The vibrations at 2955 (νC−H/sym)
and 2928 (νC−H/asym) cm−1 are associated with methylene
groups in 1, and at 2950 (νC−H/sym) and 2927 (νC−H/asym) cm−1

in 2. Additionally, the Si−C bond vibrations are noted at 1231
and 1230 cm−1 for 1 and 2, respectively. Furthermore, the
absorption band at 1634 cm−1 is distinctly attributed to the
ν(C�C) mode for 1. For sulfone derivative 2, characteristic C−
H aromatic vibrations are noted at 839 cm−1. For both
derivatives, the absorption band characteristic of siloxane Si−
O−Si bond vibrations appears narrow and strong, registering at
1110 and 1083 cm−1 for 1 and 2, respectively.
Surprisingly, in the case of the thermal stability of derivatives

1 and 2 compared to precursor A, no significant differences
were observed (Table S38). This can be explained by the fact
that sulfone functionalities generally contribute to thermal
stability due to their strong S�O bonds. However, if these
groups are present in low concentrations relative to the
silsesquioxane core, then their stabilizing effect might not be
pronounced enough to cause a significant difference in
degradation temperature. Additionally, if the degradation of
1 and 2 follows a pathway similar to that of precursor A�
where the thermal breakdown occurs predominantly via the
cleavage of siloxane bonds�then the overall thermal stability
would remain nearly unchanged.
Sulfonamide derivatives of cage-like silsesquioxanes were

synthesized in DCM through the reaction of precursor B with

Scheme 1. Synthesis of Sulfonyl Derivatives of Mono-POSS 1 and 2
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appropriate sulfonyl chlorides, such as benzenesulfonyl
chloride, p-toluenesulfonyl chloride, 3-fluorobenzenesulfonyl
chloride, and 2-naphthalenesulfonyl chloride (Scheme 2). All
reactions were conducted under an inert atmosphere
(dinitrogen) at room temperature in the presence of
triethylamine. The sulfonamide-containing products 3−6
were successfully obtained with high yields ranging from 76
to 85%, and can be stored in air.
The sulfonyl chlorides were selected to diversify the

chemical nature of the substituents attached to the sulfonic
sulfur atom. Each substituent imparts unique electronic and
steric properties. Additionally, the choice of modifying groups
can be further justified by their potential impact on the
antibacterial, antifungal, and other bioactive properties of the
compounds. Thus, the chosen substituents can substantially
change the biological activity of sulfonamide derivatives
through their influence on the interactions with biological
targets. For example, groups like benzenesulfonyl might
enhance lipophilicity, thereby improving cell membrane
penetration, while others like 3-fluorobenzenesulfonyl might
increase binding affinity to specific enzymes or receptors due
to their electronic characteristics. Incorporating substituents
such as p-toluenesulfonyl and 2-naphthalenesulfonyl can lead
to compounds with enhanced or specific activity against certain
bacterial strains or fungi, contributing to a broader spectrum of
antimicrobial activity.38,39

Compounds 3−6 were characterized by using NMR
spectroscopy, FT-IR, MALDI-MS spectrometry, and elemental
analysis. The 1H NMR spectra of compounds 3−5 display
chemical shifts in the range typical for aryl groups, with specific
values of 7.84, 7.55, and 7.49 ppm for 3 (Figure S13), 7.71 and
7.27 ppm for 4 (Figure S19), and 7.63, 7.54, 7.47, and 7.26
ppm for 5 (Figure S25). Additionally, a chemical shift at 2.38
ppm in the case of 4 identifies a methyl group, confirming it as
a substituent on an aromatic ring in the para position. For
compound 6 (Figure S32), the chemical shifts observed at

