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Abstract: The aza-Michael reaction of 3-aminopropyltriethoxysilane (1) and -silatrane (2) with acry-
lates affords functionalized silyl-(3–8) and silatranyl-(9–14) mono- and diadducts with up to a 99%
yield. Their structure has been proved with IR and NMR spectroscopies, mass spectrometry and XRD
analysis. The hydrolytic homo-condensation of triethoxysilanes 3–5 gives siloxanes 3a–5a, which
form complexes with Ag, Cu, and Ni salts. They are also able to adsorb these metals from solutions.
The hetero-condensation reaction of silanes 4–8 with OH groups of zeolite (Z), silica gel (S) and glass
(G) delivers the modified materials (Z4, S7, G4, G5, G7, G8, etc.), which can adsorb ions of noble
metal (Au, Rh, Pd: G4 + Au, G5 + Pd, G7 + Rh). Thus, the synthesized Si-organic polymers and
materials turned out to be promising sorbents (enterosorbents) of noble, heavy, toxic metal ions and
can be applied in industry, environment, and medicine.
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1. Introduction

Functional 1-organyltrialkoxysilanes, R-Si(OAlk)3, are well-known organosilicon com-
pounds. They have found applications in materials science and various technologies as
building blocks, hybrid- and nano-materials, optical sensors, solar cells, catalysts, silicone
sealants, and adhesives. These materials are formed via the homo-condensation reaction to
afford siloxanes or silsesquioxanes, [R-SiO1.5], (Scheme 1) [1–4].
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Scheme 1. Homo-condensation reaction of functional triethoxysilanes.

Such carbofunctional siloxanes are efficient ingredients of rubber mixtures for non-
combustible, water- and wear-resistant tires, as well as for ion-exchange and complex-
forming sorbents of heavy and noble metals.

Carbofunctional polyorganylsilsesquioxanes, like siloxanes, are also excellent sorbents.
They are easily synthesized and their composition and properties can be readily repro-
duced. The spatially cross-linked silsesquioxane structure of these sorbents ensures their
high thermal stability and resistance to highly aggressive acidic media. At the same time,
the silsesquioxane matrix does not affect the specific reactivity of their carbofunctional
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substituents. An important application of carbofunctional polyorganylsilsequioxanes and
initial organosilicon monomers is in the design of a new generation of “test systems”. In
economic terms, it is more rational to use inexpensive natural zeolites and silicas. However,
such materials are not as efficient in the extraction of the target components, for example,
noble metals. More expensive synthetic sorbents, primarily carbofunctional polyorganyl-
silsesquioxanes, due to a wide range of reactive groups that can be easily introduced into
their composition, are characterized by higher efficiency and wider application scope [5,6].

In addition, functional 1-organyltrialkoxysilanes are employed in the modification
(silanization) of hydroxylated surfaces (silicon oxide, alumina, quartz, mica, zeolite, glass, etc.)
via hetero-condensation (grafting) to give self-assembled monolayers (SAMs) (Scheme 2).
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The interest in SAM is due to their potential application as functional modules with
tailor-made physical and chemical properties. This is especially true for the use of SAM
in surface engineering. For example, the advantages of unique properties and complex
architecture of SAM are especially pronounced in analytical chemistry. An effective tech-
nology is one for the formation of a pattern on the surface of semiconductors. In addition,
engineered surfaces can improve adhesion. Such surfaces (modified materials) can be used
as heterogeneous catalysts, special filters/membranes, and, like functional siloxanes, as
effective sorbents/enterosorbents of heavy or toxic metals [7,8].

All of the above is true both for 3-aminopropyltriethoxysilane, NH2-(CH2)3-Si(OCH2CH3)3
(1), and 3-aminopropylsilatrane, NH2-(CH2)3-Si(OCH2CH2)3N (2) (Scheme 3) [9,10].
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As seen from Scheme 3, compounds 1 and 2 are close analogues. However, it should
be emphasized that silatranes (unlike silanes and siloxanes) possess high and diverse
biological and pharmacological activity [11]. For example, silatrane 2 and its derivatives
exhibit a growth-stimulating effect on agricultural crops (wheat, rye, oats, corn, etc.) [12,13].
They are efficient antifungal (Aspergillus fumigatus, Penicillium chrysogenum, Fusarium) [14],
antimicrobial (Enterococcus durans, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa,
Hepatitis B virus) [15–17], antiparasitic (Giardia lamblia, Trichomonas vaginalis) [18] and
anticancer (adenocarcinoma, hepatocarcinoma, melanoma) agents [19,20] and potential
drugs [21].

Among nucleophilic addition processes, the aza-Michael reaction holds a special
place [22–24]. This general reaction proceeds with the participation of various Michael
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donors (carbamates, amides, amines) and Michael acceptors (unsaturated nitriles, sulfones,
phosphonates, and also acrylates). Acrylates and acrylate polymers are known to be
functional compounds and materials. The latter have valuable characteristics such as
low cost, transparency, thermoplasticity, stability, biocompatibility, and high adhesion to
metals [25]. In particular, methacrylate-functionalized silanes and silatranes are used to
produce hybrid materials and in sol-gel processes and coating technologies [26,27].

The amino group, which is contained in compounds 1 and 2, makes them functional
and allows them to be involved into the aza-Michael reaction. It was reported that some
aminoalkoxysilanes can be added via the aza-Michael process [28,29]. However, to the
best of our knowledge, the participation of 3-aminopropylsilatrane 2 in this reaction was
described only in one work [30] on the example of addition to N-phenylmaleimide.

In order to expand the scope of polyfunctional Si-organic compounds and materi-
als, here we have implemented the aza-Michael reaction of silane 1 and silatrane 2 with
various acrylates and have studied the adsorption activity of the target adducts and their
derivatives.

