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Abstract—Recently published data concerning the preparation and valuable properties of organosilicon compounds 
of silatrane structure with carbofunctional sulfur-containing substituents (thiol, sulfi de, disulfi de, polysulfi de) 
and heteroatomic sulfur-containing groups (thiourea, thiourea dioxide, dithiocarbamate, thiuram disulfi de) are 
summarized and analyzed.
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The fi rst few data concerning chemistry of carbo-
functional sulfur-containing organosilicon compounds 
were summarized in 1985 by Voronkov and Vlasova 
[1], who actually initiated systematic study of this class 
of organosilicon compounds. Their studies gave rise to 
a new fi eld of organosilicon chemistry: synthesis and 
study of organosilicon ion-exchange and complexing 
sorbents [2].

Data published in the past 15 years on the chemistry 
of carbofunctional organosilicon compounds demon-
strate wide use of these compounds as modifying and 
cross-linking agents, vulcanizers, adhesives, and addi-
tives to elastomers and polymer compounds, imparting 
to them thermal plasticity, lightfastness, heat resistance, 
etc. The preparation procedures, structural features, and 
reactivity of organosilicon compounds of this type are 
described to a considerably lesser extent.

A procedure for preparing thiols of the general for-
mula R2(R1O)SiR2SH [R = С1–8-alk(en)yl, aryl, ar-
alkyl (mainly R = Me, Et); R1 = C1–24-alkyl, alkenyl, 

aryl (mainly R1 = Et); R2 = C1–30-alkylene, organylene 
(mainly R2 = –CH2CH2CH2–)] in mixtures with the cor-
responding sulfi des and polysulfi des is based on the re-
action of halogenated silanes R2(R1O)SiR2Х (Х = halo-
gen) with sodium or potassium hydrosulfi de hydrate 
MSH·H2O, powdered alkali metal carbonates M1

2CO3, 
and powdered elemental sulfur in the approximate ratio 
halosilane : S : MSH : M1

2CO3 = 1 : 0.6 : 1.1 : 0.7 in an 
alcoholic solution [3].

Organosilicon compounds of the general formula 
GC(O)SCH2CH2CH2SiX3, where X = OR or R, R = Н 
or alkyl group containing (or not containing) unsatu-
rated alkenyl, aryl, or aralkyl fragments, the number 
of RO groups is ≥1, and G is a univalent alkyl group, 
were prepared and suggested as binding agents for 
fi lled rubber compounds and items [4]. For example, 
3-(trimethoxysilyl)-1-propyl S-acetothioate was synthe-
sized by the reaction of 3-(trimethoxysilyl)-1-propane-
thiol with acetic anhydride at 155–225°С in more than 
90% yield:

New types of organosilicon biologically ac-
tive compounds based on organosilicon alkane-
thiols have been described [5]. For example, the 

reaction of 3-mercaptopropyl(trimethoxy)- and 
3-mercaptopropyl(triethoxy)silanes with the tita-
nium complex [Ti(η5-C5H5)2Cl2] (1) in the presence 

(CH3O)3SiCH2CH2CH2SH  
4(CH3CO)2O

  (CH3COO)3SiCH2CH2CH2SCOCH3 + 3CH3COOMe + CH3COOH.         (1)
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of triethylamine yielded titanium thiolate complexes 
[Ti(η5-C5H5)2{SCH2CH2CH2Si(OMe)3}2] (2) and 
[Ti(η5-C5H5)2{SCH2CH2CH2Si(OEt)3}2] (3). Graft-
ing of titanium complexes 1–3 to dehydroxylated sil-
ica gel МСМ-41 yielded new organosilicon materials 
МСМ-41/[Ti(η5-C5H5)2Cl2] (S1), MCM-41/[Ti(η5-
C5H5)2{SCH2CH2CH2Si(OMe)3}2] (S2), and MCM-41/
[Ti(η5-C5H5)2{SCH2CH2CH2Si(OEt)3}2] (S3).

The anticancer activity of nonfunctionalized silica 
gel МСМ-41 and of hybrid substances S1–S3 toward 
such cells as adenocarcinoma HeLa, human myelogenic 
leukemia K562, and malignant melanoma Fem-x was 
studied. Studies have shown that nonfunctionalized sil-
ica gel МСМ-41 is inactive toward all the tested types 
of cancer cells, whereas its functionalized derivatives 
S1–S3 effi ciently acted on all the above human cancer 
cells. The cytotoxicity of compounds S2 and S3 toward 
all the kinds of malignant tumors was virtually equal. 
Compound S1 appeared to be the least active. The new 
class of organosilicon materials obtained can be used as 
bone fi ller or as additive to a bone implant. 

A rubber compound [6] containing hydrophobized 
silica and siloxane-functionalized styrene–butadiene 
rubber was developed as material for tires with high 
high-strength protectors. Hydrophobized silica was 
modifi ed with alkoxyorganomercaptosilanes or bis(3-
ethoxysilylpropyl) polysulfi de.

