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Syntheses and Properties of Bioactive Organo-Silicon Compounds

1 Introduction

Silicon is next to oxygen the most abundant element in the lithosphere; the average
content amounts about 30% by weight. Inorganic silicon compounds such as silica
and silicates form the basis of most of the rocks forming the earth’s crust. In the
atmosphere, there is no silicon present, except as dust of cosmic and terrestrial origin.
The silicon content in the hydrosphere, mainly in form of dissolved silica (silicic acid),
is also very small.

But silicon is not only present in the lithosphere, atmosphere, and hydrosphere.
Today there is no doubt that silicon compounds play also a significant role in the
biosphere. Silicon occurs, at least in trace amounts, in most plant and animal tissues.
[t plays a particulaily important role for many organisms at a lower stage of evolu-
tionary development, such as diatoms, radiolaria, and a few sponges and gastropods,
in which an enrichment of silicon in mineral phases of amorphous silica(Si0, - nH,0)
has been found. However, silicon plays also an important role in the organism of
higher plants, higher animals, and man, although in the majority of cases the content
of this element is relatively small.

So far, most of the biochemical processes involving silicon are unknown. Organo-
silicon compounds could not be found in nature till now. Whereas the processes of
life are able to build up the important C—C and C—H bonds of organic frameworks,
no Si—Si, Si—C or Si—H bonds have been detected in living matter so far. However,
such compounds can be synthesized in the laboratory; and the question arose: in
which way will living organisms react if they are confronted with synthetic organo-
silicon compounds?

In recent years, scientists have begun conducting systematic experiments to ob-
tain an answer. A great number of organosilicon compounds have been synthesized
and tested in different organisms in order to explore the biological properties of
these compounds. A new field of research — biochemistry, pharmacology and toxi-
cology of silicon compounds (bio-organosilicon chemistry) — sprang up.

Several reviews! ™! dealing with the field of “bio-organosilicon chemistry” have
appeared in the literature. The most important is the book “Silicon and Life” by
M. G. Voronkov et al.'?, The present review is concentrated on the followings:

a) A short survey of the main lines of research in the chemistry, pharmacology and
toxicology of organosilicon compounds.

b) A comprehensive survey on a special area of bio-organosilicon chemistry, which
we call “‘sila-pharmaca”. In this field an extensive view is given concerning syn-

theses and properties of bioactive silicon compounds having analogous structures

(sila-substituted) to well known bioactive carbon compounds (= pharmaca). Similar-

ities and differences of the chemical and physical properties, and also the biological

activity of analogous carbon and silicon compounds, are discussed.

Several examples are given to demonstrate the synthetic possibilities for the
preparation of bioactive silicon compounds.



R. Tacke and U. Wannagat

2 Comparison Between Carbon and Silicon: Physical and Chemical
Effects of Sila-Substitution

The given comparison of the chemistry of carbon and silicon only summarizes the
most important features. These are taken from more comprehensive surveyslz_n)
in order to give a chemical background for bio-organosilicon chemistry.

Both, carbon and silicon are members of Group IV of the Periodic Table. In spite
of this close relationship, there are not only similarities but also striking differences
between these elements. Carbon and silicon differ in the size of their atoms (covalent
radii: rc = 77 pm; rg; = 117 pm), their electronegativities (Allred-Rochow: x-=2.50;
xs; = 1.74), and the energies of their outershell electrons (electronic configuration:
C: 15225%p?; Si: 152 25? 2p®3s?3p?). Because of the position of silicon in the third
row of the Periodic Table, the chemistry of this element is influenced by the avail-
ability of empty 3d orbitals which are not greatly higher in energy than the silicon
3s and 3p orbitals. The availibility of low lying 3d orbitals to silicon and the possi-
bility of their involvement in bond formation has been used to explain the easy
formation of 5- and 6-coordinated silicon complexes, and the unexpected physical
properties, stereochemistry, and chemical behaviour of a number of 4-coordinated
silicon compounds.

2.1 Physical Properties of Carbon-Element and Silicon-Element Bonds

A comparison of carbon-element bonds (C—El) inside the most important structural
frameworks of living matter (and of the most important drugs) with the correspond-
ing silicon-element bonds (Si—El) is given in Table 1.