8.41, 7.95, 7.88, 7.81, and 7.61 ppm are characteristic for a
naphthyl group. Across derivatives 3−6, the 1H NMR spectra
reveal chemical shifts typical of an −NH group at 4.31 ppm for
3, 4.33 ppm for 4, 4.39 ppm for 5, and 4.40 ppm for 6, with
low integration values due to rapid proton exchange with the
solvent’s deuterium (in this case, CDCl3). Additionally,
analysis of the 13C NMR spectra (Figures S14, S20, S26, and
S33) reveals benzyl group shifts for 3 at 140.17, 132.53,
129.06, and 126.96 ppm; 3-methylbenzyl group shifts for 4 at
143.24, 137.24, 129.65, 127.07, and 30.90 ppm; 2-fluorobenzyl
group shifts for 5 at 163.51, 161.45, 142.40, 130.89, 122.70,
119.64, and 114.51 ppm; and naphthyl group shifts for 6 at
136.96, 134.79, 129.44, 128.73, 128.38, 127.90, and 122.32
ppm. The cage-like structure of monosubstituted silsesquiox-
anes 3−6 has been unequivocally confirmed using 29Si NMR
spectroscopy (Figures S15, S21, S28 and S34). The spectra for
all derivatives exhibit three characteristic chemical shifts typical
of this type of system,28,31 −67.60, −67.87, −68.21 ppm for
compound 3, −67.60, −67.87, −68.17 ppm for 4, −67.58,
−67.86, −68.29 ppm for 5, and −67.60, −67.88, −68.22 ppm
for 6. For compound 5, the 19F NMR spectrum shows only
one shift, observed at −109.52 ppm, which indicates that there
is one fluorine atom in the 3-fluorobenzenesulfonyl fragment
(Figure S27). Additionally, the structures were verified using
MALDI-MS spectrometry, where peaks at m/z: 1036.28 {calcd
[M + Na]+ 1036.30}, 1050.31 {calcd [M + Na]+ 1050.32} and
1066.28 {calcd [M + K]+ 1066.42}, 1054.28 {calcd [M + Na]+
1054.30}, and 1086.31 {calcd [M + Na]+ 1086.32} correspond
to the structure of derivatives 3, 4, 5, and 6, respectively
(Figures S17, S23, S30 and S36). Moreover, in the infrared
spectra of compounds 3−6 (Figures S16, S22, S29 and S35),
broad absorption bands are observed, characteristic of specific
vibration modes for sulfonamides. These bands occur at 3266
cm−1 for ν(N−H) and 1328 cm−1 for δ(S−O) in 3, 3260 cm−1

for ν(N−H) and 1328 cm−1 for δ(S−O) in 4, 3266 cm−1 for
ν(S−C) and 1334 cm−1 for δ(S−O) in 5, and 3258 cm−1 for

Scheme 2. Synthesis of Sulfonamide Derivatives of Mono-POSS 3-6
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ν(S−C) and 1328 cm−1 for δ(S−O) in 6. Additionally, the
vibrations at 2955 cm−1 for ν(C−H) (symmetric) and 2869
cm−1 for ν(C−H) (asymmetric) are linked to methylene
groups in species 3, 4, and 5, while for 6, these occur at 2955
cm−1 (νC−H/sym) and 2875 cm−1 (νC−H/asym). Characteristic
aromatic C−H deformation vibrations are noted at 833 cm−1

for compounds 3, 4, and 5, and at 839 cm−1 for 6. For all these
derivatives, the absorption band indicative of a siloxane Si−O−
Si bond is narrow and strong, appearing at 1086, 1086, 1081,
and 1090 cm−1 for 3, 4, 5, and 6, respectively. Due to the
presence of the siloxane band, the expected band for the C−F
bond in 6, typically visible in the range of 1200−1000 cm−1, is
not observed.
Additionally, single crystals were obtained for derivative 4,

which underwent X-ray structural analysis. The single-crystal
X-ray diffraction revealed that compound 4, depicted in Figure
1A, crystallizes in the triclinic system with the space group P1̅.
Selected crystallographic data for the obtained crystal are listed
in Table 1.
Compound 4 consists of eight silicon atoms connected by