Organosilicon thiols of the general formula 
X3Si(CH2)nSH [X = МеО, С2Н5О, and/or CH3CO, 
n = 0–3] were recommended, among other carbofunc-
tional organosilicon compounds, as binding agents for 
formulations for oil well cleaning [7]. The same thiols 
in combination with styrene, methacrylates, alkyl ac-
rylates, and alkenylcarboxylic acids were suggested as 
binding agents for preparing stone-imitating coatings 
[8]. These coatings exhibit low glass transition point, 
very low fi lm formation point, and good antimud prop-
erties owing to strong shell.

An effective cross-linking agent, bis[3-(triethoxy-
silyl)-propyl] disulfi de, was prepared by high-tempera-
ture reaction of (3-mercaptopropyl)triethoxysilane with 
sulfur [9]. The advantages of this synthesis pathway are 
simplicity, short reaction time under relatively mild con-

ditions, and absence of by-products. This procedure opens 
wide prospects for commercial production of the high-
quality organosilicon polysulfi de cross-linking agent.

A new procedure was suggested for preparing or-
ganosilicon nanoparticles from organosilicon com-
pounds containing thiol and amino groups [10]. (3-Mer-
captopropyl)trimethoxysilane (MPTMS) and (3-amino-
propyl)trimethoxysilane (APTMS) are used as precur-
sors. They are involved in acid-catalyzed polycondensa-
tion in a water-soluble organic solvent, e.g., dimethyl 
sulfoxide. The critical content of APTMS in the silane 
mixture whose hydrolysis yields stable nanoparticles is 
no more than 25%, and the lowest APTMS content suf-
fi cient for the formation of stable nanoparticles approxi-
mately 200 nm in diameter is 1%. The cationic nanopar-
ticles obtained can bind antisense oligonucleotides in a 
composition-dependent manner.

Organosilicon compounds containing a sulfi de or 
polysulfi de moiety in the organic radical are still of much 
practical interest. For example, organosilicon polysulfi des 
of the general formula (RO)3Si(CH2)xSSz(CH2)xSi(OR)3
(R = C1–8-alkyl, x = 2–6, z = 0–6) are suggested as addi-
tives for production of vulcanized rubber [11], and poly-
sulfi des (RO)3Si(CH2)3Sх(СH2)3Si(OR)3 (х = 2–2.4, 
fraction with х = 2 ≥75%), as one of components for 
production of moisture- and wear-resistant tires of low 
combustibility [12].

The majority of methods for preparing organosilicon 
sulfi des and polysulfi des are based on using organosili-
con chlorides and bromides as starting compounds. For 
example, high-purity organosilicon polysulfi des of type 
(R1O)3SiR2SxR2Si(OR1) were prepared by the reaction 
of sulfur and alkali metal with (R1O)3SiR2X, where Х = 
Cl or Br.

Similarly, a mixture of polysulfi des of the general 
formula [(EtO)3Si(CH2)3]2Sx with the mean number of 
sulfur atoms of 2.6 was obtained in 92% yield by the 
reaction of 3-chloropropyl(triethoxy)silane with sodium 
polysulfi de. The latter was synthesized from sodium 
metal and elemental sulfur at 140°С in xylene [13]. 

The disulfi de (EtO)3Si(CH2)3S2(CH2)5Me was pre-
pared by the reaction of a mixture of 3-(chloropropyl)
triethoxysilane and hexyl chloride with sodium sulfi de 
in the presence of elemental sulfur [14]:

(EtO)3SiCH2CH2CH2Cl + Na2S + S + Cl(CH2)5Me  
–2NaCl

  (EtO)3SiCH2CH2CH2S2(CH2)5Me.                     (2)
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The tetrasulfi de (EtO)3Si(CH2)3S4(СH2)2O(CH2)2OH 
was prepared by the reaction of (3-chloropropyl)-

triethoxysilane with sodium sulfi de, elemental sulfur, 
and monochlorodiethylene glycol [15]:

(EtO)3SiCH2CH2CH2Cl + Na2S + 3S + Cl(CH2)2O(CH2)2OH   
–2NaCl

  (EtO)3SiCH2CH2CH2S4(CH2)2O(CH2)2OH.      (3)

Similar reaction involving (3-chloropropyl)-
triethoxysilane and dichlorotriethylene glycol yielded the 

symmetrical tetrasulfi de (MeO)3Si(CH2)3S4(СH2)2O· 
(CH2)2O(CH2)2S4(CH2)3Si(OMe)3 [16]:

A procedure for preparing organosilicon polysul-
fi des, promising as agents binding rubber with silica 
for the development of silica-fi lled tires, has been pat-
ented [17, 18]. In particular, bis(3-triethoxysilylpro-

2(EtO)3SiCH2CH2CH2Cl + 2Na2S + 6S + Cl(CH2)2O(CH2)2O(CH2)2Cl  

–4NaCl
  (EtO)3Si(CH2)3S4(CH2)2O(CH2)2O(CH2)2S4(CH2)3Si(OEt)3.                                        (4)→

pyl) disulfi de was prepared in high yield by the reac-
tion of bis(3-triethoxysilylpropyl) tetrasulfi de with 
3-chloropropyl(triethoxy)silane in the presence of so-
dium metal at 60°С:

[(EtO)3SiCH2CH2CH2]2S4 + ClCH2CH2CH2Si(OC2H5)3   
Na

    2[(EtO)3SiCH2CH2CH2]2S2.                        (5)→

Similar procedure for preparing organosilicon poly-
sulfi des was used in [19–21], with the only difference 
that the reaction was performed in the presence of a 
phase-transfer catalyst. For example, the procedure for 
preparing organosilicon polysulfi des of the general for-
mula (RO)3–mRmSi–Alk–Sn–Alk–SiRm(OR)3–m, where 
R is a univalent hydrocarbon radical containing 1–12 
carbon atoms, Alk is a bivalent hydrocarbon radical 
containing 1–18 carbon atoms, m = 0–2, and the mean 
value of n is in the range 2–8, involves in the fi rst step 
the formation of sodium polysulfi de by heating el-
emental sulfur with MSH or M2S (М = NH4, Na, K) 
at 90–100°С [22]. The sodium polysulfi de obtained is 
condensed with halogenated organosilicon compounds 
(RO)3–mRmSi–AlkX (X = Cl, Br, I) in the presence 
of a phase-transfer catalyst such as tetrabutylammo-
nium chloride, bromide, etc. Generally, phase-transfer 
catalysts are widely used in synthesis of organosili-
con polysulfi des [23–28]. All these procedures do not 
differ from each other essentially. In virtually all the 
procedures, the starting sulfi ding agents are hydrosul-
fi des, sulfi des, and polysulfi des of ammonium or al-
kali metals. These compounds, as a rule, are brought 
into the reaction with 3-chloropropyl(trialkoxy)silane 
СlСH2СH2СH2Si(OR)3. Quaternary ammonium salts, 
most frequently tetrabutylammonium bromide, are used 
in all the studies as phase-transfer catalysts. In most cas-

es, the fi nal reaction product is a mixture of organosili-
con polysulfi des with the sulfi de chain containing from 
two to fi ve sulfur atoms. Nevertheless, variation of the 
process conditions allowed the development of proce-
dures for preparing individual bis[3-(trimethoxysilyl)-
propyl] disulfi de [27] and bis[3-(trimethoxysilyl)pro-
pyl]tetrasulfi de [28] suggested as cross-linking agents. 
The process for preparing sulfur-containing organosili-
con compounds, based on phase-transfer catalysis, al-
lows preparation of target products of enhanced stability 
and high purity. Under these conditions, the formation 
of hydrogen sulfi de as by-product is reduced to a mini-
mum or avoided at all.

A composite with good stability of the viscos-
ity coeffi cient in the course of storage for 3 weeks 
at 35°С and relative humidity of 75% was prepared 
by mixing Hisil 233 with stearic acid, polysulfi de 
(R1O)3SiR2SxR2Si(OR1)3I [R1 = Et, R2 = (CH2)3, x = 4], 
and ZnO [29].

An interesting method was suggested for preparing 
unsaturated organosilicon sulfi des of the general formu-
la (R1O)3SiCH=CH(CH2)nSR (R = t-Bu, Ph; R1 = Me, 
Et, Me3Si; n = 0.1), which are potential cross-linking 
agents [30]. The method is based on cross metathesis 
of vinyl(trialkoxy)- and vinyltris(trimethylsiloxy)si-
lanes with vinyl (or allyl) tert-butyl (or phenyl) sul-
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fi de, catalyzed by second-generation Grubbs catalyst, 
[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolyldiphenyl-
idene]dichloro(phenylmethylene)(tricyclohexylphos-
phine)ruthenium. 

The reaction of organylthiomagnesium halides 
RSMgX (X = I, Br) with halomethyltriethoxysilane 
XCH2Si(OC2H5)3 (X = Cl, I) in ether and acetonitrile 
was studied with the aim of preparing trialkoxysilyl-
methyl-substituted sulfi des [31].

For example, bis(triethoxysilylmethyl) sulfi de 
[(C2H5O)3SiCH2]2S, methyl triethoxysilylmethyl di-
sulfi de CH3SSCH2Si(OC2H5)3, and 2,2,6,6-tetra-
ethoxy-2,6-disila-4-thia-1-oxane were isolated from 
a complex mixture of products formed in the reac-
tion of CH3SMgI with ICH2Si(OC2H5)3. Refl uxing 
of C6H5SMgBr with (chloromethyl)trimethoxysilane 
ClCH2Si(OCH)3 in THF yielded a mixture consisting 
mainly of phenyl trimethoxysilylmethyl sulfi de and di-
phenyl disulfi de.