According to the electronegativities of carbon, silicon and the elements (El) H,
N, 0, 8, F and Cl the polarisation of the covalent C—El bonds is qualitatively the
same as that of the corresponding Si—El bonds, with only two exceptions: the
polarisation of the Si—H bond (Si®® —H’®) is opposite to that of the C—H bond
(C®"—H®®), and the polarisation of the Si—S bond (Si®®—S°°) is opposite to that
of the C—S bond (C3°—S%®), which is nearly without polarity. The Si—El bonds
always exhibit a higher degree of polarisation than the corresponding C—El bonds.
In the Si—C bond system the silicon is the more positive partner (Si®®—C?®).

" Comparison of bond energies of C—El bonds and the corresponding Si—El bonds
is difficult, because bond dissociation energy data available for silicon compounds
are often contradictory: an obvious reflection of the variety of techniques employed,
and of the sensitivity of bond energy caused by substituents. Particularly striking are
the different values for the Si—O bond, which are refered in literature [e.g. in SiO,:
111 keal - mol'l]%). In Table 1 some average thermochemical bond energies are
given, which are suitable for a comparison between analogous Si—El- and C—El bonds.
According to these data, Si—El bonds are always stronger than the corresponding
C—El bonds, with only two exceptions: Si—H/C—H and Si—S/C—S. While the Si—Si
bond is thermodynamically much weaker than the corresponding C—C bond, the
Si—C bond exhibits a bond energy similar to that of the C—C bond.

4
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Table 1. Comparison of carbon- and silicon-element bonds

@ L) (c) (d) (e) ©
|

—-C-H - 0.30 416 (9% 108 109.1 (Paraffinic)
|
|

—Sli—H + 0.46 323(77) 146 147.1 [H,SiF;]; 148 [(CH3),SiH5]
|

—(II—?— 0 0 356 (85) 154 154.1 (Paraffinic)
|1

—S'i—Cl— + 0.76 301 (72) 188 186 [(CH3),SiH,]; 188 [CH;3SiF 3]
I

—Sli—SIi— 0 0 226 (54) 234 232 [SizHgl; 234 [(CH3)3SiSi(CH3) 3]
-

—C—N— + 0.57 285 (68) 147 147.2 (Paraffinic, 3 co-valent nitrogen)
[
[

—Sli—IIl— + 1.33 335 (80) 180 172 [CH3)3SiNHCH3]; 173.8 [(H3Si)3N]
-

—-C-0- + 1.00 336(80) 143 143 (Paraffinic)
[T
-

—Sli—g— + 1.76 368 (88) 177 163 [(CH3)3S8i0Si(CH3)3); 164 [Si(OCH3}4]
| -

—-CI—S— - 0.06 272(65) 181 181(5) (Paraffinic)
| —

—Sli—§— + 0.70 226 (54) 217 214 [C13SiSH]; 213.6 [H3SiSSiH3]
| —

—?—El + 1.60 485 (116) 136 138.1 (Paraffinic, monosubstituted)
|-

—Sli—f_| + 236 582(139) 170 154 [SiF4]; 159.3 [H;SiF]
[

—CI—§_1| + 0.33 327(78) 176 176.7 (Paraffinic, monosubstituted)
| -

-Sli—gl + 1.09 391(93) 209 200 [SiCly]; 204.8 [H3SiCl)

8 Carbon- and silicon-element single bonds in 4-coordinated carbon and silicon compounds.

b Polarities of the bonds.

Z Differences of electronegativity (Allred-Rochow); Ref. 23).

o

C—El bonds, Ref.!? for the Si—El bonds.

Average thermochemical bond energies (KJ - mol_l), Ref.24); in brackets converted values
in keal - mol 1,

Calculated bond distances (pm; according to Schomaker/Stevenson), Ref. 23),
Experimental bond distances (pm; corresponding compounds in brackets); Ref. 25) for the
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Table 2. Comparison of carbon- and silicon-element bonds

(@) () (© (@ (e) () ® ()
I

-g—H o — —_ — — —_ —_
[

-—Sli—H o — . Xlm _ — _
| . B

,_(lj_cl‘_ g _c=c  —C=C- — —_ —_ —
| /1 /|

~Si~C~  ¢® — A Y ~}i—c— — —
Pl |1 N
Lo /1 ]

—Si—Si— o —_ SR YA k}’\/_sp —_ —
I (A |
| _ —

<N o Sc=N_ -c=N — — — —

_ \ / \

—Si-N{ o+ (p~dg® — SR '\—N< N-S  Ned{eN
i | i \
| _ _

—cl—O— a ~c=0 =0 — — _ —
I — _ — \/

—Si-0— o+(p=d)y®  — Mo —}Lo— 0-S8i— 0—%1/ «0
| | A\ 7\
| _

-—?—-El a — —_ — — — —
| \/_ /- /

~S8i~F| g+ (p—~d)y® — — -+Si-F( —}i—f_( F—r\Si— F->\Si/<-F
! [ \ | /N
| _

—(,3~C__H o — — — — — —
| \/ /

—Si-Tl or@raet — — -»sli/-c_n _}-\—gn — _
| _

——z

S5 Sy o~ -~ = =
| —

—8i—5— o — — — — — —

4 Partial double bond character of the (p — d),-type is observed, if the cartbon atom is spz— or
sp-hybridized.

Partial double bond character of the (p — d),-type.

