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Highly effective synthesis of mercapto-functionalized
cubic silsesquioxanes as the first step in designing
advanced nano-delivery systems+
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A straightforward protocol for the efficient synthesis of sulfur-substituted silsesquioxanes (SQ), based on
the a-hydrothiolation of terminal alkynes and catalyzed by a supersteric NHC—rhodium comple, is pre-

Received 12th September 2023, sented for the first time. The proposed strategy led to a novel class of nanomaterials with many potential

Accepted 30th October 2023
DOI: 10.1039/d3qi01838e

medicinal and synthetic applications which had previously been inaccessible by other methods. As a
result, twelve new mercapto-modified SQ derivatives were obtained with yields in the range from 84% to

rsc.li/frontiers-inorganic 92% and comprehensively characterized by spectroscopic methods.
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Introduction

Sulfur is one of the most abundant heteroatoms in biological
structures and its important advantage is a large number of
oxidation states that promote fundamental biological reactions
and redox biochemistry. It is present in many compounds
which constitute important scaffoldings for drugs in contem-
porary medicine, providing antibacterial, antiviral, antiallergic
and antimalarial properties.”” Among the organic sulfur
derivatives, thioesters play a particularly important role,
especially in biological systems.® Recently, their anticancer
properties and cytotoxicity against several cells with a dis-
turbed division cycle have been studied.* What is worth men-
tioning is that thioethers containing catechol groups also
exhibit antioxidative properties,” so they can protect molecules
of DNA and lipids from different radical species.
Unfortunately, many drugs with potentially good therapeutic
effects are still disregarded due to the lack of bioavailability in
clinical trials. Therefore, the development of efficient drug
delivery platforms to specific target sites in a controlled
manner is critical for the implementation of current advances
in diverse areas of medicine.

In the last few decades, much interest has been paid to
nanodrug delivery systems which offer multiple benefits in
treating chronic human diseases. They could be used as deliv-
ery agents, either by encapsulating drugs or through binding
to therapeutic agents, and could deliver them to target tissues
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more precisely and with a controlled release.® Although there
are several nanocarriers with different drug release profiles,
much effort has been devoted to the improvement of the speci-
ficity of the nanostructures to target particular tissues in the
organism’ and to reduce immunogenicity, through their
chemical functionalization with polymers,® natural polysac-
charides,” antibodies,'® cell membranes,"* peptides’* and
tunable surfactants®® (Scheme 1).

From this point of view, polyhedral oligomeric silsesquiox-
anes (SQ), which exhibit a variety of attributes that make them
attractive as drug delivery agents, have drawn particular atten-
tion."* Because of their nanoscale size and high charge
density, SQ units are easily transferrable through vascular
pores, which considerably improves their tissue uptake. Unlike
traditional organic compounds, SQ derivatives are colorless,
nonvolatile, odorless, non-toxic and can be easily functiona-
lized through the introduction of reactive organic groups to
the vertex positions via various chemical methods. After suit-
able modifications, the SQ units gain water-solubility which
allows the SQ-based drug delivery systems to be taken orally.
Additionally, they can be successfully used as functional group