12 oxygen atoms, forming the POSS cage core. It is a derivative
of monosubstituted POSS, featuring seven isobutyl groups and
one arm terminated with a tosyl group. Selected bond lengths
and angles are provided in Table S1. 4 represents the first
described in the literature crystalline structure of a sulfonamide
POSS derivative, making it necessary to compare the crystal
parameters of compound 4 only with those of compounds
containing similar fragments, i.e., a sulfonamide group or a
monosubstituted T8 cage. All bond lengths and angles of both
the T8 cage and the sulfonamide group are consistent with the
literature data. The S�O bond lengths in 4 range from 1.431
to 1.442 Å, matching those reported for sulfonamides by M. Le
Bars,40 L. Li,41 and A. J. Lough.42 Similarly, the S−N and S−C
bond lengths, measuring 1.614 and 1.767 Å, respectively, align
with literature ranges of 1.58−1.62 and 1.76−1.79 Å. For the
silicon−oxygen T8 cage of 4, Si−O bond lengths are in the
range of 1.617−1.626 Å, comparable to those observed in
previously reported mono-POSS crystal structures, where Si−
O bond lengths range from 1.607 Å to 1.643 Å.43,44

Furthermore, the crystal structure of 4 features intermo-
lecular hydrogen bonds between the NH group and the oxygen
atom of the sulfonamide group (Table 2). These hydrogen

bonds further stabilize the packing of the crystal structure
(Figure 1B).

Thermogravimetric analysis (Figure S39) was performed for
compounds 3−6 and their 3-aminopropylheptaisobutyl-POSS
substrate (precursor B). The aim of this study was to examine
the impact of differences in the structure of the side chain
anchored to the silsesquioxane core on the thermal stability of
the obtained monosubstituted derivatives. The measurement
data are summarized in Table 3.

For a mass loss of 5% and 10%, the thermal degradation
temperature (ΔT5% and ΔT10%, respectively) increased with
the number of carbon atoms in the side organic arm, indicating
enhanced thermal stability of the obtained derivatives
compared to precursor B. A particularly interesting observation
is the exceptionally low thermal stability of derivative 5, which
is surprising given that the CF bond energy significantly
exceeds that of the C−C bond. The cause of this phenomenon
may be attributed to the shift in the electron density of the ring
toward the fluorine atom.
Antimicrobial Activity. Creating antimicrobial surface

coatings is crucial for combating hospital-acquired infections
and microbial resistance to traditional treatments. Properly
designed surfaces can effectively inhibit bacterial growth and
activity. Given our understanding of antimicrobial resistance
mechanisms, efforts are ongoing to counteract these

Figure 1. Molecular structure of 4 (A). Hydrogen bonds between the NH group and the oxygen atom of the sulfonamide group (B).

Table 2. Hydrogen Bonds of 4

D�H···A D�H (Å) H···A (Å) D···A (Å) D�H···A (°)
N1�H1···O2i 0.88 2.40 2.991(4) 125.3

Symmetry code(s): (i) −x + 2, −y + 1, −z + 1.

Table 3. Average 5% and 10% Mass Loss Temperatures for
3-6 Derivatives

compound ΔT5% (°C) ΔT10% (°C)
precursor B 292.97 315.81
3 326.37 344.95
4 333.84 358.54
5 207.99 225.70
6 339.80 378.37
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challenges,45 for example, the development of coatings that
hinder bacterial adhesion has led to the modification of various
surfaces with multifunctional sulfonamide groups.32

Pathogen-induced infections can result in both acute and
chronic illnesses. Common multidrug-resistant pathogens
responsible for hospital-acquired infections include Gram-
positive bacteria such as S. aureus and E. hirae, as well as Gram-
negative bacteria like E. coli and P. aeruginosa. Gram-negative
bacteria are generally more resistant to antibiotics due to their
outer membrane, which serves as a permeability barrier.46

