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1. INTRODUCTION

The unusually wide practical applications of inorganic
and organic compounds of silicon resulting in daily and
frequently direct contact with the human organism, the
increasing use of organosilicon polymers in medicine,
cosmetics, and the food industry, and also the continued
contact of all living terrestial organisms with natural
silicon compounds led to the widely held view that this ele-
ment is biologically inert. Silicon does not belong either
to macro- or oligo-biogenic elements ' and it is usually
believed that it does not play an appreciable role in the
vital processes of higher animals and man. However, in
reality this is not the case.

Silicon compounds play a significant role in vital
processes and many of them (particularly organic deriva-
tives) have specific effects on living organisms.

The present paper, which is based on the plenary report
by one of the authors (L. G. Voronkov) at the Second Inter-
national Symposium on the Chemistry of Organic Silicon
Compounds in Bordeaux (July, 1968), is a brief review of
studies devoted to the elucidation of the role of silicon in
living organisms and in particular the biological activity
of organosilicon compounds. Its aim is to draw the
attention of specialists in the field of organosilicon chem-
istry, biochemists, biologists, pharmacologists, and
physicians*to a new and extremely interesting and important
branch of the chemistry of silicon.

2. THE ROLE OF SILICON IN LIVING ORGANISMS

The scientific data accumulated so far leave no room for
doubt that silicon is one of the principal elements and not
only in non-living nature. About 10 000 million tons of
silicon are involved in the life cycle of living matter on
our planet®! This element is included (albeit in slight
amounts) in the composition of all plant and animal organ-
isms and their existence without it is impossible %,

Silicon compounds play a particularly important role for
many living entities at a lower stage of evolutionary
development (silicate bacteria, the simplest algae, spore
plants, etc.) in whose organisms it is present in very
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large amounts ?*~**,  Silicon is also important for many

higher plants, which have come to be called “siliceous”
because of their high silicon content. Silicon compounds
play extremely important functions also in the organisms
of higher animals and man, despite the fact that in the
majority of their organs the content of this element is
relatively small. In the tissues of human and animal
organisms silicon compounds are present in three principal
fOrmS 14,55-76.

1. Water-soluble inorganic compounds capable of pass-
ing through cell walls which can be readily eliminated
from the organism. These include orthosilic acid and
ortho- and oligo-silicate ions.

2. Organosilicon compounds and complexes soluble in
organic solvents and containing Si—-O-C groups. These
include ortho- and oligo-silicate ethers derived from
carbohydrates, proteins, cholesterol and other steroids,
choline, lipids, and phospholipids. Compounds containing
Si—-N-C bonds may also be present. Organosilicon com-
pounds containing Si—-C bonds have not been detected in
higher animal and human organisms but they have been
found in the bacteria Proteus Mirabilis *’*',

3. Insoluble silico-polymers. These include polysilicic
acid, amorphous silica, and insoluble silicates and quartz.
In the organism the surface of these polymers is always
covered by a chemisorbed layer of organic compounds
containing hydroxy- or amino-groups.

It has now been firmly established that silicon com-
pounds are essential for epithelial and connective tissues
to which they impart, in particular, strength, elasticity,
and impermeability. It is also suggested that silicon com-
pounds play an important role in all metabolic processes
in living matter, in particular in the metabolism of lipids.
They probably participate in the dynamics of living plasma,
their role consisting in altering the surface potential of
cells. It is suggested that silicon compounds also partici-
pate in oxidation processes and enter into the composition
of diastases as a coenzyme.

Thus the presence of silicon compounds in organisms
is not only normal but necessary. Furthermore, living
tissues exhibit a definite affinity for silic acid (“silico-~
tropism?”). The metabolism of silicon compounds in the
cells of the organisms is evidently determined by the
activity of special enzymes.
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Numerous pathological processes, including cancer,
atherosclerosis, tuberculosis, and diabetes, goitre,
certain types of dermatitis, stone formation in the
urethra, etc., are associated with the breakdown of the
metabolism of silicon compounds. The latter play an
important protective role in the organism, improving its
self-protective functions and the capacity for detoxication.
Partly this is due to the fact that silicon compounds
facilitate the removal with urine of metabolites and
extraneous and toxic substances, serve as a barrier pre-
venting the propagation of degenerative processes ', and
intensify the biosynthesis of collagen™.

3. THERAPEUTIC APPLICATIONS OF SILICON COM-
POUNDS

Bearing in mind the important role of silicon in the
normal activity of the organism, one may hope that the
regulation of its metabolism by the introduction into or the
removal from the organism of definite compounds of this
element will lead to considerable advances in the treat-
ment of many diseases and in the fight against old age.

The first attempts on these lines were made long ago
although they were not always entirely successful. Their
inadequate effectiveness can be explained by the extremely
narrow range and lack of variety of the silicon compounds
used in the attempt at therapy (silic acid, silicates of
sodium, potassium, cobalt, magnesium, iron, and copper,
kaolin, and talc)™® '°°.  All these inorganic compounds
are insoluble or give rise to the insoluble silic acid on
contact with gastric juices and therefore they are assimi-
lated by the organism with difficulty.