2y N
dextrine antibody

peptide

tunable surfactant

cell membrane

Scheme 1 Nanostructures commonly used as drug delivery systems.
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carriers in photodynamic therapy and bioimaging.'”> Their
great advantage is also their high thermal stability,'® simple
synthesis and well-defined 3D structure, eliminating issues
that arise from the polydispersity of linear polymers. Despite
many benefits of SQ-based materials and extensive knowledge
in the field of their biomedical application, there is a limited
number of reports on their use as nanocarriers. In 2005,
Rotello et al. described the first controlled drug delivery plat-
form based on SQ scaffolds, which exhibited very low toxicity
and enabled the delivery of medicaments that were insoluble
in water or exhibited low cellular uptake.!” The study by
Kaneshiro and Lu has shown that the compact and three-
dimensional structure of octa(3-aminopropyl)-silsesquioxane-
based poly(i-lysine) nanoglobules makes them promising car-
riers for the codelivery of nucleic acids and chemotherapeutic
agents.'® In 2011, Lin et al. reported that polysilsesquioxane
(PSQ) nanoparticles are an attractive platform for the delivery
of an oxaliplatin prodrug.'® Four years later, the same group
modified the designed material with polyethylene glycol (PEG)
and proved its therapeutic potential using the mouse model of
non-small cell lung cancer.?® Application of SQ units as nano-
carriers has been explored by Gu and co-workers, who demon-
strated that star-shaped poly(benzyl vr-aspartate)-block-poly
(ethylene glycol) copolymers with a POSS core constitute
potential carriers for drug delivery.”" In 2016, Huang et al. syn-
thesized SQ-based star polymer-drug conjugates, which were
chemically loaded with DTX via a pH-responsive linker and
demonstrated their in vitro applications using a PC-3 human
prostate carcinoma cell line.”* John’s team has shown that
amido-functionalized cage-like silsesquioxanes can serve as
efficient delivery systems of drugs such as acetaminophen and
ibuprofen. What is more, they proved that in this system, the
adsorbed drug molecules can be released under physiological
conditions, and then the SQ-based carrier is able to hydrolyze
to non-toxic carboxylic acid salts and water soluble polyhedral
oligomeric silsesquioxanes containing aminopropyl groups;
thus, the products can be safely removed from the organism.>?
In turn, Sierant’s group has developed a multifunctional nano-
platform based on inorganic SQ grafted with short polyethyl-
ene glycol chains and anthracycline antibiotics called daunor-
ubicin.>* Two years later, Stanczyk et al. confirmed that SQ
nanocarriers are useful systems for the formation of conju-
gates with anthracycline drugs.”® Recently, it has been proved
that the incorporation of SQ with thiol groups into the drug
can increase its efficiency in photothermal activity in the treat-
ment of pancreatic cancer.”® To the best of our knowledge,
this is the only known example of application of the drug func-
tionalized with an SQ-SH carrier, in which the carrier not only
creates the delivery system but also improves the therapeutic
potential of the drug itself.

In view of the high demand for modern drug delivery plat-
forms and continuous search for carrier molecules that would
contribute to the improvement of the therapeutic properties of
the drugs, new SQ-SH functionalized nanocarriers that would
be readily adjusted to specific needs by further modifications
are highly desirable. Herein, we describe an effective synthetic
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pathway for obtaining a new class of functionalized SQ deriva-
tives containing thioester moieties, via reactions of mercapto-
SQ (SQ-SH) and alkynes, in the presence of a bulky NHC-
rhodium complex. The final materials, providing a universal
platform for developing non-toxic and effective drugs, are
obtained in a straightforward, one-step procedure based on
commercially available reagents.

Results and discussion
Catalytic part

We began our research with the synthesis of a rhodium cata-
lyst containing a bulky NHC ligand (NHC-Rh), according to the
methodology described in our previous paper®’ (Scheme 2).

Because of the lack of literature reports on the use of mer-
capto-SQ as substrate in the hydrothiolation process, we
started our catalytic study by performing a number of tests
under the same conditions as those described for other thiols
in our previous work.”” Addition of 1 mol% NHC-Rh to a
toluene solution of SQ-SH and phenylacetylene (1a) in an equi-
molar ratio at 80 °C, resulted in 50% conversion of substrates
after 24 h (Scheme 3).

As the "H NMR analysis of the reaction mixture indicated
selective formation of a single product, identified as P1, we
decided to optimize the reaction conditions in order to shift
the process equilibrium towards the expected product. All
experiments were performed for the model reaction shown in
Scheme 3. The results are given in Table 1.

As presented in Table 1, a two-fold increase in the catalyst
concentration did not bring the expected effect as the degree
of SQ-SH conversion increased only by 9% (Table 1, entry 2). It
has been found that temperature was the factor significantly
influencing the effectiveness of the reaction studied. With
increasing temperature, the degree of the reagent conversion
increased (Table 1, entries 2-5) to reach 100% at 120 °C
(Table 1, entry 5). Importantly, the temperature increase had
no effect on the process selectivity, as at each temperature only
a-vinyl sulfides were obtained. When the catalyst loading was
lower than 2 mol%, complete conversion of SQ-SH was not
achieved, even though the reaction time was much increased
(Table 1, entry 8). As shown in Table 1, we discovered that the
reaction must be carried out under dry argon, using standard
Schlenk-line and vacuum techniques (Table 1, entry 9) and
necessarily in the presence of the catalyst (Table 1, entry 10).
In the tests conducted under dry argon, we observed the for-
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Scheme 2 Synthesis of the NHC—-rhodium catalyst (NHC-Rh).
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Scheme 3 Hydrothiolation of 1a with SQ-SH catalyzed by NHC-Rh.