Moreover, projections indicate that by 2050, antimicrobial
resistance could result in 10 million deaths annually, with
healthcare costs rising to €1.5 billion per year.47 Consequently,
there is an urgent need to develop new antimicrobial
treatments.
Antimicrobial activities of tested compounds were inves-

tigated against a range of opportunistic human pathogens,
including E. coli ATCC 25922, P. aeruginosa ATCC 15422, E.
hirae ATCC 10541, S. aureus ATCC 25923, and fungus C.
albicans ATCC 10231. Their MICs and minimum bactericidal/
fungicidal concentrations (MBCs/MFCs) were determined

using the serial broth microdilution method.48 As shown in
Table 4, all tested compounds display high potency against
pathogenic bacteria and C. albicans species, with MICs in the
125−3000 μM range and MBCs/MFCs that are 1−2 times
higher than respective MICs (Table 5). In addition, the
inhibitory effect was found to be stronger against bacteria E.
hirae and S. aureus, as compared to Gram-negative bacteria E.
coli, P. aeruginosa, and yeast C. albicans. We note that 5
outperformed other sulfonyl and sulfonamide derivatives in
antimicrobial activities, although the difference was rather
insignificant.
In this work, we hypothesized that the antimicrobial activity

of POSS derivatives is achieved via interactions of these
compounds with negatively charged microbial cells, leading to
membrane disruption followed by lysis and cell death.
Moreover, the increased lipophilic character favors interactions
between POSS derivatives and lipids located in the cell
membrane.22 Fluorescence microscopy was employed to
further investigate the hypothesized membrane-disruption
mechanism. Fluorescence microscopy, utilizing nucleic acid
stains, such as SYTO-9 and PI, is a pivotal technique for

Table 4. MIC (μM) of Tested Agents, against Tested Bacteria and Candida Strainsa

compounds
E. coli ATCC 25922

MIC (μM)
P. aeruginosa ATCC 15422

MIC (μM)
E. hirae ATCC 10541

MIC (μM)
S. aureus ATCC 25923

MIC (μM)
C. albicans ATCC 10231

MIC (μM)
divinyl sulfone 1500 ± 17 1500 ± 15 1500 ± 13 1500 ± 14 750 ± 6
1 500 ± 8 500 ± 13 250 ± 11 250 ± 21 500 ± 2
phenyl vinyl sulfone 1500 ± 11 3000 ± 17 3000 ± 12 1500 ± 16 750 ± 22
2 500 ± 10 1000 ± 12 250 ± 14 250 ± 7 500 ± 17
benzenesulfonyl chloride 1500 ± 12 1500 ± 15 750 ± 11 750 ± 11 1500 ± 37
3 500 ± 8 500 ± 5 250 ± 8 250 ± 4 500 ± 5
p-toluenesulfonyl chloride 1500 ± 16 3000 ± 21 750 ± 5 750 ± 6 3000 ± 14
4 500 ± 13 500 ± 8 250 ± 2 125 ± 4 500 ± 7
3-fluorobenzenesulfonyl
chloride

1500 ± 10 1500 ± 10 375 ± 5 500 ± 13 3000 ± 34

5 250 ± 7 500 ± 12 125 ± 2 125 ± 17 500 ± 22
2-naphthalenesulfonyl
chloride

3000 ± 17 3000 ± 16 1500 ± 13 1500 ± 15 750 ± 15

6 1000 ± 16 500 ± 15 250 ± 15 250 ± 8 500 ± 11
ampicillin 62.5 ± 4 n/d 31.25 ± 4 62.5 ± 2
fluconazole 4 ± 0.5
aResults represent the averages of triplicate experiments ±SD. n/d, not determined within the concentration range used in this study.

Table 5. MBC (μM) and MFC (μM) of Tested Agents, against Tested Bacteria and Candida Strainsa