At the same time mineral waters rich in soluble com-
pounds (containing 20-80 mg litre™" of silica) are dis-
tinguished by high physiological activity and have been
used for a long time in treatment at spas''®. They exhibit
sympathomimetic activity, have a favourable effect on
cardiac muscle, sharply intensify cardiac activity and
heart rhythm, inhibit the motor function of the small
intestine, intensify the capacity for work of skeletal muscle,
greatly intensify the activity of the ciliary epithelium of the
alimentary canal, etc. Mineral waters rich in silicon
content not only improve the positive silicon balance in the
organism but also significantly alter the functional state
of the liver, the stomach, and the kidneys. They intensify
the activity of the oxidative enzymes in the liver, increase
the content of adrenaline in the adrenal glands and the
content of noradrenaline and the oxidation products of
aminocatechols in cardiac muscle, and have a favourable
effect on the autonomic nervous system. Silicate mineral
waters are widely used in the therapy of uric acid
diathesis, inflammatory diseases of the urinogenital sys-
tem, etc.

In the first half of the present century tuberculosis and
certain other diseases began to be treated by various
orthosilicate esters. These include, in particular, the
preparation “Silistren” produced by the Bayer company,
which consists of the tetraglycol ester of orthosilic
acid '™, Orthosilicate esters of hydroxycarboxylic
acids and their esters and salts have also been used ''*"
Other organic derivatives of orthosilicic *'**~'*° and even
fluorosilic acid ***’**! have been proposed for use in
therapy. Inorganic silicon compounds were not forgotten
either. Quite recently the resistance of guinea pigs to
tubercular infection was found to increase after peroral
introduction of sodium silicate '*~'%, '

Using these and similar preparations, specialists in

123

Russian Chemical Reviews, 38 (12), 1969

therapy assumed that the therapeutic effect of silicon com-
pounds in tuberculosis consists in the stabilisation of lung
tissue and in the formation of a protective coating in the
affected region "®7%%°,

One of the rational approaches to the problem of “sili-
con therapy” consists in the use for therapeutic purposes
of “plant silicon” present in plants, for example in the
horse-tail *2%4!%~141  n these plants silicon is present
to a large extent as organic compounds ‘*? already incor-
porated in cellular protoplasm, Silicon compounds of
precisely this type are in fact assimilated by man
together with food, but, according to Monceaux *°, the
human organism cannot assimilate inorganic silicon com-
pounds in the way that autotrophic plants can.

Complexes of potassium methylsilicate [Me Si(OH)(OK):
(Ed. of Translation)] with salicylic, citric, ascorbic,
heparinic, penicillic, or deoxyribonucleic acids have been
proposed for the treatment of acute and chronic diseases
of the joints, supercutaneous staphylococcal diseases,
hypertension, sclerosis, various types of arteritis of the
lower limbs, diseases of the capillaries, atrophic pheno-
mena, the breakdown of cellular mitosis, and a number of
other affections **. The use of silicon compounds in the
treatment of atherosclerosis proved to be particularly
successful. In this disease the silicon content in the
tissues of the arteries is known to decrease sharply "4~ **°,
The introduction of sodium silicate **, phenylpoly-
siloxane !, and the complexes of potassium or sodium
methylsiliconate with salicylic **° or citric acids ****2 not
only prevents the occurrence of experimental athero-
sclerosis but also has a therapeutic effect.

In view of the particular ease of penetration of the com-
plexes of potassium methylsilicate with organic acids into
the organism via the skin *%, their anti-inflammatory and
antisclerotic activity, and also the stimulating effect of
silicon on the synthesis of connective and elastic tissues'®,
an effective method has been developed for the treatment
of coronary affections based on the use of controlled
ionophoresis ¥#%%®,  Ionotherapy using complexes of potas-
sium methylsilicate with citric or heparinic acids is used
at present in the treatment of chronic heart disease
(including treatment after 1-2 myocardial infarctions),
arterial hypertension, and obliterative arteriopathy of the
lower limbs. A seven year clinical experiment with 500
patients resulted in 80% of complete cures /5%,

Complexes of potassium methylsilicate with organic
acids have also been used in the treatment of cancer:
cancer of the bone (osteosarcoma), the lungs, and the
prostate gland. According to Janet ', in many cases, in
particular in the treatment of rapidly evolving tumours,
satisfactory results have been achieved.

The complex of potassium methylsilicate with penicillin
G proved to be effective in the treatment of myxomatosis,
a virus disease which is not affected either by lg)otatssium
methylsilicate or penicillin G used separately ®’. Thus
the use of the complex with potassium methylsiliconate
extended the spectrum of activity of penicillin. This
could also prove true of other antibiotics.