Table 1 Optimization of reaction conditions

[NHC-Rh] T Conv. of Selectivity”

Entry [mol%] [eC] SQ-SH' [%] [%]
1 1 80 50 100
2 2 80 59 100
3 2 100 78 100
4 2 110 88 100
5 2 120 100 100
6 1.5 120 94 100
7 1 120 90 100
8“ 1 120 92 100
9P 2 120 70 12

10 — 120 0 —

Reaction conditions: toluene, [SQ-SH]:[1a] = 1:1, 18 h, and argon.
“Time reaction: 48 h. ® Reaction conducted under air. ¢ Determined by
'H NMR analysis.

mation of significant amounts of disulfides and trace amounts
of product P10. The results suggest that the formation of the
S-S bond requires tan excess of oxygen as then this process is
favored over that of C-S formation. It is in agreement with the
mechanism of this process described earlier by Arisawa’s
group®® and our earlier paper.”®

Subsequently, the range of alkynes was extended to deter-
mine the versatility of this catalytic protocol (Scheme 4).

In the experiments performed under optimized conditions,
no competitive reactions were noted. For all acetylenes tested,
high yields and exclusive formation of the expected products
were observed. We did not note any impact of the nature of the
alkyne used on the reaction course, except in the experiment
conducted using out dimethylsilylacetylene. In this case, we
obtained as the product the p-isomer of E geometry around
the generated C=C double bond (P11). The proposed
method proved to be effective for aryl substituted alkynes
with both electron-withdrawing and electron-donating substi-
tuents. As presented in Scheme 4, dialkyne was also applied
in the reaction with SQ-SH and exhibited high activity
leading to a monosubstituted product (P12). This opens up
the possibility of synthesizing materials that may contain
groups susceptible to further modification. All functionalized
SQ derivatives obtained were characterized by mass spec-
trometry and spectroscopic methods (see the ESIf). They are
air-stable and soluble in many popular solvents (i.e., DCM,
THF, n-hexane, toluene and chloroform), which makes them
easy to purify by column chromatography. The presented
derivatives are new compounds which have never been pub-
lished before.
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Photophysical properties

In the next step, the prepared nanomaterials (P1-P12) were sub-
jected to photophysical analyses, which were performed to inves-
tigate their potential applications in the optical area. At first the
absorption spectra in the ultraviolet/visible (UV-Vis) region were
recorded. The absorption properties were investigated in chloro-
form solutions and the appropriate spectra are shown in Fig. 1.

The absorption spectra of all compounds except for P12
show the onset of absorption at around 400 nm. The more pro-
nounced absorption was observed in the medium- and short-
wave ultraviolet range with the absorption maxima in the
range of 240-300 nm, depending on the substituent. The
absorption maximum of the styrene derivative P1 was located
at 245 nm. It was observed that the electron-withdrawing sub-
stituents (-CF;) at the phenyl ring caused a slight blue shift
whereas the electron-donating substituents (alkyl substituents)
caused a slight red shift. Although the 1-ethynyl group is con-
sidered an electron withdrawing substituent,*® the greatest
bathochromic shift (by 16 nm) was observed for the 1-ethynyl
derivative P11, because of an increase in conjugation.! For the
naphthalene derivative P9, three absorption peaks were
observed, at 274 nm, 285 nm and 297 nm, characteristic of
naphthalene and its derivatives.** For all compounds except
for P9 and P12, a shoulder of weak absorption intensity
appeared in the range from 400 nm to 300 nm.

The photoluminescent behavior of all compounds was also
investigated in chloroform solutions. For the naphthalene
derivative P9, the structured narrow emission characteristic of
naphthalene derivatives was noted (see the ESI, Fig. S1%).
Samples P1-P7 and P10, when excited at the respective absorp-
tion maxima exhibited weak emission in the UV region with
the emission maxima in the range 340-380 nm, due to the
local emission of the styrene fluorophore (see the ESI,
Fig. S21).** Similarly, the thiophene derivative P8 exhibited
weak emission in the UV range, while the silyl derivative P12
was found to be almost non-emissive. Compound P11 exhibi-
ted weak emission in the blue region with the emission
maximum at 450 nm. The emission peak was very broad and
spread up to 600 nm. The emission was found to be enhanced
for compounds P5 and P6, containing electron withdrawing
CF; groups (see the ESI, Fig. S3f). The dependence of the
photoluminescence on the excitation wavelength in the range
from 250 to 380 nm was investigated (Fig. 2 and in the ESI,
Fig. S4-S12}) and strong changes in the emission intensity
and the shape of the emission spectra for samples P1-P4, P7
and P10-P11 were discovered.