A procedure for preparing organosilicon sulfi des, 
similar in its essence to that described in [15–20], 
was suggested in [32]. In particular, the polysulfi de 
(EtO)3Si(CH2)3Sx(СH2)3Si(OEt)3 (x = 2.36) was pre-
pared by the reaction of 3-triethoxysilylpropyl chloride 
with a mixture obtained after heating sodium hydrosul-
fi de with sodium hydroxide and sulfur at 140–150°С for 
3 h under nitrogen and in anhydrous ethanol.

Patents [33, 34] concern synthesis of organosilicon 
sulfi des and polysulfi des of different compositions, rec-
ommended as cross-linking agents or additives for pre-
paring high-quality vulcanized rubber for automobile 
tires. Such vulcanized rubbers are used as a base for 
producing automobile tires with well operation balance 
on ice roads, steering stability, and wear resistance [35].

A procedure was developed for preparing organo-
silicon sulfur-containing cross-linking agents contain-
ing sulfi de and (or) thiol groups by the reaction of or-
ganosilicon acetals of type R1

x(R2O)3–xSiRCR3(OR2)2, 
where R is a saturated or unsaturated linear, branched, 
or cyclic bivalent hydrocarbon moiety with 2–12 carbon 
atoms, preferably containing bivalent –O– or –S– frag-
ments; R1 is an alkyl group with 1–4 carbon atoms; R2 
can be either an alkyl group like R1 or a cyclic group; 
R3 is a hydrogen atom or the same group as R1, with 
sulfur-containing compounds of the general formula 
HSR4, where R4 is hydrogen, RSH, or RSiR1x(OR2)3–x 
[36]. The reaction is performed in the presence of liq-

uid or solid Brønsted or Lewis acid catalysts taken in an 
amount of 0.05 to 5 wt %. 

Patent [37] describes a rubber compound 
containing an organosilicon polysulfide 
(CnH2n+1O)3Si(CH2)mSx(CH2)mSi(OH2n+1Cn)3 (m = 1–5, 
n = 1–3, x ≥ 1). The compound is easily moldable and 
abrasion-resistant. 

Sulfur-containing organosilicon compounds of the 
structure

are suggested as cross-linking agents for preparing well-
moldable, strong, and extensible compounds for rubber 
tires [38]. Compounds of this type are prepared, e.g., by 
the reaction of a mixture of 3-chloropropylchlorosilane 
with 1,3,4-thiadiazole-2,5-dithiol in 1 : 1 or 2 : 1 ratio at 
100°С, performed for 24 h in the presence of methanol.

A rubber stock containing as one of the components 
bis(3-triethoxysilylpropyl) polysulfi de in combination 
with glycidyloxypropyl(triethoxy)silane is suggested as 
a cross-linking agent for preparing molded items [39]. 

Rubber stocks containing organosilicon polysulfi des 
of the general formula:

(R1O)3–pR2
pSiR3Sm[R4(SnR5)qSm]uR3Si(OR1)3–rR2

r 
[R1, R2 = С1–4-hydrocarbyl; R3–R5 = С1–15-hydrocarbyl-
ene; m = 1–4 (average); n = 2–4 (average); q = 0–3; 
u = 0.1; p, r = 0, 1, 2] 

in combination with SiO2 were developed for producing 
automobile tires with decreased rolling resistance and 
enhanced wear resistance [40].

An interesting sorption material for taking up mercu-
ry vapor was developed on the basis of SiO2 doped with 
copper and silanized with bis(3-triethoxysilylpropyl)-
tetrasulfi de [41]. The mercury absorption capacity of the 
sorption material containing 2.5% Cu and 6% S reaches 
19.789 mg g–1.
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Trimethoxy-, trifl uoro-, trihydro-, and hydro(phenyl)-
chlorosilanes and hydro(phenyl)silyl trifl ate containing 
2-(methylthiomethyl)phenyl substituent at the silicon 
atom were synthesized with the aim of preparing or-
ganosilicon compounds with possible intramolecular 
coordination of the sulfur atom with the silicon atom 
[42]. Weak coordination bond S → Si was found in 
trihydro- and hydro(phenyl)chloro-substituted com-
pounds. However, only such S-donor compound as 
2-MeSC6H5SiPh(H)(OTf) has a covalent structure with 
the fi ve-coordinate silicon atom having trigonal-bipyra-
midal geometry:

 
The similarly synthesized π-donor compound 

(Me)2PC6H5SiPh(H)(OTf) has an ionic structure with 
the four-coordinate Si atom:

 

Organosilicon sulfi des [(phenylthiomethyl)trimeth-
yl- and (4-methylphenylthiomethyl)trimethylsilanes, 
and also bis(trimethylsilylmethylthiophenyl) sulfi de] in 
combination with a xanthene dye (5,7-diiodo-3-butoxy-
6-fl uorene, DIBF) as sensitizer were studied as coini-
tiators of the photoinduced radical polymerization of 
2-ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate 
[43].

Photochemical synthesis of very fi ne aerosol par-
ticles of organosilicon compounds from trimethyl(2-
propynyloxy)silane and carbon disulfi de has been per-
formed [44]. The aerosol particles were prepared by ir-
radiation of the gaseous mixture of the initial silane and 
CS2 at 313 nm with a medium-pressure mercury lamp. 