A special %gplication of organosilicon compounds in
medicine **~'* consists in the increasing use of poly-
organosiloxane liquids, resins, and rubbers in the therapy
of the diseases of the stomach, eyes, and the respiratory
tract, in surgery, haemotology, dermatology, dentistry,
and vetinary practice. However, in this case their
application is based mainly on the specific physical pro-
perties of the organosilicon polymers (hydrophobic, anti-
adhesive, and antifoaming effects, etc.), their high chem-
ical stability, and high physiological inertness.
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4, TOXICITY OF ORGANOSILICON COMPOUNDS

The vigorous development of the organic chemistry of
silicon after the Second World War led to the creation of a
wide range of organosilicon polymers and materials based
on them. At present the number of known individual
organic silicon compounds exceeds 15000. The out-
standing practical importance acquired by organosilicon
polymeric compounds made it necessary, of course, to
investigate their physiological activity and in the first
place toxicity. However, the range of compounds investi-
gated in this respect remained very narrow until recently,
being largely restricted to products of industrial synthesis
(alkoxysilanes '*~2#  chlorosilanes, '22%19%195- 199,202,204,
2065207, 2122165221 222225 253 ) g polyorganosiloxanes 174= 177,200,
25,24~286)  The toxicity of other classes of organosilicon
compounds, in particular nitrogen-containing) compounds,
has been investigated very little 191218%:198:203,200,213- 215,217,
22392244287 304

No organosilicon compound with a particularly distinct
or specific physiological activity closely related to the
presence of a silicon atom in the molecule had been found
until the beginning of systematic studies by the present
authors (1962), although fairly toxic (lethal dose LDso =
1-50 mg kg~ ') compounds with Si~OCH:CHz, ** Si-F, %5~
and Si-NC ** bonds have been synthesised. However, the
effect of such compounds with silicon-containing functional
groups on the organism is largely due to the toxicity of
their hydrolysis products (HOCH:CH:F, HF, HCN).

Table 1. Toxicity of (CH;),-nSiXp.
£
§ g2 h=
s Test Method of 2%
X 5 animals administration | § g
] g2 1] 2 3 4
Qo
Ci 999 | white mice | by inhalation m:oo 04 )04 ) 04 315
OC,H, 190 |rats oral LDygo | 2 10 10 5
OCH,CH,NH, 295 | white mice | intraperi-
toneal LDy (0.32] 0.57; 0.40( —
OCH,CH,N(C,Hy) 205 |white mice intraperi-
CHNCH, ey LDy |0.50] 0.72] 0.60] 0.23

*LC = absolute lethal concentration (mg litre~?); LD =
lethal dose (g kg™*).

Nevertheless it can be asserted that the specific effect
of the silicon atoms in the molecule of more or less
readily hydrolysable compounds with silicon-containing
functional groups in the series R, ,SiX; does affect their
toxicity. Firstly, the toxicity of such substances often
proves to be appreciably higher or lower than that of their
hydrolysis products used separately. This is clearly
seen, in particular, for tetramethoxysilane ‘***'**, which is
more poisonous and dangerous than methyl alcohol and
colloidal silicic acid. Secondly it would appear that the
toxicity of compounds of this type should increase with the
number z of functional groups at the silicon atom, since
this involves an increase in the amount of toxic agent
formed in the organism on hydrolysis:

R

4
However, silicon compounds with n = 1, i.e. the least
hydrolysable compounds forming on hydrolysis a minimal
amount of HX, proved unexpectedly to be the most toxic
(Table 1).

—nSiX, +nH,0 - R,_Si (OH), +nHX (n=1—4).
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In this connection it should be noted that in the series of
organotin compounds R,_,SnX, the monofunctional com-
pounds (n = 1) are also the most toxic 3",

5. BIOLOGICAL ACTIVITY OF ORGANOSILICON COM-
POUNDS

The aim of the first attempts to prepare physiologically
active organic compounds of silicon was the synthesis of
silicon analogues or organosilicon derivatives of organic
substances known to have a pronounced and definite effect
on the organism. In the course of studies of this kind the
biological activity of a fairly large range of organosilicon
compounds, described in Table 2, was investigated.

Table 2. Compilation of studies on biologically active
organosilicon compounds.

Type of Effect Compounds investigated

N-trimethylsilylpyrrolidone 312 triethyliso-
cyanatosilane 313, silatranes22, 287-293,
2-aminoethoxysilanes293, 295, 3.amino-
propylsilanes 293,294,298 organosilicon
arylalkylamines 301, 314 barbiturates302, 315
carbamates23, 300, 303, 304 aromatic acid
amides316

Effect on respiratory activity

Anabolic, androgenic, and oestrogenic Crganosilicon derivatives of steroids317-319

activity

0

Allergic reactions Dis(hydmxyphenyl)di:.alkylsilz«xnesE12

Inhibition of dihydronicotinamide Organosilicon carbamates23
adenine dinucleotide (NADH)-oxidase

Choli ic and anticholi 2-(trimethylsilyl)ethyl acetate 321, 2-(dialkyl-
amino)ethyl esters of trialkylsilylphenyl-g-
hydroxypropionic acids 322, organosilicon
carbamates 323, organosilicon derivates of
choline 299

gic activity

8!