Little (p — d)g-interaction is postulated for a few 8i—8 compounds.

Compounds of this type are relatively uncommon (reluctance of sulfur to form double bonds
to carbon).

[r-
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(a) Carbon- and silicon-element single bonds in 4-coordinated compounds with a central carbon
resp. silicon atom.

(b) Character of C-El and Si-El single bonds in 4-coordinated compounds with a central carbon
resp. silicon atom.

(c) C-El double bonds of the (p-p),-type. Analogous Si-El bonds are not stable under normal
conditions,

(d) C-El triple bonds of the (p-p),-type. Analogous Si-El bonds are not stable under normal
conditions,

(e) Stable structures, containing a Si-El o-bond and a S-coordinated silicon atom. Analogous
carbon compounds are unknown.

(f) Stable structures, containing a Si-El o-bond and a 6-coordinated silicon atom. Analogous
carbon compounds are unknown.

(g) Stable structures, containing an El — Si donor bond (o-type) and a 5-coordinated silicon
atom. Analogous carbon compounds are unknown.

(h) Stable structures, containing two El — §i donor bonds (o-type) and a 6-coordinated silicon
atom. Analogous carbon compounds are unknown.

The bond lengths of C—El and Si—El bonds can be calculated according to the
rule of Schomaker and Stevenson from covalent radii and differences in electro-
negativity of the bound atoms. Calculated values of that kind are given in Table 1.
In the case of Si—H, Si—S, Si—Si and C—EI bonds these values are in good agreement
with experimentally observed internuclear distances. However, significant discrep-
ancies from the Schomaker-Stevenson equation are found for the Si—N, Si—0, Si—Cl
and Si—F bond: the observed internuclear distances (Table 1) are about 5—15 pm
shorter than the calculated values. It has been supposed that these additional bond
shortenings are due to (p—>d),-backbonding: the silicon 3d orbitals are involved in
compounds of type >Si—El, where Elis an atom (bound to further atoms or not) hav-
ing electrons in a p orbital so situated as to be able to overlap with an empty 3d
orbital of silicon. The result is a Si—El bond with partial double-bond character
{o-bond + (p = d),], which can be described by the following resonance structures

[Eq. (1]

o o @
~Si—El «—— ZSi=El (1)
[ [

This shortening of bond length is accompanied by higher bond energies and
valence force constants, as expected for o single bonds.

It should be pointed out that the Si—C bond length is influenced by the hybrid-
ization state of the carbon atom. The Si—C distance in vinyl-, ethinyl- and phenyl-
silanes is shortened as compared with that of corresponding alkylsilanes [examples”)z
H;3SiCH; (186.7 pm), H3SiCH=CH, (185.3 pm), H3SiC=CH (182.6 pm)].

Whereas carbon is able to form stable (p—p),double and triple bonds with carbon
itself, nitrogen and oxygen, leading to coordination numbers 2 and 3 at the carbon
atom, silicon cannot build up such bonds (compare Table 2). Although the existence
of monomeric species such as SiO and SiNH has been established under specific con-
ditions, and (p—p), bonded intermediates have been postulated in a number of



R. Tacke and U. Wannagat

reactions, no stable silicon analogues of alkenes, alkines, aldehydes, ketones, etc.
have been isolated so far. In all cases the o-bonded oligomer or polymer units have
been found instead of their potential m-bonded monomer species [e.g. (—SiH—)y

instead of H,S8i=SiH,, (—S'iH) instead of HSi=SiH, —Sli—Q— instead of
] s }
R,Si=0, etc.].

In contrast to carbon, silicon is able to increase its coordination number from
4 to 5 and 6 (sp>~sp>d—>sp3d?) by one or two additional (p—>d), donor bonds.

5- and 6-coordinated silicon compounds appear often as reaction intermediates. In
several cases such compounds are isolable. The known structure frameworks with
carbon- and silicon element bonds, which are stable under normal conditions, are
represented in Table 2.