The development of the chemistry of organosilicon 
compounds with a carbofunctional sulfur-containing 
heteroatomic group is directly associated with such 
practically important fi eld of organosilicon chemistry 
as organosilicon ion-exchange and complexing sor-
bents [45]. For example, data on the synthesis of N-(3-
triethoxysilylpropyl)ammonium N-(3-triethoxysilyl-
propyl)dithiocarbamate, the product of the reaction of 
N-3-tri-ethoxysilylpropylamine (AGM-9) with carbon 
disulfi de at 60°С, have been published relatively recent-
ly [46].

Bis-N,N '-(3-triethoxysilylpropyl)thiuram disulfi de 
was prepared by condensation of AGM-9 with thiuram 
disulfi de in the presence of a catalytic amount of am-
monium sulfate [47]:

Using the method of hydrolytic polycondensation 
of a mixture of N-(3-triethoxysilylpropyl)ammonium 
N-(3-triethoxysilylpropyl)dithiocarbamate [45] and 
bis-N,N '-(3-triethoxysilylpropyl)thiuram disulfi de [46] 

organosilicon cross-linked polymers of silsesquioxane 
structure, which contained dithiocarbamate (polymer 1) 
and thiuram disulfi de (polymer 2) moieties, were pro-
duced:

(6)

(7)

1

2
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Polymers 1 and 2 supplemented the series of ion-
exchange and complexing sorbents [47]. A study of the 
activity of polymer I in sorption of such metals as silver, 
gold, platinum metals (platinum, palladium, rhodium), 
and mercury showed that the performance of the poly-
mer as a sorbent of these metals from aqueous solu-
tions decreased in the order Hg(II) > Ag(I) > Au(III) > 
Pd(II) > Pt(IV) > Rh(III). The ionic coordination mecha-
nism of the metal sorption was suggested.

Polymer 2 studied as a sorbent of such elements as sil-
ver, gold, platinum, palladium, rhodium, arsenic, cadmi-
um, cobalt, nickel, and copper showed very high perfor-
mance in sorption of Ag(I), Hg(II), and especially Cu(II). 

The sorption occurs by the coordination mechanism 
with the formation of an N,S-chelate:

In addition, polymers 1 and 2, like the starting mono-
mers, exhibit metallochromic properties and are new 
potential test systems for the development of new test 
methods, which are now very demanded in analytical 
chemistry [48].

The fi rst organosilicon polymers with metallochromic 
properties were poly [bis-N,N '-(silsesquioxanylalkyl)-
S,S-dioxothioureas] [49]. They were synthesized by ox-
idative hydrolytic polycondensation of the correspond-
ing bis-N,N '-(triethoxysilylalkyl)thioureas [50, 51]: 

[(EtO)3Si(CH2)nNH]2C=S
+H2O2, H2O

 1/n[O1.5Si(CH2)mNHC(SO2)NH(CH2)mSiO1.5]n.
(8)

Oxidation of bis-N,N '-(trialkylsilylalkyl)thioureas 
with 45–50% hydrogen peroxide at –5 to 0°С yielded 
the corresponding bis-N,N '-(trialkylsilylalkyl)-S,S-di-
oxothioureas [52, 53]:

[R3Si(CH2)nNH]2C=S + 2H2O2 → [R3Si(CH2)nNH]2CSO2 + H2O,                                              (9)
R = Me, Et; n = 1–3.

Oxidation of bis-N,N '-(3-silatranylpropyl)thiourea 
under the same conditions but in chloroform yielded 

bis-N,N '-(3-silatranylpropyl)-S,S-dioxothiourea [54]. In 
the process, the silatranyl group remains intact:

[Sa(CH2)3NH]2C=S + 2H2O2 → Sa(CH2)3NHС(SO2)NH(CH2)3Sa.

Sa=Si(OCH2CH2)3N                                                                                      (10)


A zwitter-ionic structure was ascribed on the basis of 
the IR data to bis-N,N '-(trimethylsilylmethyl)- and bis-
N,N '-(3-silatranylpropyl)-S,S-dioxothioureas and to or-
ganosilicon polymers containing the S,S-dioxothiourea 
moiety:

Bis-N,N '-(trialkylsilylalkyl)-S,S-dioxothioureas, like 
thiourea dioxide itself, exhibit reducing properties [55]. 