Insecticidal activity Organoisothiocyanatosilanes 324, polyorgano-
silthianes 325, organosilicon derivatives and
analogues of pyrrolidone 312, sulphonamides 326,
carbamates 327, salts of dithiocarbamic acids328,
unsaturated diols329, and DDT 330, trialkyl-
silylalkyl phosphonic acid esters 331, organo-
silicon derivatives acetylene 332, trialky(tri-
alkylsiloxy)stannanes 333

Insect repellent activity Methyl (WN-dialkylaminomethyl)dialkoxy-
silanes 334, 335 V-(trialkylsilylmethyl)-
ethylamides of carboxylic acids336

Fungistatic activity Organosilicon amines293, 314, 337 grgano-
isothiocy il 324’ polyor, il-
thianes 325, organosilicon derivatives of
mercury 338, 339, copper salts of dithiocarbamic
acids 328, sulphonamides 326, and isothio-
cynates 340

Bacteriostatic activity 3-Aminopropylsilanes and other organosilicon
amines293, 314, 337, 341 pis(hydroxyphenyl)-
dialkylsilanes 342, trimethylsilylmethanol 343,
mercury ining polyc il 338,
organosilicon derivatives of penicillin 344, 345,
alkyl esters of aziridinecarboxylic acids 346 and
2-(dialkylamino)ethyl esters of aromatic acids347,
organoethynylsilanes 348

Regulation of plant growth Chloroalkylsilanes 349, 350, ethynylsilanes 351

Of the pharmocologically investigated **® organosilicon
derivatives of physiologically active organic compounds
synthesised in our laboratory *, mention should be made
of the previously unknown C- and O-trialkylsilyl derivatives
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of choline—[RsSiCH:2NR’R”CHCH2X]Y and correspondingly
[(CHs)sNCH2CH20SiRs]Y (Table 3).

All compounds of this type exhibit N-cholinolytic
activity. In this respect the most active compounds
exhibit also ganglion-blocking activity on the parasym-
pathetic ganglia of the heart. The hypotensive effect of
organosilicon derivatives of choline is particularly pro-
nounced for C-silyl substituted derivatives with R = R’ =
R” = CHs and Y = I in which the substituent X is the
OCOCHs group (70-90 mmHg at a dose of 1 mg kg™*') or an
iodine atom (50-60 mmHg). Apart from the depressor
response, these compounds cause intensified respiration
in cats.

Table 3. Biological activity of organosilicon derivatives
of choline.
Chotinolytic | Ganglion- |& Median lethal
Compound sy [vlocking [ | e
ompoun m activity (in |8 25 -7
ool |cauiEDo |25 T Seeones,
stomach) Cso |mgkg'! F:Eémgwm mg kg'!
[(CHy);SICH,N (CH,),CH,CH,0H]I 8.0-10~4 0.56 2.5 266
[(CoHy),SICH,N (C ﬁ.),Cx’-x.cf{,oml 4.9.108 08 | 3.6 53
(écf-l.) CH,N CHy)CH, 3cﬂ 9.1-10- 0.50 0.86 124
[CH, SC,H, {CH,N (CH 'éCH,CH,Cl]l 3.2.10-¢ 0.35 1.69 7
[(CH)sSICHyN (CHy)sCH, 2.5.40°8 0.69 0.25 40
1$ H,)sSICH, ,’N (CH,){CHsCH,OCOCH,]I | 2.4-10~¢ 0.62 0.7 328
‘[( Ha)sSiCH,N (CHy)4CH. l)-{,OCOC.H.][ zgigj 1.26 3.1 iss
e H,).SICHHIQJH (CHy)CH,CH,CIICH 1.3.10-5 — - 137

*Concentration expressed in fractional units.

The trimethylsilyl ester of choline has virtually no
ganglion-blocking activity., When administered to cats
in doses of 2-10 mg kg ~! the depressor phase is replaced
by a pronounced increase in the level of blood pressure.
The persistence of the pressor effect in experiments on
spinal cats after the vagus nerves have been severed, the
exclusion of the adrenal glands from blood circulation, and
the prevention of this effect by hexamethonium salts indi-
cate a stimulating effect of the trimethylsilyl ester of
choline on the autonomic vegetative ganglia, particularly
the sympathetic ganglia.

The physiological activity of organosilicon derivatives
or analogues of known organic medicinal preparations and
other substances with a distinct biological activity is not
by itself in any way surprising. Although awuong all the
compounds of this type investigated none has found wide
practical application, investigations in this field are
nevertheless very interesting and promising. This claim
is based on studies of the “bioisosteric” organosilicon
compounds carried out in recent years in the USA by
Fessenden 2*3%0~%%%3  mhe jdea underlying them may be
regarded as the pharmacochemical development of the
once very popular “analogue hypothesis” of Wohler,
Ladenburg, and Friedel, according to which the replace-
ment in any organic compound of one or several carbon
atoms by silicon (i.e. the formation of a “sila-derivative )
does not alter appreciably the physical and chemical
properties. Although this hypothesis has now been dis-
proved, it nevertheless remains to a certain degree valid
when applied to organosilicon compounds which do not con-
tain functional groups attached to the silicon atom, at any
rate functional groups which are readily hydrolysed.
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As an example of the validity of the analogue hypothesis
for carbon and silicon compounds in its pharmocological
aspect, several pairs of isostructural substances are
quoted below:

(4-HOC.Ha)a( :')1 (CHy)s  CH, (CH:):) MCH (CHs) NH,-HCl
(I
R (CH,); M (CH,), OCONH, R (CH,) M[(CH,), OCONH,] CH,0CONH, ,
(1) ()
where M = C (a) or Si (b).