Additional to the bond shortening of certain Si—El bonds, and additional to the
increase of the coordination number 4 to 5 and 6, the availability of empty 3d
orbitals of silicon is used to explain further differences between carbon compounds
and their silicon analogues: Trisilylamine [N(SiHj3)3] was found to have a planar
SigN-skeleton in contrast to the carbon analogue trimethylamine [N(CHs)z] which
is pyramidal, The structure of the silicon compound was rationalized by assuming
that the N atom forms o-bonds in a trigonal plane leaving the lone pair of elec-
trons in a pure p orbital of nitrogen at right angles to this plane. The electron
density from this p orbital is donated into the vacant 3d orbitals of the adjacent
silicon atoms. Not only the geometry, but also the weak donor ability of the
N atom in N(SiH3); is in agreement with the involvement of this lone pair in
bonding to silicon. The same arguments are used to explain the enlarged SiOSi
angle of disiloxane (H3SiOSiCH3) as compared with that of dimethylether
(H3COCH,3).

Further evidence on (p —> d),-bonding has been obtained by studying the
behaviour of the pairs R3COH/R3SiOH and (R3C),NH/(R3Si),NH as acids. Accord-
ing to current concepts in organic chemistry the acidities of the —OH and —NH
groups should be decreased for the silicon compounds as compared with those of
the analogous carbon compounds because of the greater electronegativity of the car-
bon atom. However, silanols and secondary silylamines were found to be more acidic
than the C-analogous carbinols and secondary alkylamines, resp. These results can be
also explained by additional (p = d),, back donation from the elements nitrogen and
oxygen to silicon, leading to an increased s-character in the g-orbitals of nitrogen
and oxygen, because of the changing of hybridization at N and O from sp> to sp>.

Additional to Si—N, Si—O and Si-halogen bonds, silicon can also form partial
double bonds [¢ + (p —> d),] to carbon. However, such n-interactions are only possible,
if the carbon atom is a part of an unsaturated group (sp2- or sp-hybridization),
¢.g. in phenyl, vinyl and keto groups, etc. This is shown by the following resonance
structures of vinylsilanes [Eq. (2)] and a-silylketones [Eq. (3)]:

Lo I
—Si—C=CZ< «— —°si=C-"C< (2
n |

8
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[::]
ol o
1o |
—8i—C— «— =°8i=C— €))
| |

Spectroscopic data of a-silylketones and the chemical behaviour of vinylsilanes
(addition reactions opposite to Markownikoff’s rule) are in agreement with this
(p—~d), model.

Silicon bound to a phenyl group can also influence the bond system by addi-
tional (p—~d),, back donation from carbon to silicon. In agreement with this model,
p-trimethylsilyl-substituted benzoic acid shows a greater acidity than expected from
inductive effects. Furthermore, p-trimethylsilyl phenol exhibits a greater acidity
than phenol itself, and p-trimethy!silyl aniline shows a decreased basicity as compared
with that of the nonsubstituted compound. This behaviour can be described by the
following resonance structures [Egs. (4) and (5)]:

_S:i—Q_ﬁ_—H -— —e%i:<:>:%vﬂ 4)
_?'P@,ﬁ< -— ﬁ%i@ﬁ( (5)

However, influence on functional groups in organic compounds by a silicon atom is
also possible without (p~>d), interaction. In examples (CH; };EICH,COOH and
(CH;3);EICH,;NH; (El = C, Si) the silicon compound is the weaker acid and the
stronger base. These effects are explained by a o-electron release for the silicon
compounds, caused by the lower electronegativity of silicon.

2.2 Chemical Properties of Carbon-Element and Silicon-Element Bonds

Comparison of Si—El and C—El bonds shows not only differences in their physical
properties but also in their chemical behaviour. From all C—El and Si—El linkages,
described in Table 1, the smallest chemical differences have been found between
C—C bond and Si—C bond. The stability of both linkages toward homolytic fission
is similar, as can be seen from the small difference between the bond energies

(Table 1). However, the heterolytic fission of the Si—C bond usually takes place
more readily than that of C—C bond because of the greater ionic character (compare
differences of electronegativity, Table 1). The splitting can be achicved by a nucleo-
philic attack on silicon and by an electrophilic attack on carbon, or by a more orless
concerted action of both types of attack. But under normal conditions the Si—C
bond is relatively stable to chemical attack, comparable with the C—C linkage. Only
in special cases is reactivity of the Si—C bond increased drastically. For example, an
exceptional reactivity of §-halogenoalkylsilanes R3SiCH,CH, X (X = halogen) was ob-
served. Compounds of this type of structure are generally much more reactive than