2. Results and Discussions
2.1. Synthesis

The synthesis of silane 1 and silatrane 2 derivatives is shown in Schemes 4 and 5. The
target monoadducts 3–5 and 9–11 and diadducts 6–8 and 12–14 were obtained using the
aza-Michael reaction with electron-deficient alkenes (acrylonitrile, methyl acrylate and
acrylamide).
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Using the reaction of silane 1 and silatrane 2 with acrylonitrile and varying solvents
(CHCl3, MeCN, THF, MeOH, EtOH), temperature (20–80 ◦C) and time (2–48 h), we found
the following optimum conditions for the synthesis of silanes 3 and 6 (yields 99% and
16%): methanol, 50 ◦C, 2 h and 48 h, respectively. The best conditions for the preparation
of silatranes 9 and 12 (yields 99% and 97%) were as follows: methanol, 50 ◦C, 1 h and
4 h, respectively.

The higher reactivity of silatrane 2 compared to silane 1 may be due to the significant
dipole moment (µ = 5.3–7.1 D) and polarity as well as the strong electron-donating effect of
the silatranyl and silatranylmethyl groups (inductive constants σI = −0.56, σ∗ = −3.49 and
σI = −0.36, σ∗ = −2.24). At the same time, the triethoxysilyl group had electron-acceptor
properties [31–33].
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2.2. Spectroscopic and Spectrometric Studies

The composition and structure of the obtained compounds were confirmed with IR,
NMR spectroscopy, mass spectrometry and elemental and X-ray diffraction analysis (see
Section 3 and Supplementary Materials).

2.2.1. IR Spectroscopy

The IR spectra of compounds 3–14 show characteristic absorption bands at 763–770 cm−1,
1090–1103 cm−1 (Si-O) and 2925–2939 cm−1 (νs CH2). The spectra of monoadducts contain
absorption bands (νs C-NH) and (νs NH) at 1392–1421 cm−1 and 3310–3447 cm−1, respec-
tively. In the spectra of compounds 3, 6, 9 and 12, the absorption bands were observed
at 2190–2236 cm−1 (C≡N). The spectra of carbonyl-containing mono- and diadducts dis-
played characteristic absorption bands in the region 1671–1736 cm−1 (C=O). In addition,
absorption bands at 584–588 cm−1 (N→ Si) were detected in the spectra of all silatranes
9–11 and 12–14 (Figures S1–S4).

2.2.2. NMR Spectroscopy

NMR spectra (1H, 13C, 15N and 29Si) confirm the structure of both monoadducts
3–5 and 9–11 and diadducts 6–8 and 12–14 (Figures S5–S16). The NMR spectra of all
compounds were recorded at room temperature.

The 1H NMR spectra showed the characteristic triplets and quartets of the triethoxysi-
lyl groups (CH3 and OCH2) in the regions of 0.5–06 ppm and 1.15–l.20 ppm (J = 7.0 Hz), re-
spectively. The 1H NMR spectra contained the characteristic triplets of the silatranyl moiety
representing the NCH2 and OCH2 groups at 2.73–2.79 ppm and 3.69–3.76 ppm (J = 5.9 Hz),
respectively. The spectra of all compounds exhibited multiplets of the SiCH2, CH2, and
NCH2 groups of propyl moiety at 0.30–0.41 ppm, 1.46–1.61 ppm and 2.41–2.52 ppm, re-
spectively. In the spectra of all compounds, multiplets of the CH2, and CH2N groups of
ethyl moiety were observed at 2.47–2.52 ppm and 2.84–2.90 ppm, respectively.

In the 13C NMR spectra of the compounds synthesized, peaks of the triethoxysi-
lyl (CH3 and OCH2) and silatranyl moiety carbons (NCH2 and OCH2) were detected at
17.0–18.0 ppm and 56.50–58.80 and 50.59–51.21 ppm and 56.30–57.86 ppm, respectively.
The spectra of all compounds showed peaks of the propyl moiety carbons (SiCH2, CH2
and NCH2) at 12.80–13.80 ppm, 16.20–24.22 ppm and 25.15–33.90 ppm, respectively, as
well as peaks of the ethyl moiety carbons (CH2 and CH2N) at 52.60–53.00 ppm and
54.00–54.20 ppm, respectively.

The 15N NMR spectra demonstrate signals of the nitrogen at ∼−135 ppm (C≡N),
−250 ppm (NH), −340 ppm (N) and −360 ppm (NSilatrane).

The 29Si NMR spectra of all silatranes contained peaks of the silatranyl moiety at
∼−85 ppm. Such δ values indicate an intramolecular transannular Si←N dative bond [15,18].

2.2.3. Mass Spectrometry

We failed to record high resolution mass spectra of silanes 3–8, possibly due to their
hydrolytic instability. However, the spectra of silatranes confirmed their composition and
structure. For example, the mass spectrum of compound 9 contained the main peak in the
form of the [M + H]+ ion. The theoretical m/z value was 286.158695; in reality, a value of
286.15876 was obtained, so the error was 0.2 ppm. The mass spectrum of silatrane 12 was
registered in the form of the ion [M + H]+ with m/z 339.18498 (theoretical m/z value was
339.185244); the error was 0.8 ppm.

2.2.4. X-ray Spectrometry

The structure of compound 9 was proved with X-ray diffraction analysis. Single
crystals of 9 were grown from CHCl3 solution. The molecular structure is depicted in
Figure 1.
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Atomic coordinates, bond lengths, bond angles and atomic displacement parameters
for the crystal structure of 9 have been deposited with the Cambridge Crystallographic Data
Centre (CCDC) with the deposition number CCDC 2263862. These data can be obtained
free of charge from the CCDC via https://www.ccdc.cam.ac.uk/structures/ (accessed on
18 May 2023).