Thus compounds (Ia) and (Ib) exhibit the same allergic
activity **. The organosilicon analogue (IIb) of the
familiar adrenerglc medicinal preparation (IIa) resembles
itin bothits overall biological activityand in its toxicity *
The toxicity of organic carbamates (IIla, IVa) and the
organosilicon carbamates having an analogous structure
(IIb, IVb) is of the same order of magnitude *

The similarity of the biological activities of 1sostruc-
tural organic and organosilicon compounds is of undoubted
interest for the creation of new medicinal preparations,
pesticides, and other types of biologically active substances
if only because the corresponding silicon compounds are in
many cases easier to synthesise and are cheaper. Never-
theless sometimes the sila-analogues of the physiological-
ly active organic substances may differ from the latter to
a greater or smaller extent in their effect on the organism.
In turn this difference may be successfully used in the
synthesis of new medicinal preparations and pesticides.

For example the familiar tranquihser meprobamate (Va)
and its sila-derivative (Vb), *

CH,CH,CH, (CHy) M (CH,0CONH,),
(%]

where M = C (a) or Si (b), has similar effects on the
motor activity of animals and inhibits NAD-H: oxidase.
However, their physiological activity is otherwise not the
same. The effect of compound (Va) is four times more
prolonged than that of (Vb). When administered orally,
compound (Vb), in contrast to compound (Va), is inactive
despite the fact that it is absorbed and then eliminated
from the organism in urine. This suggests that the meta-
bolic fate of both analogues (V) in the organism is differ-
ent. Indeed, while compound (Va) is oxidised in the
organism and eliminated as the hydroxy-derivative (VIa),
compound (Vb), apart from being oxidised by an analogous
process to compound (VIb), is converted mto the disiloxane
(VII) with elimination of an n-propyl group **
CH,CH (01-:) CH, (CH,) M (CH,OCONH,), [CHj (H;NCOOCH,), Sil,O

i M=C(a); Si(6)] (V1)

The only metabolic product of
CH:CH2CH2(CH;)SiCH:OCONH_: is the corre gondmg de-
alkylation product [H:NCOOCH2(CH;)2Si].0f. Thus the
different metabolic fate of the sila-analogues of physiologi-
cally active substances may have a significant effect on the
nature and duration of their action.

The carbon and silicon structural analogues of type
(VIII) show particularly marked differences in their bio-
logical activity, which can probably be attributed to the
B-effect of the silicon atom:

(CHj)s MCH,CH,0CONH,

where M = C (a) or Si (b).

(vim)

1Until Fesenden's investigation ®°, the metabolism of
organosilicon compounds in the organism was hardly
studied. It was only known that (CHs)sSi(CHz)1sCHs and
(CHa)aSi (CH2)11.COOCH; are absorbedvia the gastrointestinal
tract ** and that [“C] polydimethylsiloxane is not eliminated
from the organism in the form of *CQa. *
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Compound (VIIIa) is ten times more toxic than its sila-
analogue (VIIIb). The latter is a rapid-acting muscle
relaxant which does not give rise to side effects. On the
other hand, compound (VIIIa) does not exhibit this type of
activity, causing convulsions instead *3. At the same time
both compounds (VII) give rise to a prolonged cholinergic
response when introduced into the lateral hypothalamic
region of the brain **,

The last few examples clearly demonstrate that in
physiological activity too the “analogue hypothesis” is not
always justified even when compounds with silicon-contain-
ing functional groups are excluded from considera-
tion. This is not in fact surprising because the much
lower electronegativity, the higher covalent radius of the
atom (by a factor of 1.5), and the presence of vacant 3d
orbitals constitute appreciable differences between silicon
and carbon. This difference does actually lead to the
expectation in a number of cases that the sila-analogues of
physiologically active organic compounds will have a quite
specific effect on living organisms. This makes further
investigations in this field undoubtedly promising.

We believe that even more interesting and promising is
the study of the physiological activity of organosilicon
compounds which have no organic analogues at all or which
exhibit an activity which is closely related to the presence
in their molecule of a silicon atom (or atoms). Com-
pounds of this type, investigated up to the present time,
are also listed in Table 2. These include in the first
place silatranes (IX), the wide employment of which in our
laboratory began in 1962. We have shown that certain
silatranes, namely 1-arylsilatranes exh1b1t high and
specific physmlog1cal activity 229267~ 209,357

nCH,

/1

Hg6

7CH, 10CH,
\ \/ﬁ ~o

For example, 1-phenylsilatrane (IX, R = Ce¢Hs) and even
more so 1-p-tolylsilatrane (R = p-CHsCeH4) are unusually
toxic for warm-blooded animals. Their lethal dose

(LDso) for white mice is only 0.33 and 0.20 mg kg™'. Both
compounds are several times more toxic than the widely
known poisons such as hydrocyanic acid or strychnine. At
the same time 1-arylsilatranes are almost harmless for
cold-blooded animals (frogs, etc.), plants, and micro-
organisms. Below the lethal dose (0.2-0.25 mg kg™h),
1-phenylsilatrane is a powerful analeptic, i.e. it gives rise
to motor excitation and intensifies the respiration of
animals. It is interesting that for animals under narcosis
1-phenylsilatrane proves to be much less toxic. A dose
ten times greater than the lethal dose causes only an
excitation of respiration and convulsive movements of
skeletal muscles. In animals with damaged central
nervous systems 1-phenylsilatrane does not cause
muscular convulsions even in doses of 1.5 mg kg™" (intro-
duced intravenously).