Their reaction with cyclohexanone in aqueous-ethanol 
alkali solution yields cyclohexanol:

[R3Si(CH2)nNH]2CSO2 + (CH2)5C=O 

+ 2NaOH → [R3Si(CH2)nNH]2C=O + (CH2)5CHOH 

+ Na2SO3,                                (11)

where R = Me, Et; n = 1–3.
The reaction of poly[bis-N,N '-(silsesquioxanyl-

propyl)-S,S-dioxothiourea] with ammonia and methyl-
amine, yielding organosilicon polymers with the carbo-
functional guanidine or methylguanidine group, is a rare 
process of substitution of one carbofunctional substitu-
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ent by another one in the silsesquioxane matrix of the 
polymer without breakdown of its structure [56]. The 
reaction is exothermic and occurs within 10 min: 

[O1.5Si(CH2)3NH]2CSO2 + RNH2 

→ [O1.5Si(CH2)3NH]2C=HR + 2H+ + SO2
2–,        (12)

where R = H, Me.
Poly[bis-N,N '-(silsesquioxanylalkyl)-S,S-dioxo-

thioureas] showed high performance in sorption of 
silver(I) and behaved as redox resins toward silver.

Poly[bis-N,N '-(silsesquioxanylpropyl)-S,S-dioxo-
thiourea] was studied as sorbent for uranyl ions UO2

2+ 
[57]. The polymer showed the highest performance 
in uranyl sorption at pH 6.5. High distribution coeffi -
cient (D = 7.3 × 103 cm3 g–1) shows that this polymer 
is promising for sorption recovery of microamounts of 
uranium(VI) from solutions.

In addition, poly[bis-N,N '-(silsesquioxanylpropyl)-
S,S-dioxothiourea] showed high performance in sorp-
tion of vanadium(V) [58] and rare earth elements [59]. 
The polymer effi ciently takes up vanadium at pH in the 
interval 2–9 in which the cationic vanadium species 
(VO2

+) transforms into the anionic species (VO3
–) [60]. 

The ampholytic properties of the polymer are due to the 
zwitter-ionic structure of its S,S-dioxothiourea substitu-
ent. The rare earth elements (the whole series from lan-
thanum to lutetium) are effi ciently sorbed by the poly-
mer at pH 5–6.

Both organosilicon polymers containing 
dithiocarbamate, thiuram disulfi de, and S,S-dioxo-
thiourea groups and the corresponding monomers exhibit 
metallochromic properties and are actually test systems 
of a new generation, promising for the development 
of effi cient and rapid analytical test methods based on 
them [49].

High and peculiar sorption activity of organosilicon 
polymers containing the S,S-dioxothiourea group is quite 
consistent with the sorption properties of organosilicon 
polymeric thiourea derivatives themselves, in particu-

lar, of poly[bis-N,N-(silsesquioxanylpropyl)thiourea] 
(sorbents PSTM-3, PSTM-3Т, or granulated PSTM-3S). 
A method based on chemical preconcentration and atom-
ic emission for the determination of gold, platinum, and 
palladium in lean geological objects using PSTM-3 and 
PSTM-3T sorbents was developed and introduced into 
analytical practice [61].

Sorbent PSTM-3S was used for developing a proce-
dure for gold recovery from fl otation concentrates [62]. 
The method consists in dissolution of the concentrates 
in a nitric acid thiourea solution, in which the concomi-
tant elements Se, Te, V, Cr, and Ni do not dissolve, and 
subsequent sorption recovery of gold from a solution us-
ing PSTM-3S organosilicon sorbent. The degree of gold 
recovery with PSTM-3S is about 94.4%.

The organosilicon monomer containing a thiourea 
moiety, bis-N,N '-(3-triethoxysilylpropyl)thiourea, was 
used for modifi cation of Sibunit carbon sorbent [63]. 
The modifi ed sorbent showed high activity in sorption 
of Pt(IV) ions from hydrochloric acid solutions.

Synthesis of an organosilicon compound containing 
a dithiourethane moiety is reported in a patent [64].

Synthesis and some properties of silyl sulfi mides, po-
tential complexing agents, have been described [65, 66]. 
The fi rst acyclic organosilicon sulfi mide containing the 
S=N group in the γ-position to the Si atom [67] was syn-
thesized by the reaction of 3-trimethylsilylpropyl meth-
yl sulfi de with Chloramine-B in methanol.

However, similar synthesis of the compound with the 
sulfi mide group in the α-position relative to the Si atom 
failed, because the starting trimethylsilylmethyl ethyl 
sulfi de decomposed under these conditions with the re-
lease of the organic sulfi mide. Voronkov et al. [68] were 
able to synthesize α- and β-silylsulfi mides by the reac-
tion of α- and β-silyl sulfi des with N-chloroarenesulfon-
amides (Chloramine-B or -T) in the presence of benzyl-
triethylammonium chloride as phase-transfer catalyst in 
a CH2Cl2 solution at –5°С. However, the corresponding 
trimethylsilyl alkyl sulfoxides are also formed along 
with the desired α- and β-silyl sulfi mides:

(13)

n = 1, 2.
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The fi rst representatives of a new class of organosili-
con compounds, 5-aza-2,8,9-trioxa-1-silabicyclo[3.3.3]-
undecanes, were synthesized in the early 1960s by ether 
interchange of four-coordinate silicon compounds of 
type RSi(OR1)3 with tris(2-hydroxyethyl)amine and its 
C-substituted derivatives. Voronkov suggested a brief 
name of these compounds, silatranes, which later came 
into common use [69].