2.3. Functional Materials
2.3.1. Polyorganosiloxanes Sorption

The solid insoluble polyorganosiloxanes, R(CH2)2NH-(CH2)3-Si(O1.5)3 3a–5a, were
synthesized using the hydrolytic homo-condensation (compare Scheme 1) of mono-
substituted silanes R-(CH2)2NH-(CH2)3-Si(OCH2CH3)3 3–5 (Scheme 6).
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Compounds 3–5 and 3a–5a were preliminary studied as chelating ligands and potential
sorbents of noble (AgI) and transition Cu(II) and Ni(II) metals. Monomers 3–5 turned out
to be inefficient owing to their low stability. At the same time, extremely stable polymers
3a–5a showed high activity (static sorption capacity, SSC = 138–289 mg/g), see, for example,
Figure 2 and the Supplementary Materials (compare with SSC 29.5 mg/g, 24.9 mg/g and
16.6 mg/g for Cu(II), Co(II) and Ni(II), respectively [8]).
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The sorption equilibrium with respect to silver was reached for 20 min. For nickel
and copper, this takes 30 min. Kinetic dependences were represented by typical curves,
which had a steep section in the region of 10–30 min of the sorbate solution contact with
the polymer; see, for example, Figure 3.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  6  of  15 
 

 

 

Figure 2. Calculated values of static sorption capacities (SCE) of polysiloxane 3a. 

The sorption equilibrium with respect to silver was reached for 20 min. For nickel 

and copper, this takes 30 min. Kinetic dependences were represented by typical curves, 

which had a steep section in the region of 10–30 min of the sorbate solution contact with 

the polymer; see, for example, Figure 3. 

 

Figure 3. The effect of time on the degree of sorption of metals by polysiloxane 3a. 

Mechanistically, the sorption likely occurs via the formation of carbonyl and nitrile 

complexes with Ag, Cu and Ni salts (for example, complex 3b, Scheme 7). 

(O1,5)3Si N
H

C

3a

AgNO3
(O1,5)3Si NH

3b

(O1,5)3Si NH

N
C N

C N
Ag NO3

 

Scheme 7. Formation of complex 3b. 

The C≡N‐Ag coordination was confirmed by  IR spectroscopy. For  instance,  the IR 

spectrum of the initial powder 3a showed the absorption peak at 2236 cm–1, which cor‐

responded to C≡N stretching vibrations. In the case of 3b with the additive of AgNO3, the 

0

50

100

150

200

250

300

Ni(II) Cu(II) Ag(I)

Ni(II)

Cu(II)

Ag(I)

St
at

ic
 s

o
rb

ti
o

n
 c

ap
ac

it
y,

SS
C

 

Figure 3. The effect of time on the degree of sorption of metals by polysiloxane 3a.

Mechanistically, the sorption likely occurs via the formation of carbonyl and nitrile
complexes with Ag, Cu and Ni salts (for example, complex 3b, Scheme 7).
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Scheme 7. Formation of complex 3b.

The C≡N-Ag coordination was confirmed by IR spectroscopy. For instance, the
IR spectrum of the initial powder 3a showed the absorption peak at 2236 cm−1, which
corresponded to C≡N stretching vibrations. In the case of 3b with the additive of AgNO3,
the absorption peak shifted and appeared at 2257 cm−1 (∆ν = 21 cm−1). This indicates
that the C≡N group of polymer 3b interacted with the Ag+ ion. The IR spectrum of the
starting methylacrylate silsesquioxane, MeO(O)C(CH2)2NH-(CH2)3-Si(O1.5)3 4a, contained
a band at 1700 cm−1, which was assigned to the stretching vibration of the C=O bond. IR
spectra 4b showed clear shifts in the C=O stretching vibration to 1690 cm−1 and 1681 cm−1,
∆ν = 10 cm−1 and 19 cm−1, respectively, after the addition of NiCl2 and CuCl2.

A similar picture could be observed for the metal complexes of acrylamide silsesquiox-
ane H2N(O)C(CH2)2NH-(CH2)3-Si(O1.5)3 5a, in which the metal was also coordinated
through the carbonyl oxygen: for 5a at 1670 cm−1 (C=O); for 5a + NiCl2 at 1660 cm−1

(C=O); and for 5a + CuCl2 at 1650 cm−1 (C=O).
The analysis of our own data and those from the literature demonstrates that the

interaction of metal ions (Ag, Cu, Ni) with C≡N and C=O functional groups of poly-
organosilsesquioxanes 3a–5a is thermodynamically favorable [34]. It occurs via chelate inter-
action and is accompanied by the formation of 2:1 complexes (for example, Scheme 7) [35,36].

Thus, polymers 3a–5a are prospective chemically and thermally stable sorbents (en-
terosorbents) of heavy and toxic metal ions and can be used in industry, the environment
and medicine.
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2.3.2. Modification of Hydroxylated Surfaces’ (Zeolite, Silicagel, Glass) Sorption

Functionalized materials find wide applications in the fields of catalysis, separation,
sensors, optoelectronics, environmental technology, and biomedical applications due to
their high specific surface area and chemical, thermal and mechanical stability [7,8].

The high density of OH groups, for example, on the silica surfaces, promotes the
covalent grafting of useful functional groups onto the interior and exterior surfaces via
hetero-condensation reactions (see Scheme 2). Functional 1-organyltrialkoxysilanes are
very often used to modify hydroxylated surfaces. The organic–inorganic skeletons thus
obtained can exhibit significant hydrophobicity, high adsorption activity, and selectivity
compared to the starting materials [9,10].