A wide variety of numerous experiments showed that
1-arylsilatranes do not affect the peripheral neuromuscular
apparatus. The physiological activity of 1-arylsilatranes
is due to their effect on a hitherto unknown enzyme system
which is important for the function of the central nervous
apparatus in warm blooded animals and which is absent or
is less important for the activity of the central nervous
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system of cold blooded animals. For this reason, l-aryl-
silatranes have no toxic effect on all living organisms at
a lower level of evolutionary development.

The difference between 1-arylsilatranes and many of
the familiar poisons is also indicated by the fact that
enzymes such as cholinesterase and acetylcholinesterase
are not inhibited by them.

The physiological activity and in particular the toxicity
of silatranes vary within extremely wide limits, being
determined mainly by the nature of the substituent R
attached to the silicon atom itself (Table 4). The wide
range of variation of this activity is indicated, for example,
by the complete harmlessness of alkyl- and alkoxysilatranes
(R = CH3C2HsO etc.).

1
Toxicity of silatranes RSi(OCH2CHz)sN

Table 4.
for white mice with intraperitoneal administration*.
LD, LD,
R 50 R 50,
mg kg mg kg
Pp-CHyC,H, 0.20 | p-CHsCH,O | 1270
oH, 0.33 | C4H,CH, 1115
m-CIC4H, 4.4 |CH,0 2100.
H 100 | C,H,0 >>5000
|
CH,(CH,),CH 150 |CH, >5000,
+Hj 200 |C,H, 55000
p-O,NC,H,0 700 | (CHa,.CH | $5000
pCIC,H,O 1050 [CHp==CH | 55000

*For 3,5-dimethyl-1-phenylsilatrane and 1-phenyl-
2-carboxys11atrane LDso = 14.7 and 8.1 mg kg~'
respectively.

The introduction of methyl radicals into the silatrane
system of 1-phenylsilatrane or the replacement of one of
the oxygen atoms by a CH: group (1-phenyl-2-carbasila-
trane) greatly reduces the toxicity of the compound. When
the aromatic ring in 1-arylsilatranes is separated from
the silatrane system by a methylene group (1-benzylsila-
trane), the compound virtually loses its toxicity and the
introduction of an oxygen atom into the Si—CsHs bond
(1-aryloxysilatranes) lowers the toxicity by severalpowers
of ten. It is interesting that the hydrogenated analogue
of 1-phenylsilatrane, i.e. 1-cyclohexylsilatrane, and also
silatrane itself (1-hydrosilatrane) exhibit some, albeit low
toxicity,

In order to establish whether the structure of 1-aryl-
silatranes is specific for high physiological activity, we
investigated the toxicity of open-chain silatrane analogues
—a wide variety of 2-aminoethoxysilanes containing the
Si~-O~C~-C-N group (derivatives of tri-, di~, and mono-
ethanolamine) and also the initial amino-alcohols
(Table 5).%* It was found that all the organosilicon ethers
of monoethanolamine in the series R,_,Si(OCH CH,NH ),
with n = 1-3 are 2-9 times more toxic than HOCH-CH2NH:=
itself. At the same time the analogous derivatives of
NN-dialkylaminoethanols usually prove less toxic than the
corresponding amino-alcohol HOCH2CH=NR: (particularly
for R = CHs or C4Hy), or their toxicity is of the same
order of magnitude (for R = CzH,).

Trialkylsilyl derivatives of triethanolamine are less
toxic than triethanomaline itself, while the analogous
diethanolamine derivatives are somewhat more toxic than
diethanolamine itself. The toxicity of compounds in the

t
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series H,_ ,N(CH,CH,OSiR,),, where R = CH; or CH; and
n = 1-3, decreases appreciably as n increases. A change
in the nature of the hydrocarbon substituent of the silicon
atom in all types of the compounds investigated has little
effect on the toxicity. On the whole, the toxicity,of
organosilicon ethers of amino-alcohols is low and varies
in the range from 120 mg kg™ for (C2H;)2Si(OCH2CH2NH:):
to 4000 mg kg™ * for N[CH2CHz08i (C2Hs)s]s.

Table 5. Acute toxicity (LDso) of 2-aminoethoxy-
silanes and 2-aminoethanols and dose which impairs
the co-ordination of movement (EDso) on intraperi-
toneal administration to white mice.