Silatranes have a unique tricyclic structure in which 
the silicon and nitrogen atoms form a transannular coor-
dination bond Si←N:

R, R1 = H, Alkyl, organyl.

Extensive studies of this class of silicon compounds 
started after Voronkov et al. discovered in 1963 specifi c 
selective toxicity of 1-arylsilatranes: unusually high for 
warm-blooded animals (LD50 0.1–0.5 mg kg–1) and very 
low for ectotherms [70]. This fact disproved the opin-
ion, commonly accepted previously, that organosilicon 
compounds are biologically inert. Recognition of the 
important role of silicon in living nature gave rise to a 
new science on the junction of chemistry, biology, and 
biochemistry: organosilicon biochemistry. Studies of 
diverse 1-oragnylsilatranes occupy a particular place in 
this science.

Since the 1970, Voronkov et al. initiated systematic 
studies in the fi eld of biologically active carbofunction-
al 1-organylsilatranes RSi(OCHR1CH2)3N, including 
1-(mercaptoalkyl)silatranes and 1-(organylthioalkyl)sila-
tranes of the RS(CH2)mSi(OCH2CH2)n(OCHMeCH2)3–nN
general formula (R = H, alkyl, aralkyl, aryl, heteryl, etc.; 
m = 1–3; n = 0–3). 

Particular attention was paid in the past two de-
cades to the electronic structure and physicochemical 
properties of compounds of this type. For example, the 
fi rst ionization potentials of the lone electron pair of 
the sulfur atom in compounds of the general formula 
EtS(CH2)nSiX3, where SiX3 = Si(OMe)3, Si(OEt)3, or 
Si(OCHRCH2)3N, R = H or Me, n = 1–3, were deter-

mined by He(I) photoelectron spectroscopy. The posi-
tion of the charge-transfer bands in the electronic ab-
sorption spectra of complexes of these compounds with 
tetracyanoethylene was determined [71]. Linear corre-
lations were found between the ionization potential of 
the lone electron pair of the sulfur atoms, frequency of 
the charge-transfer bands in complexes of these com-
pounds with tetracyanoethylene, and basicity of these 
compounds, manifested in hydrogen bonding with phe-
nol, on the one hand, and the inductive constants of the 
(CH2)nSiX3 groups, on the other hand.

The data obtained show that all these groups are 
electron donors relative to the S atom at all values of n.

The deviations of the spectral characteristics of 
ethylthiomethyl(trialkoxy)silanes EtSCH2SiX3 (Х = 
OMe, OEt) from the linear relationship are due to the 
n,σ* interaction in the S–CH2–Si fragment, manifested 
both in the gas phase and in the solution.

As a continuation of studies of sulfur-containing 1-al-
kylsilatranes in which the sulfur and silicon atoms form an 
S–CH2–Si fragment, Brodskaya et al. [72] prepared pre-
viously unknown halides of S-(trimethoxysilylmethyl)
isothiuronium, S-(silatranylmethyl)isothiuronium, and 
their N-substuituted derivatives:

 
where R1 = R2 = H, X = Cl (1), I (2); R1 = R2 = Me, X = I 
(3); R1 = H, R2 = Ph, X = Br (4), I (5); R1 + R2 = (CH2)2; 
X = Cl (6), I (7).

           

where R1 = R2 = H, X = Cl (8), I (9); R1 = R2 = Me, 
X = I (11); R1 = H, R2 = Ph, X = Br (13), I (14); 
R1 + R2 = (CH2)2; X = Cl (15), I (16).

(14)
→

1–7

1–7

8, 9, 11, 13–16
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The reaction was performed in methanol or chlo-
roform and occurred relatively vigorously without any 
catalyst within 1–2 min.

Also, chlorides and iodides of S-(silatranylmethyl)-
isothiuronium and of its N-substituted derivatives 
were prepared by the direct reaction of thiourea and its 
N-substituted derivatives with 1-halomethylsilatranes.

As shown by IR and UV spectroscopy, both S-(tri-
methoxysilylmethyl)isothiuronium and S-(silatranyl-
methyl)isothiuronium halides, as well as their N-substi-
tuted derivatives, exist in the solid state and in solutions 
(methanol, acetonitrile) in the form of two equilibrium 
salt structures with the positive charge on the nitrogen 
or carbon atom:

 

  (15)

Proceeding with a search for biologically active 
silicon compounds, Brodskaya et al. [72] prepared 
1,1-dimethylhydrazine derivatives, namely, 1,1-di-
methylhydrazones of 3-(trimethoxysilylmethylthio)- 
and 3-(2-trimethoxysilylethylthio)butanals and of 
3-silatranylmethyl(ethyl)thiobutanals.

Paper [72] summarizes the results of UV and IR 
studies of such potentially bioactive compounds as 

8-quinolyl-, 2-benzothiazolyl-, and 2-benzoxazolylthio-
methyl(trialkoxy)silatranes.