Using the synthesized 1-organyltrialkoxysilanes 4–8 containing C≡N, C=O, NH and
H2N groups, a series of preliminary experiments on the modification (silanization) of zeolite
(Z), silica gel (S) and glass (G) surfaces was carried out. The degree of modification of
zeolite “heulandite” Z with silane 4 was estimated from the increase in the mass of modified
zeolite (Z4). The content of the modifier in Z increased linearly at higher concentrations of
silane 4 solution (Table 1).

Table 1. Degree of Z modification with silane 4 (initial weight of Z 10 g, solvent: hexane).

Mass Silane 4 in Solution, % Mass Z4, g Mass Gain, g Mass 4 in Z4, %

0.5 10.31 0.31 3.0
1.0 10.50 0.50 4.8
1.8 10.93 0.93 8.5
3.5 11.74 1.74 14.8
4.5 11.99 1.99 16.6
5.8 12.08 2.08 17.2

The SEM-EDX analysis was performed to confirm the fixation of modifier 4 on the
surface of the zeolite Z. SEM images of Z and Z4 are shown in Figure 4.
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The surface morphology of natural zeolites, including heulandite Z, is rather hetero-
geneous due to the coexistence of various crystalline phases (Figure 4a). The chemical
modification of Z changes the surface structure of the material (Figure 4b). After modifica-
tion, the surface of Z becomes more uniform and less porous. This indicates a high degree
of the zeolite coating with the modifier layer.

The high degree of Z coating with modifier 4 was also confirmed by the EDX analysis
(Figures 5 and 6). The increased carbon (31 wt.% vs. 5 wt.%) and nitrogen (11 wt.% vs.
0 wt.%) content, and the practical absence of aluminum and sodium on the Z4 surface,
indicate that the zeolite surface in the studied area was covered with a layer of 4.
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A similar picture was observed when silica gel (S) and glass (G) were treated with
silanes 7 and 4. Modified surfaces S7 and G4 were formed, respectively.

EDX scanning and elemental composition showed that the main elements of S were
O 64.05% and Si 33.95%; the main elements of G were O 63.57%, Si 31.45% and C 4.98%,
respectively. The surface of the modified S7 and G4 consisted of O 48.35%, Si 29.01% and
C 22.64%, and O 44.35%, C 32.32%, Si 14.86% and N 8.47%, respectively. The high carbon
(22–34% vs. 0–5%), and nitrogen (4.5–13% vs. 0%) content on the S7, G4, G5 and G7,
G8 surface shows that the silica gel and glass surfaces were covered with silane layers
(Figures S20–S25).

The hetero-condensation reaction (Scheme 2) allowed the surfaces of zeolite, silica
gel and glass modified with functional silanes (C≡N, C=O, NH and NH2 groups) to be
obtained. According to Pearson’s hard and soft acid–base theory, compounds (polymers)
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containing functional groups with N or O donor atoms should be prospective sorbents of
precious metal ions. Precious metals are widely used in many fields, e.g., in the electrical
and electronics industry, various chemical processes, the manufacture of catalysts and the
production of corrosion resistant materials and jewelry.

Therefore, model samples of glass modified with functional silanes were used for a pre-
liminary evaluation of the noble metals’ sorption from aqueous solutions of AuCl3, RhCl3
and PdCl2. The sorption solutions have equal concentrations of each metal 5 mg/25 mL
(square of glass 1 cm2, contact time 4 h, pH = 2–5, temperature 25 ◦C). After sorption from
solutions, samples of modified glasses (G4, G5, G7 and G8) were isolated, washed (ethanol,
water) and dried (100 ◦C, 4 h). The EDX analysis of these samples enabled an estimation of
the degree of metal ions retained by these glasses from solutions.

EDX spectra and the mapping of metals on the surfaces of G4, G5, G7 and G8 (+Au,
+Pd, +Rh) are shown in Figures 7 and 8 and Figures S26–S34.

The samples contained Au 11–15 wt.%, Pd 6–14 wt.% and Rh 0.8–6 wt.% (Figure 7 and
Figures S26–S34). The content can be compared with Cu 2.28 wt.%, Co 2.13 wt.% and Ni
0.95 wt.% [8]. This indicates that the modified glasses are good sorbents for the extraction
of these metals. Moreover, glasses coated with monosilanes (G4 and G5) showed the best
results. Metal adsorption increased in the series Rh < Pd < Au and did not change at
pH = 2, 3 and 5.

The adsorption of Au(III), Rh(III) and Pd(II) may be due to the ionic mechanism of
the interaction between protonated nitrogen atoms in G4, G5, G7 and G8 and chloranionic
metal complexes, or due to the formation of chelate compounds of metal ions with donor
N or O atoms. Both mechanisms are assumed to be probable [37].

Thus, we have demonstrated that the new sorbents have a high potential for the
analysis and concentration of Au(III), Rh(III) and Pd(II).
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3. Materials and Methods
3.1. Materials

3-Aminopropyltriethoxysilane (1), 3-aminopropylsilatrane (2), acrylonitrile, methy-
lacrylate and acrylamide were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). The objects of study were natural zeolite of the Kholinsky deposit (Russia),
calcium heulandite, Ca[Al2Si7O18]·6H2O (Z), commercial chromatography grade silica gel
60–120 Mesh (S) and slides glass (G) 1 cm × 1 cm.

The procedure earlier described was used to immobilize silanes on the zeolite (Z)
surface [38]. Syntheses of silane-functionalized silica gel (S) and glass (G) were described
in [39,40], respectively. Reagents of high or analytical purity were used for all sorption
experiments. The 1 mg mL−1 Au(III), Rh(III) and Pd(II) standard stock solutions were
prepared by dissolving pure HAuCl4·4H2O, RhCl3·3H2O and PdCl2 in dilute HCl, respec-
tively [37].

3.2. Methods

The IR spectra were registered on a Varian 3100 FTIR spectrometer (Digilab LLC,
Marlborough, MA, USA) in 4000–400 cm−1 range with the sample as a thin film or tablet
(KBr).