Do ED.,,
Compound 50’ 50

mg kg mg kg
HOCH,CH,NH, 1050 350
(CHy),5i10CH,CH,NH, 330 175
{C;Hy)sSIOCH,CH,NH, 165 60
(CH3.81 (OCH,CH,NH)) 570 280
(CoHySi (OCH,CH,NHy), 125 63
CH,S} (OCH.CH,NH,)s 400 500
C,H,Si (OCH,CH,NHy, 500 410
C:H;Si (OCH,CH,NH)); 500 210
HOCH,CH,N (CHy)y 210 530
(CH,),S10CH,CH,N (CHy), 620 265
(CoH o sSIOCH,CH,N (CH)s 670 390
HOCH.CH,N (CHy)s 500 250
(CH),SIOCH,CHLN (C.Hy): 630 50
(CHo)sSIOCH,CH,N (CoHo)e 400 210
(CHy),51 [OCH,CHoN (CsHe)ols 720 04
(C,Hs), Si [OCH,CH,N (CoHg)a)2 600 445
CH,Si {OCH,CH,N (C;Hy)sls 600 385
C,H,Si [OCH,CH,N (C,Hy).ls 490 125
CiH,Si [OCH,CHaN (CHg)als 560 =
sriocH,CHN (RO 230 380
HOCH,CH,N (C,H,)s 52 8
(CH.);SIOCH,CH,N (CiHy)a 640 600
{C.HaysSIOCH,CH,N (CyHy), 1650 2300
(CoH;),Si [OCH,CH,N (CiHy)sla 2400 520
(HOCH,CHp),NH 1600 %40
[(CH,),S10CH,CH,] ,NH 1250 380
{(CaH)sSIOCH,CHy [,NH 1850 =z
(HOCH,CH,),N 1450 110
[(CH.),8i0CH,CH,],N 3500 1400
(G }oSIOCH CHyJsN 4000 -
(CH,);SIOCH,CH,NCHq 400 —
(CoHy)sSIOCH,CHyNC,Hyy 280 180
(CoHy)sSIOCH,CH,NHC H, 360 240
(CHy)5Si0Si (CHy) 4500

In the study of the effect of all the above aminoalkoxy-
silanes on the co-ordination of movement it was found that
compounds of the type (CH3),-nSi[OCHCH,N (C.H;),} with
n =1 and 2 are active at a dose smaller by a factor of
11-13 than the median lethal dose.

The data obtained convincingly demonstrate that the
toxicity of 2-aminoethoxysilanes is scarcely due to the
toxic effect of their hydrolysis products (one of these,
hexamethyldisiloxane, for example, has LDso = 4.5 g kg™ ")
but is caused by the molecular structure as a whole.

They also show that the high toxicity and physiological
activity of 1-arylsilatranes cannot be attributed solely to
the simultaneous presence in their molecule of the Si-aryl
and Si—-O-C-C-N bonds. Nor is it possible to explain
the activity of 1-arylsilatranes.by the presence in their

molecules of the silatrane group 5 (OCHzCHz);ﬁ, because
1-alkyl- and 1-alkoxy-silatranes are almost non-toxic. It
might have been supposed that the physiological activity of
1-arylsilatranes is associated with the effect on the
aromatic ring of the transannular co-ordinate bond Si - N,
which leads to an enhancement of its 7-electron density and
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consequently its electron donor properties. However, the
toxicity of 1-phenylgermatrane (smaller by a factor of

100 than that of 1-phenylsilatrane), which has a similar
structure and dipole moment **%, suggests that the problem
of the high physiological activity of 1-arylsilatrane still
remains open, although it may be supposed that the much
lower toxicity of 1-phenylgermatrane is due to its lower
chemical stability.

The high physiological activity of 1-arylsilatranes
suggested to us that other organosilicon compounds contain-
ing a nitrogen atom in the y- or 6-position in relation to
the silicon atom might be of definite interest in this
respect. This was also indicated by a brief communication
concerning the fairly high toxicity of compound (X):

(C4H,0), Si (CHy) CH,CH,CH,CH,NH
(X)

(0.045 ml kg~! when absorbed through the skin of the
rabbit). %4

Table 6. Acute toxicity (LDso) of 3-aminopropylsilanes
and dose which impairs the co-ordination of movements
(EDso) in white mice after intraperitoneal administration.

Compound| Formula LDSO_'I EDSO'I

mg kg mg kg™
X1 CHs (C,H,0),Si (CHy) }‘J(CH,) H. 6.6 8
XII CH; (C:H:0),81 (CHJRNH, 40 42
X1t CH; (CaH)S! (CH,)sNH, 4 =

|
X1v (CoHo)sSi (CHy)sN (CHa)(CH, a1 4
| |
XIVa ((CsHe);S1 (CHy)gNH (CHy) CHyICI 120 —
Xv {CaH) .51 (CHo),NH, 75 0
XVI CHy (CaH,0)Si (CH,),K(CH,),OCH H, 86 40
XV (Co1p)ySi (CHo)sNH, % &
XVIT | (CHysSi (CHJ,NH, 155 76
XIX CiHy (CgHy),Si (CH,NH, 120 100
XX & H0) Gl 5 (CH,)-NH, 140 62.5
XXI (CoHz)3Si (CHy),NHCH,C,H,0 185 280
XXi CH, (C.H,00:81 (CHp)oNH, 215 130
XXI | (GH0nSt (CH,)sNH, 260 140
|
XXIV | CH,(C;HO)sSi (CH,),,LI (CH,N (CH)CH,CH, 400 105
|

XXV CH, (C3H,0)4Si (CHy);N (CHy) ,SiCH,JH, 470 360
XXVI [(C,H.),SiCH=CHCH,1‘3’H (CH,).C'H,] a 110 3
XXvil | [CH, ,SiCECCH.kH (CH. .‘!:H.] cl 195 80
XXVII | C,H, S (CHy (CH,CH,CH,NH, |14 74 10
XXIX | O'[Si (CHy)«CHyCHiCH,NH), 80 80

To confirm this hypothesis, we investigated the toxicity
and the effect on the co-ordination of movement of y-amino-
propyl substituted silanes and their unsaturated analogues.
The data obtained (Table 6) show that, among compounds
of this type, there are some fairly toxic [compound(XI)
with LDso = 6 mg kg™ '] and also compounds which fairly
effectively reduce the motor activity and impair the co-
ordination of movement [compounds (XXVI) and
(}D(VIII)]ZM,zss.