9
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the a- or y-substituted compounds towards heat, basic reagents, and AlCl;. The gen-
eral reaction involved with all of these reagents is elimination of silyl halide and the
formation of olefin [Eqgs. (6) and (7)]:

o

(CHs)38i—CH,—CH,Cl 325 (CHg)3SiCl + CH,=CH, (6)
CI(C3Hs)28i—CH,—CH,C1 2113, (¢, H,),SiC1, + CHy=CH, (7)

Other g-functional organosilicon compounds exhibit also abnormal properties. Some
examples for this unusual behaviour (denominated by the collective term Beffect)?”
are given by Eqs. (8)—(11):

[H307)

(CH3)3Si-CHy—CHOH-CH3 — > (CH3)3SiOH + CH,=CH-CH3 (8)
. C,H50H
(CH3)38i—-CH,~CO—CH3 ———>(CH3)3S8i0C,Hs + CH3-CO-CHj3 9
HCI
(CH3)38i—CH,-C0O0~CyHs —— (CH3)3SiCl + CH3—CO0-C,H; (10)
. H>0
(CH3)38i-CH,CN ——>(CH3)3SiOH + CH3CN (11)

Very important is the fact that the Si—C bond is stable against hydrolytic attack.
Only in special cases (e.g. f-functional substituted organosilicon compounds,
Si—Cyyi bonds in the presence of strong acids) does hydrolysis of the Si—C bond
occur.

In contrast to the C—C bond and Si—C bond, the Si—Si linkage has a relative
low thermal stability, in good agreement with the low energy of the Si—Si bond
(Table 1). However, most reactions of the Si—Si linkage are ionic, mainly consisting
of a nucleophilic attack on the silicon atom. Organopolysilanes are relatively stable
towards hydrolysis. However, aqueous or alcoholic solutions of alkaline hydroxides
cleave the Si—Si bond with liberation of hydrogen [Eq. (12)]:

I V (OHQ) | |
—8i-Si—- + 2 H0 — -8i-0OH + -8i-OH +H, (12)
[ | |

In contrast to this behaviour, hexaalkyldisilanes are relatively resistant towards acids.
For example, the reaction of hexamethyldisilane with concentrated H, SO, leads
preferentially to a cleavage of the Si—C bond [Eq. (13)]:

(CH3)3Si—Si(CH3)3 + 2 H3804 — HO—S0;—0—Si(CH3),—Si(CH3)3—0—S0O3—OH + 2 CHy

(13)

However, acids acting on aryl substituted polysilanes lead to a partial cleavage of the
Si—Si bond.

In spite of the small difference in the electronegativity of silicon and hydrogen
(Table 1), most reactions of the Si—H bond are ionic in character, taking place
either by electrophilic attack on hydrogen (which is negatively polarized) or/and by
nucleophilic attack on silicon (which is positively polarized). Because of the reverse
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polarisation the Si—H bond behaves chemically quite differently from the analogous
C—H bond. The Si—-H linkage can easily be cleaved by water, leading to the corre-
sponding silanols (or disiloxanes) and hydrogen [Eq. (14)):

(OH®)

| |
—Si—H + H,0 —Si—OH + H, (14)
| |

This reaction is acid-base catalyzed: alkali catalyzes SiH-hydrolysis more effectively
than acid.

Because of the great differences between the electronegativity of silicon and
halogens, the silicon-halogen bonds have a high proportion of ionic character. For
this reason the Si—F, Si—Cl, and Si—Br bonds are very resistant towards homolytic
fission, whereas they are easily cleaved by means of ionic agents, especially by nucleo-
philic ones. The primary step of most of the reactions based on Si-halogen cleavage
seems to be a nucleophilic attack on the silicon atom, which is able to increase its
coordination number from 4 to 5 and 6. The reactivity of silicon halides with
respect to hydrolytic cleavage reactions decreases in the order
Si—I > Si—Br > Si—Cl > Si—F. The reactivity of Si-halogen bonds is drastically in-
creased as compared with that of the analogous C-halogen bonds. For example, CCl,
is stable against water, while SiCl, reacts vigorously. Important reasons for this gen-
eral behaviour are the following: the greater covalent radius of the silicon atom (as
compared with carbon) and its capacity, to form a pentavalent (or hexavalent) transi-
tion state by increasing its coordination number. These properties of the silicon atom
favour the Si-halogen cleavage by a nucleophilic attack of water (or other agents) as
compared with the reactivity of analogous C-halogen bonds. The hydrolysis of halo-
genosilanes (R38iX) leads to the corresponding silanols (or disiloxanes) and HX