The 1H, 13C and 15N NMR spectra were run in CDCl3 at room temperature on
Bruker DPX-400 and AV-400 spectrometers (Bruker BioSpin GmbH, Rheinstetten, Ger-
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many) (400.13, 100.61 and 40.56 MHz, respectively). Chemical shifts were referred to TMS
(1H, 13C) and nitromethane (15N).

Mass spectra were recorded on an HR-TOF-ESI-MS Agilent 6210 with the registration
mode of positive ions with acetonitrile as a solvent (in case of poor solubility by ultrasound)
and 0.1% perfluorobutyric acid as an ionizing agent.

X-ray Diffraction Analysis. The single crystals of compounds 6 and 12 were grown by
the slow evaporation of chloroform solutions at room temperature. The X-ray diffraction
data were collected with a Bruker D8 VENTURE diffractometer (Bruker Optik GmbH,
Ettlingen, Germany) (PHOTON III CMOS detector, Mo IµS3.0 X-ray source, Montel mirror-
focused MoKα radiation λ = 0.71073 Å, N2-flow cryostat) via 0.5◦ ω- andϕ-scan techniques.
Data were corrected for absorption effects using the multi-scan method (SADABS) [41].
The structure was solved and refined using the Bruker SHELXTL Software Package [42].

Elemental analysis was performed on a Thermo Scientific Flash 2000 Elemental An-
alyzer (Thermo Fisher Scientific Inc., Milan, Italy). Melting points were determined
on a Kofler Hot-Stage Microscope PolyTherm A apparatus (Wagner & Munz GmbH,
München, Germany).

The spectrophotometric determination of the elements was carried out on Specol-10
spectrophotometers and a KFK-2 photocolorimeter using appropriate techniques [43].

The morphology of the surfaces was determined with scanning electron microscopy
using a Hitachi TM3000 electron microscope (Hitachi High-Technologies Corporation,
Tokyo, Japan) with a magnification up to 30,000× and a resolution up to 25 nm. The
experiments were performed at 5 kV. Surface elements were established by analysis of
energy-dispersive X-ray spectra (EDX) (Quantax 70). The samples were scanned on a
Quanta 200 FEI SEM-EXD electron microscope (Quanta 200 FEI, Hillsboro, OR, USA).

3.3. Chemistry

General Procedure for the Synthesis of 3–14.
A mixture of silane 1 or silatrane 2 (1 mmol) and the corresponding acrylate (1 or

2 mmol) in 10 mL of methanol was stirred at 50 ◦C for 2–4 h under an inert atmosphere
(N2) or in air. The solvent was removed under reduced pressure. The residue was washed
many times with ether and dried to give products 3–14.

3.3.1. 3-[(3-(Triethoxysilyl)propyl)]-amino)propanenitrile (3)

Product 3 was isolated as a colorless oil with yield of 99%. 1H-NMR (CDCl3, 400 MHz),
δ (ppm): 0.58 (m, 2H, SiCH2); 1.14 (t, J = 7.0 Hz, 9H, CH3); 1.52 (m, 2H, CH2); 2.43 (t, 2H,
CH2N); 2.56 (t, 2H, NCH2); 2.84 (t, 2H, CH2); 3.73 (q, J = 7.0 Hz, 6H, OCH2). 13C-NMR
(CDCl3, 100 MHz), δ (ppm): 7.50 (SiCH2); 17.93 (CH3); 18.37 (CH2CN); 22.92 (SiCH2CH2);
44.61 (CH2CH2CN); 51.41 (CH2); 58.00 (OCH2); 118.43 (CN).

Silanes 4–8 have been described in [29].

3.3.2. 3-[3-(2,8,9-Trioxa-5-aza-1-silabicyclo[3.3.3]undec-1-yl)-propyl]amino)propanenitrile (9)

Silatranes 9–14 have been described in [44].

4. Conclusions

In conclusion, it was found that the aza-Michael reaction of commercially available
3-aminopropyltriethoxysilane (1) and -silatrane (2) with various acrylates afforded the
corresponding functionalized mono- and diadducts (3–14). 1-Organyltriethoxysilanes
3–5 and their polymers (siloxanes) 3a–5a were studied as chelating ligands of noble and
transition metals. It was established that stable functional polyorganosiloxanes 3a–5a
formed carbonyl and nitrile complexes with salts of Ag, Cu, Ni and could sorb these metals
from solutions (static sorption capacity, SSC = 138–289 mg/g).

In addition, the synthesized silanes 4–8 were employed for the modification (silaniza-
tion) of surfaces of zeolite (Z), silica gel (S), and glass (G) surfaces to produce modified
materials: Z4, S7, G4, G5, G7, G8, etc. The latter were used to study the sorption of noble
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metals (AuCl3, RhCl3, PdCl2). EDX spectra and the mapping of metals proved the forma-
tion of layers G4 + Au, G5 + Pd, G7 + Rh and others. The sorption of metals increased in
the series Rh < Pd < Au. The samples contained Au (up to 15%), Pd (up to 14%) and Rh
(up to 6%). Thus, synthesized Si-organic polymers and materials are promising chemically
and thermally stable sorbents (enterosorbents) of noble, heavy, toxic metal ions and can be
used in industry, the environment and medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241813818/s1.

Author Contributions: E.N.O. and Y.N.A.: Synthesis; I.A.U. and A.M.N.: Analysis, Data collection,
Characterization; I.B.R.: Directing, Supervision, Discussion; S.N.A.: Directing, Supervision, Discus-
sion, Article Writing. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (grant No. AP14871058).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the authors.