The chemistry of silatranes, which was initiated by 
Voronkov and then extensively developed by his dis-
ciples under his guidance, was also studied in other 
countries. This can be seen from one of recent reviews 
concerning the synthesis, structure, reactivity, and use 
of these compounds in medicine and agriculture [73].

There are patent data [74] on the preparation of sila-
tranyl derivatives of alkyl sulfi des and dialkyl sulfi des, 
which are recommended as components of rubber stocks.

Kovăcs et al. [75] prepared and studied by NMR 
spectroscopy 1-(3-mercaptopropyl)-1,7,10-trimethyl-
silatrane. The compound was synthesized by ether in-
terchange of 3-mercaptopropyl(trimethoxy)silane with 
tris(isopropanol)amine in xylene at 110°С in the pres-
ence of a catalytic amount of KOH.

3-Isothiocyanatopropylsilatrane was prepared by the 
reaction of 3-aminopropylsilatrane with dicyclohexyl-
carbodiimide and carbon disulfi de, and its reaction with 
a series of Lewis acids and bases was studied [76]. The 
reactions with Lewis acids (SnCl4, TiCl4, AgNO3) yield 
the corresponding complexes with the coordination 
via nitrogen or sulfur atoms of the thiocyanate group 
[scheme (16)]. The reaction of 3-isothiocyanatopropyl-
silatrane with diethylamine also yields a coordination 
compound [scheme (16)], as suggested, in the authors’ 
opinion, by decreased intensity of the νNH absorption 
band in the IR spectrum of the adduct:

Quaternization of 3-aminopropylsilatrane with
hydrogen chloride to obtain 3-(silatranyl)propyl-
ammonium chloride was studied [77]. In addition, 

3-aminopropylsilatrane was involved in the 
nucleophilic addition to carbon disulfi de in the 
presence of triethylamine, which led to the formation 

(16)

 –
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of a new carbofunctional Si-substituted silatrane, 
triethylammonium 3-silatranylpropyldithiocarbamate. 
This compound was studied as bidentate ligand in 
reactions with Cu(II), Co(II), Ni(II), and Pd(II) salts. 
The Cu(II), Ni(II), and Pd(II) cations were found 
to form 1 : 2 complexes with triethylammonium- 
3-silatranylpropyldithiocarbamate (M : L), and the 
Co(II) cations, a 1 : 3 complex. The synthesized 
triethylammonium 3-silatranylpropyldithiocarbamate 
appeared to be active toward Escherichia coli, Bacillus 
subtillus, and Staphylococcus aureus bacteria.

There are patent data on the use of mercaptoalkyl-
silatranes as modifying agents for the development of 

materials capable of fi xation of metals on their surface 
[78]. The most widely used modifying agents are 3-mer-
captopropylsilatrane and compounds of the general for-
mula RS(CH2)nSi(OCH2CH2)3N, where R is hydrogen, 
acetyl, tert-butoxycarbonyl, benzoyloxycarbonyl, me-
thylthiomethyl, triphenylmethyl, or other group. The 
suggested substrates are polymethylsiloxanes, polycy-
clic olefi ns, cycloolefi n polymers, poly(methyl methac-
rylate), polystyrene, polyethylene, polypropylene, poly-
carbonate, and polyvinyl chloride.

The organosilicon compound is immobilized on the 
substrate surface via condensation with surface hydroxy 
groups of the substrate:

The metals being fi xed are nanoparticles of gold, sil-
ver, platinum, palladium, or copper.

The suggested procedure for metal fi xation can be 
used for modifying the surface of optical supports of 
different shapes, e.g., of optical sensor devices such as 
fl at optical waveguide, cylindrical optical waveguide, 
tubular optical waveguide, optical gratings, etc. These 
devices are of much interest for the development of bio-
medical sensors of increased sensitivity, allowing more 
effi cient detection of human diseases.

CONCLUSIONS

The data published in the past 15–20 years in the fi eld 
of carbofunctional sulfur-containing organosilicon com-
pounds convincingly prove their practical signifi cance. 
This primarily concerns organosilicon sulfi des and poly-
sulfi des, which are effi cient cross-linking agents, addi-
tives for producing vulcanized rubbers for automobile 
tires and high-quality easily moldable and abrasion-
resistant compounds, etc. [13, 20, 28, 29, 34, 37, 38]. 
The newly developed carbofunctional sulfur-containing 
organosilicon monomers and polymers [45, 46] made 
signifi cant contribution to the progress of such fi eld of 

organosilicon chemistry as chemistry of organosilicon 
ion-exchange and complexing sorbents [2] exhibiting 
metallochromic properties [49–51]. These substances 
are potential test systems of new generation. There has 
been also indubitable progress in the chemistry of 1-or-
ganylsilatranes with a sulfur-containing substituent at 
the silicon atom. Such compounds are potentially bioac-
tive. In view of large practical potential of carbofunc-
tional organosilicon compounds, further comprehensive 
studies in the fi eld of carbofunctional sulfur-containing 
compounds are of doubtless interest.
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