compounds
E. coli ATCC 25922

MBC (μM)
P. aeruginosa ATCC15422

MBC (μM)
E. hirae ATCC 10541

MBC (μM)
S. aureus ATCC 25923

MBC (μM)
C. albicans ATCC 10231

MFC (μM)
divinyl sulfone 3000 ± 11 3000 ± 18 3000 ± 22 3000 ± 21 750 ± 11
1 500 ± 3 1000 ± 17 500 ± 14 500 ± 6 500 ± 12
phenyl vinyl sulfone 1500 ± 14 >3000 ± 25 >3000 ± 25 3000 ± 17 750 ± 7
2 1000 ± 7 >1000 ± 18 500 ± 9 500 ± 21 1000 ± 11
benzenesulfonyl chloride 3000 ± 23 3000 ± 11 1500 ± 19 1500 ± 15 3000 ± 23
3 1000 ± 14 1000 ± 21 500 ± 14 500 ± 17 1000 ± 5
p-toluenesulfonyl chloride 3000 ± 12 >3000 ± 19 1500 ± 16 1500 ± 11 >3000 ± 17
4 1000 ± 17 500 ± 8 500 ± 8 250 ± 12 1000 ± 22
3-fluorobenzenesulfonyl
chloride

3000 ± 25 3000 ± 21 750 ± 11 1000 ± 21 >3000 ± 24

5 500 ± 11 1000 ± 6 250 ± 13 250 ± 14 1000 ± 7
2-naphthalenesulfonyl
chloride

>3000 ± 24 >3000 ± 12 3000 ± 22 3000 ± 16 1500 ± 6

6 >1000 ± 11 500 ± 7 500 ± 8 500 ± 14 1000 ± 11
ampicillin 62.5 ± 4 n/d 31.25 ± 4 62.5 ± 2
fluconazole 4 ± 0.5
aResults represent the averages of triplicate experiments ±SD. n/d, not determined within the concentration range used in this study.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c05156
Inorg. Chem. 2025, 64, 6460−6469

6466

pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c05156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


assessing cell membrane integrity and elucidating antimicrobial
mechanisms. SYTO-9 is a green-fluorescent dye that permeates
both live and dead cells, binding to nucleic acids and emitting
fluorescence upon excitation. In contrast, PI is a red-
fluorescent dye that penetrates only cells with compromised
membranes, intercalating into DNA and emitting fluorescence
upon excitation. The combined use of these dyes enables
differentiation between live and dead cells based on their
fluorescence profiles. In the control assays (Figure 2A), mainly
the green color is observed, which indicates a large number of
live cells. The treatment with the POSS derivatives 4 and 5
(Figure 2B,C) led to a complete red color, which indicates
dead cells. Similar effects were observed for the other tested
compounds at their respective MIC values and across different
pathogens, where membrane disruption and subsequent cell

death were also evident (data not shown). While we
hypothesize that membrane disruption is a primary mechanism
of action for the antimicrobial activity of the tested
compounds, we acknowledge that further molecular-level
analyses, such as molecular dynamics simulations and lip-
ophilicity assays, could provide additional insights into the
interactions between these compounds and microbial mem-
branes. Furthermore, we recognize that other mechanisms,
including the generation of reactive oxygen species or enzyme
inhibition, may contribute to the overall antimicrobial effect.49

Antimicrobial agents, in general, may also exert additional
bactericidal effects, such as interfering with intracellular
processes such as protein synthesis, DNA replication, or
metabolic pathways, thereby enhancing their overall efficacy.
While the evidence points to membrane damage as a primary
mechanism, it is important to consider that POSS derivatives
might also engage in other bactericidal mechanisms. Despite
the clear indication of membrane disruption, these additional
mechanisms remain of great interest and warrant further
exploration in future studies.
In vitro research utilizing functionalized POSS molecules can

contribute to the development of antibacterial coatings that are
highly biocompatible and nontoxic. However, to ensure their
application in clinical settings, these findings need to be
extensively investigated and confirmed through clinical trials.