[Eq. (15)]:

R3SiX + HyO —>R3SiOH + HX (135)
X = halogen

As a result of the great differences in electronegativity between silicon and the ele-
ments nitrogen and oxygen, Si—0 and Si—N bonds show a high tendency to undergo
heterolytic fission, but exhibit a relative great resistance to homolytic cleavage. In
contrast to C—0 and C—N bonds, analogous Si—0O and Si—N linkages show only
little resistance towards solvolysis in alcohols and water. Hydrolysis of alkoxysilanes
[Eq. (16)] and aminosilanes [Eq. (17)] leads to the corresponding silanols, which can
condense under suitable conditions to disiloxanes.

R3SiOR’ + H,0 ~—>R3SiOH + HOR' (16)

R 3SiNR’ + HyO —> R3SiOH + HNR} (17)

Such hydrolytic reactions normally take place slowly under neutral conditions.
Hydrolysis of alkoxysilanes is catalyzed by acidic and basic catalysts. Base accel-

crates the reaction much more efficiently than acids do. But since it proceeds by a
nucleophilic attack of the hydroxide ion on silicon, the reaction rate is strongly
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dependent on the steric environment of the silicon atom and on the electronic effects
of its substituents. The acid catalyzed hydrolysis is less sensitive to steric and elec-
tronic effects on the silicon atom, because the first step seems to consist in proton-
ation of the alkoxy oxygen.

The hydrolytic cleavage of the Si—N bond of aminosilanes does not proceed so
fast as compared to the Si—O and Si—Cl bond in similar alkoxysilanes and chloro-
silanes, respectively. However, the hydrolysis can be accelerated by acidic catalysts.

The Si—S bond has some similarities with the Si—O bond. However, its resistance
to cleavage by nucleophilic reagents is considerably smaller. In contrast to the C—S
bond the Si—S linkage very readily undergoes solvolytic cleavage in water and alco-
hols. Silthianes are hydrolyzed even by atmospheric moisture, leading to the corre-
sponding silanols.

3 Main Lines of Research in Bio-Organosilicon Chemistry

As a general principle, organosilicon compounds (compounds containing one or more

Si—C bonds), although not known in nature, can exhibit biological activity. This state-

ment is the most important result of extensive interdisciplinary research in the novel

field of “bio-organosilicon chemistry”, carried out by chemists, biologists, pharma-
cologists, toxicologists, and physicians in the last 10—15 years. Interesting discoveries
for this area are to be expected in the future.

Several tests with silicon containing compounds as therapeutics in human medi-
cine have already been crowned with success. In France certain organosilicon pre-
parations, DNR and RDN (compare Chap. 5.5), are used in the treatment of cardio-
vascular diseases, cancer and virus infections. In the Soviet Union extensive clinical
tests with ointments of 1-(chloromethyl)- and 1-ethoxysilatrane as possible drugs
for treatment of different typs of alopecia were successful (compare Chap. 5.1).
Further clinical studies showed that 1-(chloromethyl)silatrane is also very promising
in treatment of wounds and burns. In a Swedish hospital patients with poorly dif-
ferentiated prostatic carcinoma were treated with 2,6-cis-diphenyl-hexamethyl-cyclo-
tetrasiloxane (Cisobitan®): the clinical study also yielded promising results (com-
pare Chap. 5.3).

A large number of organosilicon compounds with high and specific biological
activity has been synthesized and investigated pharmacologically and toxicologically
in the last years. So far, we can differentiate three main groups of research in the
field of biological active organosilicon compounds:

1. Synthesis and biological investigation of silylated derivatives of well known bio-
active organic compounds.

2. Synthesis and biological investigation of organosilicon compounds, having no
organic analogues at all, or having organic analogues with unknown biological
activity.

3. Synthesis and biological investigation of organosilicon compounds, having ana-
logous sila-substituted structures of organic compounds with well known bio-
activity (- sila-pharmaca).

12
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These three main lines of research, which cannot be separated completely from each
other in all cases, are characterized by their specific formulation of the problem and
by their specific method of investigation. All of them are useful for investigations
of the behaviour of silicon compounds in living organisms. Combination of the three
main lines is the best approach for the development of organosilicon compounds
which can be used therapeutically and prophylactically.