These changes were not observed for the naphthalene deriva-
tive P9, thiophene derivative P8 and CF; derivatives P5 and P6.
Therefore, we carried out an analysis of the excitation spectra
and we found that there was another notable area of excitation
at a lower energy, between 300 nm and 380 nm (Fig. 3).

The excitation and absorption spectra of the investigated
compounds were found to be different. The obtained results
indicate that the samples do not obey the Kasha’s rule.>* The
peak of lower energy dominates in the excitation spectra of the

This journal is © the Partner Organisations 2024
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Scheme 4 Substrate scope. Isolated yields are given in parentheses.
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Fig. 1 Normalized absorption spectra of compounds (A): P1 (@), P2 (A),
P3 (m), P4 (V), P10 (0), P11 (»), P12 (7); (B): P5 (<), P6 (4), P7 (), P8 (),
P9 (A).

styrene derivative P1, compounds containing electron-donat-
ing alkyl substituents, bromine derivative P7 and 1-ethynyl
derivative P11. We further investigated the emission properties
after excitation at the lower energy excitation maxima (Fig. 4).

The summarized spectroscopic data are presented in
Table 2.

This journal is © the Partner Organisations 2024

u

P11 (91%)

iBu-\G %0/ "SI~ g,

Bu—S—~0—SI

P12 (84%)

B)
A)

Fig. 2 The dependence of photoluminescence on the excitation wave-
length for compounds (A): P11 and (B) P6.

Compounds P1-P4 and P10 containing styrene or styrene with
alkyl substituents, exhibited emission in the UV range. The emis-
sion maxima were located at around 400 nm and they were red
shifted in comparison with the emission observed after excitation
at the absorption maxima. This suggests that this longer-wave-
length emission can be attributed to the styrene excimer emis-
sion.>® It was observed that incorporation of the alkyl did not sig-
nificantly influence the emission intensity. The most interesting
emission properties were observed for the 1-ethynyl derivative
P11. The compound after excitation at 364 nm exhibited strong
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Fig. 3 Excitation spectra of compounds P1 (®) (e, = 391 nm), P2 (A)
(Aem = 401 nm), P3 (W) (Aem = 399 Nm), P4 (¥) (lemn = 399 nm), P7 (=) (lem
=396 nm), P10 (O) (Aern = 401 nm) and P11 (») (lem = 502 nm).
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Fig. 4 The emission spectra of compounds P1 (@) (lex = 325 nm), P2 (A)
(lex = 330 nm), P3 (M) (Aex = 330 nm), P4 (V) (lex = 333 nm), P7 (m) (Aex =
334 nm), P10 (O) (lex = 334 nm) and P11 (») (1ex = 364 nm).

Table 2 Spectroscopic data of compounds P1-P12

Compound Aaps. [NM] Aex [NM] Aem [NM]
P1 245 325 391¢

P2 250 330 401

P3 245 330 399¢

P4 255 333 399¢

P5 242 — 3480

P6 242 — 348°

P7 250 334 396

P8 252 — 340°

P9 274, 285, 297 — 355, 372, 390°
P10 245 334 401

P11 261 364 478, 502¢
P12 255 — —

“Excited at excitation maxima. ?Excited at absorption maxima.

¢ Excited at absorption maxima 4 = 285 nm.

luminescence in the visible range with two emission maxima at

478 nm and 502 nm and the emitted light of blue color was
visible by naked eye after irradiation with a UV lamp (Fig. 5). The
xy color coordinates of the light emitted by compound P11 were

calculated and found to be (0.28; 0.11).
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Fig. 5 Left: the photograph of the compound P11 in CHCI; solution
when excited using a UV lamp (1 = 365 nm); right: CIE chromaticity
diagram showing the (x,y) emission color coordinates for the P11.
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L

T T ?
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Fig. 6 The emission spectra of compound P11 in solvents of different
polarities: n-hexane (@) (lex = 337 nm), ethyl acetate (A) (lexy = 364 nm),
acetonitrile (W) (lex = 380 nm), chloroform (V) (1 = 364 nm).

100

Normalized intensity
3
1

T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 7 The excitation (¥) (Aemy = 504 nm) and emission spectra (M) (lex =
413 nm) of P11 in the solid state. Insert: photograph showing the emis-
sion of P11 in the solid state when excited using a UV lamp (4 = 365 nm).