Among y-aminopropylsilane derivatives, derivatives of
bis-(3-aminopropylsilyl )benzene are of particular interest.
For example, one of these [compound (XX VTII) ]impairs the
co-ordination of movement at a dose as low as 10 mg kg™ ',
while at a dose of 4.8 mg kg™' it reduces the body tempera-
ture by 3 deg.
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It should be pointed out that the toxicity of the hydro-
chlorides of y-aminopropylsilanes is reduced [compounds
(XIV) and (XIVa)]. In the series of the hydrochlorides

[(C.H,),S1 (CHz)nI\Eﬁ(CHz)4CH2]Cl the toxicity decreases with
increasing . Thus for n =1, 2, and 3, LDy, is respec-
tively 60, 88, and 120 mg kg™

We investigated the fungistatic and bacteriostatic activi-
ties of several dozen of nitrogen-containing organosilicon
compounds of a wide variety of types ®**", Among these
substances with a comparatively high activity were
detected (Table 7).

Table 7. Minimum concentration (C) of nitrogen-contain-
ing organosilicon compounds suppressing the growth of
micro-organisms.

Compound; Formula Test microbe C, mg mr!
XII CHj (C,H40);SiCH,CH,CH,NH, Escherichia coli 675 10.4
XV (n-CsH5)sSiCH,CH,CH,NH, Candida albicans 67/846 R
Epidermophyton 13.8
Kaufmann Wolf 41
Trichophyton gypseum 4(3 13.8
gttw hm;/coides 675 A 14.0
. SN ‘aphylococcus aureus haemo-
XXI (C,HQSSICH2CH2CH2NH—< o> oy ocoea 10.4
Bac. mycoides 675 10.4
XXX (CHj),Si (CH,CI)CH;CH (CH;)CONH, Epidermophyton Kaufmann
Wolf 41 6.9
Trichophyton gypseum 4/3 13.8

Although nitrogen-containing organosilicon compounds
of a wide variety of structures have been investigated, only
substances with the nitrogen atom in the y-position in
relation to the silicon atom proved to be active. Two of
the compounds, listed in Table 7 [compounds (XV) and
(XXX)], are only slightly inferior (by a factor of 1.8) in
their fungistatic activity on Tvichophyton gypseum to the
fungicidal preparation nystatin widely used in clinical
practice. Two other compounds effectively suppress
gram-positive [compound (XXI)] and gram-negative [com-
pound (XII)] bacteria.

There is no doubt that continued studies in this field
will lead to the discovery of even more active organosilicon
fungistatic and bacteriostatic substances which may find
practical application, in particular for the formation of
stable fungicidal and antibacterial coatings.

Thus we have shown that a wide variety of classes of
nitrogen-containing organosilicon compounds containing
both nitrogen and silicon atoms, separated from one
another by three other atoms, exhibit useful and varied
effects on the living organism. These are the most
promising possible new silicon-containing medicinal pre-
parations and pesticides. Nevertheless we discovered
substances with a high physiological activity also among
other classes of nitrogen-containing organosilicon com-
pounds. For example, we found (together with D. P. Dre-
mova) that compounds of the series R2NCH2(CH;)Si(OR')2
are insect repellents ***, Some data on the activity of the
compounds of this type are presented in Table 8.

We hope that further study of organosilicon insect
repellents will make it possible to produce stable coatings
with a similar property. :

---000---
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The findings described above urgently necessitate
development of a new branch of silicon chemistry—the
chemistry, biochemistry, and pharmacology of biologically
active organosilicon compounds, i.e. “bio-organosilicon
chemistry”. This should include a detailed study of the
role of silicon in living organisms and the physiological
processes and pathological and gerontological changes
occurring in them, the search for compounds of this ele-
ment with high and specific biological activity, and the
study of the possible practical application of such com-
pounds in medicine, veterinary practice, agriculture, and
other branches of human activity.

Table 8. Repellent activity of R.NCH2(CH3)Si(OR'):
in relation to a culture of fleas X. Ckeopis at a con-
centration of 20 g m™2

Coefficient of
repellent
R R activity
(after 24 h)

n-C(H, n-CyHy 73.9
n-CyHy iso-C,H, 80.7
CoHy n-CeHys 70.0
CHy Cng (CH,).&H 79.9
C.Hjy n-CgHy, 77.9

In this connection we cannot fail to quote the prophetic
lines written as early as 1878 by the French genius Louis
Pasteur: “There is a great future for the therapeutic
applications of silicon”.

It is to be hoped that the time is near when, as a result
of the combined efforts of chemists, biochemists,
pharmacologists, physicians, biologists, and agronomists,
a multiplicity of new synthetic and natural physiologically
active organic compounds of silicon, which will prove as
useful to man as silicates and silicones, will begin to be
produced industrially.
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