4 Silyl Derivatives of Bioactive Organic Compounds

Most of the silyl derivatives of drugs, described in literature till now, are trimethyl-
silyl compounds, containing a Si--O, Si—N or Si—C bond between the silicon atom and
the drug.

4.1 O- and N-Silylation of Drugs

Silyl derivatives of drugs containing a Si—O or Si—N bond are very easy to prepare.
Special silylating agents?®) (such as trimethylchlorosilane, hexamethyldisilazane, etc.)
can be used to prepare the corresponding silyl derivatives of drugs, which contain
reactive —OH, —NH; or >NH groups. Some examples®® for silylation reactions [pre-
paration of N-trimethylsilyl- and N ,N-bis-(trimethylsilyl)-derivatives of p-toluene-
sulphonamide] are given in Eqs. (18)—(20):

CH 50,—-NH, + (CH,),5iCl * NGy, CH 50,—NH-Si(CH,)
- —_——-—- - — —Si
} : : ¥ — [HN(C,Hg);1C1 3 ? : 3(18)

.

o (NH,);80,
CH;, $0,-NH, + (CH,),SiNHSi(CH,); ———— 2 CHjy SO,—~NH-Si(CH;); + NH,
(19)
. (NH,),80, .
CH, S0,—NH, + 2 (CH;);3SiN(C;H;); ———— CH; S0,—N[Si(CH3)3], + 2 HN(C,Hg),
(20)

The replacement of active hydrogen atoms in drugs by silyl groups leads to a
significant alteration of their physico-chemical properties. A very striking effect is
the increase of solubility in non-polar solvents. This effect has been shown for sev-
eral silyl derivatives of drugs, such as the local anaesthetic lidocaine3?, the antiseptic
thymol®", the antipyretic and analgesic paracetamol? etc. They exhibit an in-
creased lipophilicity, are readily hydrolyzed by water, and may become interesting
objects for pharmacological and toxicological studies, because the altered physico-
chemical properties have an influence on the pharmacokinetic parameters of these
compounds. Blocking of polar centres of a drug by silylation and its subsequent
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Table 3. The insect-repellent activity of aminoalkoxysilanes RIOCH ;CH ;N (C4H )11, against
X cheopis34)

No. R n Coefficient of repellent Duration of action
action (%) at the dose (days) at the dose
ig/m2] lg/m?)

s 20 40 20 40

2a H 1 1 60 91 0 0

2b (CH3)3Si 1 1 79 98 1 1

2c (CH3),Si 2 99 94 91 12 30

2d CH;Si 3 86 95 97 5 12

2e Si 4 31 68 92 0 0

gradual hydrolysis in the body fluids may offer a simple and interesting route for
the development of novel prodrugs, which penetrate easily across lipophilic mem-
branes and liberate the parent drug gradually by hydrolysis.

This behaviour was observed with testosteroxy-trimethylsilane (/) in biological
experiments>), The androgenic and myotropic activities of testosterone (/) and
its silyl derivative /b were estimated by a routine assay (21-day-old castrated male
rats; s.c. injection once a day for 7 days; autopsies the day after the last injection).
The silyl compound /b was more active than testosterone itself. This observation
may reflect rapid transport of the silicon compound across the lipid barrier and rapid
cleavage to testosterone.

OR

la: R=H
1b: R=Si(CHy);

0

Lukevics reports®® that silylation of 2-dibutylaminoethanol (22) enhances its insect-
repellent activity against X. cheopis (Table 3). For silyl derivative 2c the coefficient
of repellent action reaches 99% at a dose of 5 g/m?. This effect is accompanied by
prolongation of the repellent action. According to Lukevics, the activity of silyl
derivatives 2b—2e cannot be explained by hydrolysis alone, because this process
forms less active compounds. It appears that the repellent properties are concen-
trated within the molecule of the organosilicon compound itself.

4.2 CSilylation of Drugs

The preparation of silyl derivatives with a Si—C bond between the silicon atom and
the drug is not so easy to realize as compared with Si—O and Si—N systems. In most
cases the Si—C bond must be constructed at the beginning of synthesis. This is shown
for the triethylsilyl derivative (4) of phenethylamine (3) in Scheme 1:
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—CH,—CH—MgBr NBS
(CHsict PCHCetlaMeBr (C,Hs),Si—Q—CH:, —,
, NaCN _ LiAH,
(CHy) Si HBr — e (C;H)Si HCON —— o
(CZH,),Si—Q-CH,—CH,-NH,

Scheme 1. Synthesis of p-triethylsilylphenethylamine

In contrast to O- and N-silylated compounds, C-silylated drugs are relatively
stable against hydrolytic decomposition. For this reason, they have no importance
as prodrugs so far.