■ CONCLUSIONS
This research highlights the innovative synthesis and
significant antimicrobial efficacy of sulfone and sulfonamide
derivatives incorporating POSS. The developed synthesis
protocols are efficient, scalable, and yield high derivatives
with potent antimicrobial properties, especially against Gram-
positive bacteria, with MICs ranging from 125−3000 μM. Two
sulfone derivatives (ethylvinylsulfone-POSS and phenylethyl-
sulfone-POSS) and four sulfonamide derivatives (benzenesul-
fonamide-POSS, p-toluenesulfonamide-POSS, 3-fluorobenze-
nesulfonamide-POSS, and 2-naphthalenesulfonamide-POSS)
were obtained with high yields (73−90%).
The unique cage-like architecture of POSS plays a pivotal

role in our design. By providing a rigid and stable inorganic
core, POSS enhances the durability of the hybrid materials and
promotes efficient interaction with microbial membranes. The
increased lipophilic character imparted by POSS facilitates
membrane penetration, leading to an effective membrane
disruption and subsequent cell lysis. This mechanism is
especially pronounced against Gram-positive bacteria, which
are known to be more susceptible to such interactions. This
strategic incorporation significantly boosts antimicrobial
efficacy compared to their non-POSS precursors, with
derivative 5 (3-fluorobenzenesulfonamide-POSS) showing
superior antimicrobial activity, likely due to its interaction
with microbial membranes leading to cell disruption and death.
The improved antimicrobial activity observed in our
derivatives underscores the significance of incorporating
POSS into these sulfur-based frameworks, a breakthrough
that opens new avenues for the development of advanced
antimicrobial coatings and therapeutic agents. Moreover, our
work addresses the need for sustainable and cost-effective
synthetic protocols in the field of hybrid material design. By
employing straightforward, high-yield reactions under mild
conditions, our method not only reduces synthetic complexity
but also offers scalability for modern, higher-scale applications.
This is particularly important, as the search for new

Figure 2. Fluorescence microscopy assays for the study of the viability
of S. aureus treated with the 4 and 5 derivatives. (A) Bacteria in green
indicate live/healthy cells, whereas (B,C) red are indicative of dead or
membrane damaged bacteria. Scale bar −20 μm.
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antimicrobial agents intensifies in response to the growing
threat of antibiotic resistance.
The findings underscore the potential of POSS-based

derivatives as innovative solutions in medicinal chemistry,
drug delivery systems, and materials science. They open new
avenues for antimicrobial drug development, particularly in
response to rising antibiotic resistance. Future research will
focus on exploring the full spectrum of biological activities and
optimizing functionalization processes to enhance the applic-
ability and effectiveness of these promising compounds.
Additionally, assessing their cytotoxicity will be crucial to
evaluating their safety profile and ensuring their therapeutic
potential. Clinical trials will provide further insights into their
efficacy and real-world applicability as antimicrobial agents.
Another important research direction will be investigating the
antifungal mechanisms of these derivatives, particularly their
potential against resistant Candida pathogens. These efforts
will contribute to the development of new effective treatments
for both bacterial and fungal infections, addressing the growing
challenge of antimicrobial resistance.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05156.

1H, 13C, 19F, 29Si NMR, FT-IR, and MALDI-MS spectra
of 1−6 and their elemental analyses, TGA analysis, and
X-ray crystallographic data for 4 (PDF)

Accession Codes
Deposition Number 2355504 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via the joint Cambridge Crystallographic Data
Centre (CCDC) and Fachinformationszentrum Karlsruhe
Access Structures service.

■ AUTHOR INFORMATION
Corresponding Author

Łukasz John − Faculty of Chemistry, University of Wrocław,
50-383 Wrocław, Poland; orcid.org/0000-0003-1160-
2480; Email: lukasz.john@uwr.edu.pl

Authors
Kamila Fuchs − Faculty of Chemistry, University of Wrocław,
50-383 Wrocław, Poland

Tomasz Janek − Department of Biotechnology and Food
Microbiology, Wrocław University of Environmental and Life
Sciences, 51-630 Wrocław, Poland

Mateusz Karpl − Faculty of Chemistry, University of Wrocław,
50-383 Wrocław, Poland

Anna Władyczyn − Faculty of Chemistry, University of
Wrocław, 50-383 Wrocław, Poland

Jolanta Ejfler − Faculty of Chemistry, University of Wrocław,
50-383 Wrocław, Poland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.4c05156

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. No conflict of interest to disclose.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the National Science
Centre, Poland (grant no. 2020/39/B/ST4/00910).