Acknowledgments: The main results were obtained using the equipment of the Baikal Analytical
Center of Collective Use of the A.E. Favorsky Irkutsk Institute of Chemistry SB RAS, Shared Research
Facilities for Physical and Chemical Ultramicroanalysis of the Limnological Institute SB RAS. The
authors thank the XRD Facility of NIIC SB RAS for the XRD data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kuge, H.; Hagiwara, Y.; Shimojima, A.; Kuroda, K. Oligomeric Alkoxysilanes with Cagelike Hybrids as Cores: Designed

Precursors of Nanohybrid Materials. Chem. Asian J. 2008, 3, 600–606. [CrossRef] [PubMed]
2. Guo, Z.; Lei, A.; Liang, X.; Xu, Q. Click chemistry: A new facile and efficient strategy for preparation of functionalized HPLC

packings. Chem. Commun. 2006, 43, 4512–4514. [CrossRef] [PubMed]
3. He, W.; Zhang, F.; Shi, X.; Li, H. Ordered Mesoporous Proline Organocatalyst with High tivity and Strong Durability in Promoting

Intermolecular Cross-Conjugated Additions. Eur. J. Org. Chem. 2012, 2012, 3753–3758. [CrossRef]
4. Magalhães, S.; Alves, L.; Medronho, B.; Fonseca, A.C.; Romano, A.; Coelho, J.F.J.; Norgren, M. Brief Overview on Bio-Based

Adhesives and Sealants. Polymers 2019, 11, 1685. [CrossRef] [PubMed]
5. Vlasova, N.N.; Oborina, E.N.; Grigoryeva, O.Y.; Voronkov, M.G. Organosilicon ion-exchange and complexing adsorbents. Russ.

Chem. Rev. 2013, 82, 449–464. [CrossRef]
6. Vlasova, N.N.; Sorokin, M.S.; Oborina, E.N. Carbofunctional sulfur-containing organosilicon compounds. Appl. Organometal.

Chem. 2017, 31, e3668. [CrossRef]
7. Ulman, A. Formation and structure of self-assembled monolayers. Chem. Rev. 1996, 96, 1533–1554. [CrossRef]
8. Adamovich, S.N.; Filatova, E.G.; Pozhidaev, Y.N.; Ushakov, I.A.; Chugunov, A.D.; Oborina, E.N.; Rozentsveig, I.B.; Verpoort, F.

Natural zeolite modified with 4-(3-triethoxy-silylpropyl)thiosemicarbazide as an effective adsorbent for Cu(II), Co(II) and Ni(II).
J. Taiwan Ins. Chem. Eng. 2021, 129, 396–409. [CrossRef]

9. Zhu, M.; Lerum, M.Z.; Chen, W. How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable Aminosilane-Derived
Layers on Silica. Langmuir 2012, 28, 416–423. [CrossRef]

10. Lee, T.-J.; Chau, L.-K.; Huang, C.-J. Controlled Silanization: High Molecular Regularity of Functional Thiol Groups on Siloxane
Coatings. Langmuir 2020, 36, 5935–5943. [CrossRef]

11. Voronkov, M.G.; Baryshok, V.P. Atranes As a New Generation of Biologically Active Substances. Her. Russ. Acad. Sci. 2010,
80, 514–521. [CrossRef]

12. Singh, G.; Sharma, G.; Sanchita; Kalra, P.; Batish, D.R.; Verma, V. Role of alkyl silatranes as plant growth regulators: Comparative
substitution effect on root and shoot development of wheat and maize. J. Sci. Food Agric. 2018, 98, 5129–5133. [CrossRef]
[PubMed]

13. Istratov, V.V.; Vasnev, V.A.; Markova, G.D. Biodegradable and Biocompatible Silatrane Polymers. Molecules 2021, 26, 1893.
[CrossRef]

14. Bargan, A.; Zaltariov, M.-F.; Vlad, A.; Dumitriu, A.M.C.; Soroceanu, A.; Macsim, A.-M.; Dascalu, M.; Varganici, C.D.; Cazacu, M.;
Shova, S. Keto-enol tautomerism in new silatranes Schiff bases tailed with different substituted salicylic aldehyde. Arabian. J.
Chem. 2020, 13, 3100–3111. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms241813818/s1
https://www.mdpi.com/article/10.3390/ijms241813818/s1
https://doi.org/10.1002/asia.200700242
https://www.ncbi.nlm.nih.gov/pubmed/18246561
https://doi.org/10.1039/b610733h
https://www.ncbi.nlm.nih.gov/pubmed/17283802
https://doi.org/10.1002/ejoc.201200396
https://doi.org/10.3390/polym11101685
https://www.ncbi.nlm.nih.gov/pubmed/31618916
https://doi.org/10.1070/RC2013v082n05ABEH004301
https://doi.org/10.1002/aoc.3668
https://doi.org/10.1021/cr9502357
https://doi.org/10.1016/j.jtice.2021.09.014
https://doi.org/10.1021/la203638g
https://doi.org/10.1021/acs.langmuir.0c00745
https://doi.org/10.1134/S1019331610060079
https://doi.org/10.1002/jsfa.9052
https://www.ncbi.nlm.nih.gov/pubmed/29635793
https://doi.org/10.3390/molecules26071893
https://doi.org/10.1016/j.arabjc.2018.09.001


Int. J. Mol. Sci. 2023, 24, 13818 13 of 14

15. Adamovich, S.N.; Kondrashov, E.V.; Ushakov, I.A.; Shatokhina, N.S.; Oborina, E.N.; Vashchenko, A.V.; Belovezhets, L.A.;
Rozentsveig, I.B.; Verpoort, F. Isoxazole derivatives of silatrane: Synthesis, characterization, in silico ADME profile, prediction of
potential pharmacological activity and evaluation of antimicrobial action. Appl. Organomet. Chem. 2020, 34, e5976. [CrossRef]