The emission properties of P11 were further investigated
in n-hexane, ethyl acetate and acetonitrile. These solvents
have been chosen due to their different polarities and ability
to solubilize P11. The shift of the emission maxima to

This journal is © the Partner Organisations 2024
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longer wavelengths was observed with the increase in solvent
polarity (from 391 nm in n-hexane to 518 nm in acetonitrile)
(Fig. 6).

The compound was also luminescent in the solid state.
When excited at excitation maxima (1 = 413 nm), the solid
exhibited blue emission with two maxima at 480 nm and
504 nm (Fig. 7).

Conclusions

To sum up, we have designed a fully selective and high yield
synthetic procedure, which allows obtaining new sulfur-con-
taining SQ derivatives. We have demonstrated that the pro-
posed approach can be easily extended to a variety of other
commonly available alkynes, which offers a high chance of
using the designed materials as non-toxic nanocarriers that
would additionally contribute to the improvement of the thera-
peutic properties of drugs. Finally, twelve new sulfur-based
SQs were obtained and characterized by NMR spectroscopy
and mass spectrometry. They were also verified in terms of
their absorption and emission properties. We have shown that
these materials are luminescent with the maximum emission
in the ultraviolet range. The most interesting luminescence
properties were exhibited by a 1-ethynyl derivative which
showed bright blue fluorescence under 365 nm UV lamp illu-
mination; therefore, it could be potentially applied as a blue
light-emitting material. It is particularly interesting in the
context of literature reports indicating the use of blue light in
cancer therapy.*®

Experimental
General consideration

Reagents. All reagents, except NHC carbene precursors and
the NHC-rhodium complex, were commercially available and
used as received. NHC salt®” and the rhodium catalyst*” were
prepared according to literature procedures. All syntheses
were carried out under an argon atmosphere using standard
Schlenk-line and vacuum techniques. THF was dried over
sodium benzophenone ketyl and freshly distilled before use.
The other solvents were dried over CaH, prior to use and
stored over 4 A molecular under argon.
Dichloromethane was additionally passed through an
alumina column and degassed by repeated freeze-pump-
thaw cycles.

Instruments and measurements

Nuclear magnetic resonance (NMR) spectroscopy. "H NMR
(402.6 MHz), *C NMR (101.2 MHz) and *°Si NMR (79 MHz)
spectra were recorded at 25 °C on Varian 400 and 300 MHz
spectrometers in CDCl; solution. Chemical shifts are reported
in ppm with reference to the residual solvent peaks for "H and
*C NMR and to TMS for *°Si NMR.

Electrospray ionization mass spectrometry (ESI-MS). Mass
spectra were obtained using Synapt Gs-S HDMS (Waters) mass

sieves
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spectrometer with an electrospray ion source and quadrupole-
time-of-flight analyzer with resolving power FWMH 38000.
Acetonitrile was used as the sample solvent. The capillary
voltage was set to 4.5 kV, the sampling was set at 40 and the
source temperature was equal to 120 °C. The most abundant
ions in the ESI-MS spectra were the sodiated and potassiated
ions of desired products.

Thin-layer chromatography (TLC). TLC was conducted on
plates coated with 250 pm thick silica gel and column chrom-
atography was performed on silica gel 60 (70-230 mesh) using
n-hexane.

Photophysical analyses. Absorption spectra were recorded on
a Jasco V-770 UV-Vis-NIR spectrometer (Fig. 1). Fluorescence
measurements were performed and excitation spectra collected
at room temperature in chloroform solutions with a Jasco
FP-8500 spectrometer. The excitation and emission slits were
5 nm for excitation at the absorption maxima (spectra shown
in Fig. S1-S31) and 2.5 nm for excitation at excitation maxima
(spectra shown in Fig. 3). The absorption of the solutions of
the compounds for fluorescence measurements was around
0.1 at the excitation wavelength. The samples were purged with
argon for 15 minutes. The emission and excitation spectra of
P11 in the solid state were recorded using an integrating
sphere (100 mm) that had been calibrated using a calibrated
light source.

General procedure for the synthesis of products P1-P12

An oven-dried 25 mL glass reactor equipped with a magnetic
stirring bar was charged under argon with SQ-SH (100 mg,
1.12 x 10~* mol), acetylene (1.12 x 10~* mol), NHC-rhodium
complex (5.60 x 107° mol) and toluene (1 mL). The reaction
mixture was stirred at 120 °C for 24 hours. The solvent was
then evaporated under vacuum and the residue was purified
by column chromatography on silica gel using n-hexane as the
eluent. Evaporation of the solvents afforded analytically pure
compounds.
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