■ REFERENCES
(1) Wang, M.; Jiang, X. Prospects and Challenges in Organosulfur
Chemistry. ACS Sustainable Chem. Eng. 2022, 10, 671−677.
(2) Ilardi, E. A.; Vitaku, E.; Njardarson, J. T. Data-mining for sulfur
and fluorine: An evaluation of pharmaceuticals to reveal opportunities
for drug design and discovery. J. Med. Chem. 2014, 57, 2832−2842.
(3) Bendif, B.; Bensouilah, N.; Dumur, F.; Ibrahim-Ouali, M.
Efficient synthesis of N-substituted 1,3-thiazin-2-ones containing
sulfonamide. Arkivoc 2021, 2021, 253−264.
(4) Liang, S.; Hofman, K.; Friedrich, M.; Manolikakes, G. Recent
Advances in the Synthesis and Direct Applications of Sulfinate Salts.
Eur. J. Org Chem. 2020, 16, 4664−4676.
(5) Ovung, A.; Bhattacharyya, J. Sulfonamide drugs: structure,
antibacterial property, toxicity, and biophysical interactions. Biophys.
Rev. 2021, 13, 259−272.
(6) Apaydın, S.; Török, M. Sulfonamide derivatives as multi-target
agents for complex diseases. Bioorg. Med. Chem. Lett. 2019, 29, 2042−
2050.
(7) Mondal, S.; Malakar, S. Synthesis of sulfonamide and their
synthetic and therapeutic applications: Recent advances. Tetrahedron
2020, 76, 131662.
(8) Boufas, W.; Dupont, N.; Berredjem, M.; Berrezag, K.; Becheker,
I.; Berredjem, H.; Aouf, N.-E. Synthesis and antibacterial activity of
sulfonamides. SAR and DFT studies. J. Mol. Struct. 2014, 1074, 180−
185.
(9) Block, E. Flavor artifacts. J. Agric. Food Chem. 1993, 41, 692.
(10) Worthington, M. J. H.; Kucera, R. L.; Chalker, J. M. Green
Chemistry and Polymers Made from Sulfur. Green Chem. 2017, 19,
2748−2761.
(11) Xi, W.; Wang, C.; Kloxin, C. J.; Bowman, C. N. Nitrogen-
Centered Nucleophile Catalyzed Thiol-Vinylsulfone Addition, An-
other Thiol-ene “Click” Reaction. ACS Macro Lett. 2012, 1, 811−814.
(12) Das, T. C.; Quadri, S. A.; Farooqui, M. Recent advances in
synthesis of sulfonamides: A review. Chem. Biol. Interface 2018, 8,
194−204.
(13) Kupwade, R. V. A Concise Review on Synthesis of Sulfoxides
and Sulfones with Special Reference of Oxidation of Sulfides. J. Chem.
Rev. 2019, 1, 99−113.
(14) Wang, Z.; Zhang, Z.; Zhao, W.; Sivaguru, P.; Zanoni, G.; Wang,
Y.; Anderson, E. A.; Bi, X. Synthetic exploration of sulfinyl radicals
using sulfinyl sulfones. Nat. Commun. 2021, 12, 5244.
(15) Zhao, C.; Rakesh, K. P.; Ravidar, L.; Fang, W.-Y.; Qin, H.-L.
Pharmaceutical and medicinal significance of sulfur (SVI)-containing
motifs for drug discovery: A critical review. Eur. J. Med. Chem. 2019,
162, 679−734.
(16) Feng, M.; Tang, B.; Liang, S. H.; Jiang, X. Sulfur Containing
Scaffolds in Drugs: Synthesis and Applications in Medicinal
Chemistry. Curr. Top. Med. Chem. 2016, 16, 1200−1216.
(17) Ahmadi, R.; Emami, S. Recent applications of vinyl sulfone
motif in drug design and discovery. Eur. J. Med. Chem. 2022, 234,
114255.
(18) El-Gaby, M. S. A.; Ammar, Y. A.; El-Qaliei, M. I. H.; Ali, A. M.;
Hussein, M. F.; Faraghally, F. A. Sulfonamides: Synthesis and The
Recent Applications in Medicinal Chemistry. Egypt. J. Chem. 2020, 63,
5289−5327.
(19) Cheng, F.; Wang, H.; He, W.; Sun, B.; Zhao, J.; Qu, J.; Wang,
Q. New Strategy for Functionalization of Silica Materials via Catalytic
Oxa-Michael Reaction of Surface Silanol Groups with Vinyl Sulfones.
ACS Sustainable Chem. Eng. 2019, 7, 9112−9120.
(20) Zheng, Z.; Liu, Y.; Takeda, N.; Unno, M. Synthesis and
characterization of sulfide/sulfone-containing 18−8-18-membered-
ring ladder-type siloxane. Dalton Trans. 2023, 52, 9737−9743.
(21) Gao, R.; Zhang, J.; He, X.; Chen, L.; Zhang, Y. Selective
extraction of sulfonamides form food by use of silica-coated