16. Adamovich, S.N.; Sadykov, E.K.; Ushakov, I.A.; Oborina, E.N.; Belovezhets, L.A. Antibacterial activity of new silatrane pyrrole-2-
carboxamide hybrids. Mendeleev Commun. 2021, 31, 204–206. [CrossRef]

17. Han, A.; Li, L.; Qing, K.; Qi, X.; Hou, L.; Luo, X.; Shi, S.; Ye, F. Synthesis and biological evaluation of nucleoside analogues than
contain silatrane on the basis of the structure of acyclovir (ACV) as novel inhibitors of hepatitis B virus (HBV). Bioorg. Med. Chem.
Lett. 2013, 23, 1310–1314. [CrossRef]

18. Singh, G.; Arora, A.; Kalra, P.; Maurya, I.K.; Ruizc, C.E.; Estebanc, M.A.; Sinha, S.; Goyal, K.; Sehgal, R. A strategic approach to
the synthesis of ferrocene appended chalcone linked triazole allied organosilatranes: Antibacterial, antifungal, antiparasitic and
antioxidant studies. Bioorg. Med. Chem. 2019, 27, 188–195. [CrossRef]

19. Guo, P.; Wu, W.-Y.; Luo, X.-T.; Qi, X.-L.; Hou, L.-P.; Xie, Z.X.; Ye, F.-Q. Synthesis, Antitumor Activity, and SAR of N-Substituted
γ-Aminopropylsilatrane Derivatives. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 511–518. [CrossRef]

20. Zaltariov, M.-F.; Turtoi, M.; Peptanariu, D.; Macsim, A.-M.; Clima, L.; Cojocaru, C.; Vornicu, N.; Ciubotaru, B.-I.; Bargan, A.;
Calin, M.; et al. Chemical Attachment of 5-Nitrosalicylaldimine Motif to Silatrane Resulting in an Organic—Inorganic Structure
with High Medicinal Significance. Pharmaceutics 2022, 14, 2838. [CrossRef]

21. Singh, G.; Shilpy; Singh, A.; Singh, S.; Sushma; Mohit; Thakur, Y.; Singh, K.N.; Soni, S. Design, Synthesis, Drug-Likeness and In
Silico Prediction of Polycyclic Aromatic Schiff base Tethered Organosilatranes. Silicon 2023, 15, 867–873. [CrossRef]

22. Beletskaya, I.P.; Najera, C.; Yus, M. Catalysis and regioselectivity in hydrofunctionalization reactions of unsaturated carbon bonds.
Part II. Hydroamination. Russ. Chem. Rev. 2020, 89, 1074–1114. [CrossRef]

23. Rulev, A.Y. Weak Nucleophiles in the Aza-Michael Reaction. Adv. Synth. Catal. 2023, 365, 1908–1925. [CrossRef]
24. Rulev, A.Y. Aza-Michael Reaction: A Decade Later—Is the Research Over? Eur. J. Org. Chem. 2023, 26, e2023004. [CrossRef]
25. Corsaro, C.; Neri, G.; Santoro, A.; Fazio, E. Acrylate and methacrylate polymers’ applications: Second life with inexpensive and

sustainable recycling approaches. Materials 2022, 15, 282. [CrossRef] [PubMed]
26. Maçon, A.L.B.; Page, S.J.; Chung, J.J.; Amdursky, N.; Stevens, M.M.; Weaver, J.V.; Hanna, J.V.; Jones, J.R. A structural and physical

study of sol–gel methacrylate–silica hybrids: Intermolecular spacing dictates the mechanical properties. Phys. Chem. Chem. Phys.
2015, 17, 29124–29133. [CrossRef] [PubMed]

27. Chiang, C.-T.; Vu, V.T.; Cheng, Y.-T.; Huang, C.-J. Methacrylate Silatrane: New Building Block for Development of Functional
Polymeric Coatings through Controlled Silanization. ACS Appl. Mater. Interfaces 2023, 15, 28524–28535. [CrossRef] [PubMed]

28. Genest, A.; Portinha, D.; Fleury, E.; Ganachaud, F. The aza-Michael reaction as an alternative strategy to generate advanced
silicon-based (macro)molecules and materials. Prog. Polym. Sci. 2017, 72, 61–110. [CrossRef]

29. Feng, L.; Zhu, S.; Zhang, W.; Mei, K.; Wang, H.; Feng, S. Preparation and Characterization of Functional Alkoxysilanes via
Catalyst-Free Aza-Michael Reaction. ChemistrySelect 2017, 2, 3721–3724. [CrossRef]

30. Singh, G.; Saroa, A.; Tewari, R.; Kaur, P. Aza-Michael Addition of γ-Aminopropylsilatranes to Substituted N-Phenylmaleimides:
Design and Synthesis of a Heterocyclic Amine Receptor and Their Preliminary Antimicrobial Studies. Silicon 2017, 9, 495–501.
[CrossRef]

31. Voronkov, M.G.; Trofimova, O.M.; Bolgova, Y.I.; Chernov, N.F. Hypervalent silicon-containing organosilicon derivatives of
nitrogen heterocycles. Russ. Chem. Rev. 2007, 76, 825–845. [CrossRef]

32. Tandura, S.N.; Belyaeva, V.V.; Gostevskii, B.A.; Albanov, A.I. Influence of the polarization effect on the donor properties of
1-phenylsilatrane. Russ. Chem. Bull. 2017, 66, 2269–2275. [CrossRef]

33. Ahmed, A.; Issa, A.A.; Luyt, A.S. Kinetics of Alkoxysilanes and Organoalkoxysilanes Polymerization: A Review. Polymers 2019,
11, 537. [CrossRef]