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c05156
Inorg. Chem. 2025, 64, 6460−6469

6468

https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05156?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c05156/suppl_file/ic4c05156_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2355504&id=doi:10.1021/acs.inorgchem.4c05156
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="%C5%81ukasz+John"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1160-2480
https://orcid.org/0000-0003-1160-2480
mailto:lukasz.john@uwr.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamila+Fuchs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomasz+Janek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mateusz+Karpl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+W%C5%82adyczyn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jolanta+Ejfler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05156?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c07636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c07636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.24820/ark.5550190.p011.528
https://doi.org/10.24820/ark.5550190.p011.528
https://doi.org/10.1002/ejoc.202000403
https://doi.org/10.1002/ejoc.202000403
https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.1016/j.bmcl.2019.06.041
https://doi.org/10.1016/j.bmcl.2019.06.041
https://doi.org/10.1016/j.tet.2020.131662
https://doi.org/10.1016/j.tet.2020.131662
https://doi.org/10.1016/j.molstruc.2014.05.066
https://doi.org/10.1016/j.molstruc.2014.05.066
https://doi.org/10.1021/jf00028a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7GC00014F
https://doi.org/10.1039/C7GC00014F
https://doi.org/10.1021/mz3001918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz3001918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz3001918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-25593-5
https://doi.org/10.1038/s41467-021-25593-5
https://doi.org/10.1016/j.ejmech.2018.11.017
https://doi.org/10.1016/j.ejmech.2018.11.017
https://doi.org/10.2174/1568026615666150915111741
https://doi.org/10.2174/1568026615666150915111741
https://doi.org/10.2174/1568026615666150915111741
https://doi.org/10.1016/j.ejmech.2022.114255
https://doi.org/10.1016/j.ejmech.2022.114255
https://doi.org/10.21608/ejchem.2020.33860.2707
https://doi.org/10.21608/ejchem.2020.33860.2707
https://doi.org/10.1021/acssuschemeng.8b05550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b05550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3DT01227A
https://doi.org/10.1039/D3DT01227A
https://doi.org/10.1039/D3DT01227A
https://doi.org/10.1007/s00216-010-3909-z
https://doi.org/10.1007/s00216-010-3909-z
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c05156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecularly imprinted polymer nanospheres. Anal. Bioanal. Chem.
2010, 398, 451−461.
(22) Gholamzadeh, P.; Ziarani, G. M.; Zandi, F.; Soorki, A. A.;
Badiei, A.; Yazdian, F. Modification of fumed silica surface with
different sulfonamides via a postsynthesis method and their
application as antibacterial agents. C. R. Chim. 2017, 20, 833−840.
(23) Janeta, M.; John, Ł.; Ejfler, J.; Lis, T.; Szafert, S. Multifunctional
imine-POSS as uncommon 3D nanobuilding blocks for supra-
molecular hybrid materials: synthesis, structural characterization,
and properties. Dalton Trans. 2016, 45, 12312−12321.
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