34. Syrlybaeva, R.; Movsum-zade, N.; Safiullina, I.; Puzin, Y.; Movsum-zade, E. Polymer-metal complexes of polyacrylonitrile and its
copolymers: Synthesis and theoretical study. J. Polym. Res. 2015, 22, 100. [CrossRef]

35. Dzhardimalieva, G.I.; Pomogailo, A.D. Macromolecular metal carboxylates. Russ. Chem. Rev. 2008, 77, 259–301. [CrossRef]
36. Kee, J.; Ahn, H.; Park, H.; Seo, Y.-S.; Yeo, Y.H.; Park, W.H.; Koo, J. Stretchable and Self- Healable Poly(styrene-co-acrylonitrile)

Elastomer with Metal–Ligand Coordination Complexes. Langmuir 2021, 37, 13998–14005. [CrossRef]
37. Tu, Z.; Lu, S.; Chang, X.; Li, Z.; Hu, Z.; Zhang, L.; Tian, H. Selective solid-phase extraction and separation of trace gold, palladium

and platinum using activated carbon modified with ethyl-3-(2-aminoethylamino)-2-chlorobut-2-enoate. Microchim. Acta 2011,
173, 231–239. [CrossRef]

38. Malhis, A.A.; Arar, S.H.; Fayyad, M.K.; Hodali, H.A. Amino- and thiol-modified microporous silicalite-1 and mesoporous
MCM-48 materials as potential effective adsorbents for Pb(II) in polluted aquatic systems. Adsorpt. Sci. Technol. 2018, 3, 270–286.
[CrossRef]

39. Kim, W.; Casalme, L.O.; Umezawa, T.; Matsuda, F.; Otomo, R.; Kamiya, Y. A Reliable Method to Create Adjacent Acid-Base Pair
Sites on Silica through Hydrolysis of Preanchored Amide. Chem. Lett. 2020, 49, 71–74. [CrossRef]

40. Chen, W.-H.; Tseng, Y.-T.; Hsieh, S.; Liu, W.-C.; Hsieh, C.-W.; Wu, C.-W.; Huang, C.-H.; Lin, H.-Y.; Chen, C.-W.; Linb, P.-Y.; et al.
Silanization of solid surfaces via mercaptopropylsilatrane: A new approach of constructing gold colloid monolayers. RSC Adv.
2014, 4, 46527–46535. [CrossRef]

41. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef] [PubMed]

https://doi.org/10.1002/aoc.5976
https://doi.org/10.1016/j.mencom.2021.03.019
https://doi.org/10.1016/j.bmcl.2012.12.097
https://doi.org/10.1016/j.bmc.2018.11.038
https://doi.org/10.1080/10426507.2013.829835
https://doi.org/10.3390/pharmaceutics14122838
https://doi.org/10.1007/s12633-022-02062-2
https://doi.org/10.1070/RCR4953
https://doi.org/10.1002/adsc.202300316
https://doi.org/10.1002/ejoc.202300451
https://doi.org/10.3390/ma15010282
https://www.ncbi.nlm.nih.gov/pubmed/35009430
https://doi.org/10.1039/C5CP04656D
https://www.ncbi.nlm.nih.gov/pubmed/26464180
https://doi.org/10.1021/acsami.3c03821
https://www.ncbi.nlm.nih.gov/pubmed/37264498
https://doi.org/10.1016/j.progpolymsci.2017.02.002
https://doi.org/10.1002/slct.201700492
https://doi.org/10.1007/s12633-014-9245-8
https://doi.org/10.1070/RC2007v076n09ABEH003706
https://doi.org/10.1007/s11172-017-2013-3
https://doi.org/10.3390/polym11030537
https://doi.org/10.1007/s10965-015-0716-4
https://doi.org/10.1070/RC2008v077n03ABEH003682
https://doi.org/10.1021/acs.langmuir.1c01786
https://doi.org/10.1007/s00604-011-0552-0
https://doi.org/10.1177/0263617416689270
https://doi.org/10.1246/cl.190773
https://doi.org/10.1039/C4RA05583G
https://doi.org/10.1107/S2053229614024218
https://www.ncbi.nlm.nih.gov/pubmed/25567568


Int. J. Mol. Sci. 2023, 24, 13818 14 of 14

42. Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, 64, 112–122. [CrossRef] [PubMed]
43. Oborina, E.N.; Adamovich, S.N. Improving the Selectivity of the Metalchromic Effect of Silicon Organic Derivatives of Dithizone.

Prot. Met. Phys. Chem. Surf. 2020, 56, 917–922. [CrossRef]
44. Adamovich, S.N.; Ushakov, I.A.; Oborina, E.N.; Lukyanova, S.V.; Komarov, V.Y. New 3-Aminopropylsilatrane Derivatives:

Synthesis, Structure, Properties, and Biological Activity. Int. J. Mol. Sci. 2023, 24, 9965. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1107/S0108767307043930
https://www.ncbi.nlm.nih.gov/pubmed/18156677
https://doi.org/10.1134/S207020512004019X
https://doi.org/10.3390/ijms24129965

	Introduction 
	Results and Discussions 
	Synthesis 
	Spectroscopic and Spectrometric Studies 
	IR Spectroscopy 
	NMR Spectroscopy 
	Mass Spectrometry 
	X-ray Spectrometry 

	Functional Materials 
	Polyorganosiloxanes Sorption 
	Modification of Hydroxylated Surfaces’ (Zeolite, Silicagel, Glass) Sorption 


	Materials and Methods 
	Materials 
	Methods 
	Chemistry 
	3-[(3-(Triethoxysilyl)propyl)]-amino)propanenitrile (3) 
	3-[3-(2,8,9-Trioxa-5-aza-1-silabicyclo[3.3.3]undec-1-yl)-propyl]amino)propanenitrile (9) 


	Conclusions 
	References