However, C-silylated drugs can also exhibit remarkable biological activities. For
example®®), compounds 4 and 5 have a blood pressure lowering activity (cats and
guinea pigs; injection into the left femoral vein), whereas phenethylamine hydro-
chloride itself exhibits a hypertensive activity. 4 shows a stronger effect than 5, both
on lowering the blood pressure and on the duration of activity. The silyl derivatives
6 and 7 (ortho and meta derivatives of 3) have a hyperpressure activity similar to
phenethylamine.

R 3 R=H
4: R=p-Si(C,Hy),

H,~CH,—NH, * HCl 5: R=p-Si(CH,),

37 6: R=0—Si(CHj),

7: R=m~Si(CH,),

These few examples illustrate that C-silylation of drugs can also lead to inter-
esting biological properties, which can be similar or different as compared to the
parent compounds. C-silylation of bioactive organic compounds may become a rou-
tine method in the development of novel drugs.

5 Bioactive Silicon Compounds without Organic Analogues

Investigations of the biological activity of organosilicon compounds which have no
organic analogues at all (or which have organic analogues with unknown biological
activity) may possibly lead to biotropic agents with novel biological activities. But
investigations in this field are very expensive and need luck. They require in the
initial step broad screening techniques (bioassays with whole organisms, isolated
organs or tissues, population of cells, etc.), to estimate unknown biological proper-
ties and to determine the total pharmacological profile of novel organosilicon struc-
tures.
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However, synthesis and biological screening of hundreds of novel silicon con-
taining compounds resulted in the discovery of a large number of interesting bio-
active framework structures, from which only a few characteristic examples are re-
presented in this chapter.

5.1 Silatranes

Silatranes of the general structure & (R = alkyl, aryl, alkoxy, aroxy), which have no
analogues among organic compounds, represent one of the most fascinating classes

of bioactive organosilicon compounds. The theoretical and practical interest is mainly
due to their structural features and to their high biological activity.

Most investigations in this field have been carried out by Voronkov and co-
workers. Comprehensive surveys>®~3® concerning the chemistry and biological pro-
perties of silatranes are given by Voronkov himself. Only the most remarkable and
most important results are represented in this chapter in a condensed form.

Silatranes of type & can be described as caged compounds with pentacoordinated
silicon and tetracoordinated nitrogen. Physical investigations have given evidence of
an intramolecular N-Si coordinative bond. However, a critical analysis®® of earlier
spectroscopic data on silatranes as well as the use of new experimental results (UV-
spectroscopy, Iy, 3¢, 9N, 293i NMR, theoretical estimation of dipole moments,
etc.) show that the degree of transannular interaction between the silicon and nitro-
gen atoms was formerly exaggerated. In particular, the electron density transfer from
the nitrogen atom to silicon is not so large as was previously considered and does
not exceed 0.1-0.2 ¢.

The first synthesis of silatranes has been described by C. L. Frye et al.*® and
Finestone4!- 42}, In the meantime, further simple and convenient methods for the
preparation of silatranes have been found. Some examples [syntheses of 1-phenyl-
silatrane (9), 1-ethoxysilatrane (/8), and 1-(chloromethyl)silatrane (15)] are given
in Scheme 2:

+ (HOCH;CH3) 3N, (OH@)

(C,H50)3SiCgHg

— 3C,HsOH \

e . (\TS
1 _ + (HOCH,CH3)3N, (OH")
Z{(CgH$)SI0 OH o
x [(Ces)Si01s—y O 2y b —— s o 751/
y=0-1.5 0
HOCH,CH2)3N, (OH® /

1 ceHssiHOY, + (HOLH;CH) 5N, ©OF) ’
X - Hzo - H2
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“N
. + (HOCH ,CH3)3N, (OH®) />
C5H50)38iCH,Cl
(C2Rs 0Ol = on o \/ii/o
J|
CHCI 15
o \T
_ + (HOCH,CH,)3N, (OH )
Si(OC;Hs)4 o 0
s ~ 3C,HsOH B 7Si/
!
CH, 18

Scheme 2. Syntheses of silatranes, 9, 15 and 18

The most prominent biological feature of silatranes is the remarkable mammalian
toxicity exhibited by their 1-aryl derivatives (Table 4). Some of them are several times
more toxic than widely known poisons such as hydrocyanic acid and strychnine. At
the same time 1-arylsilatranes are almost harmless for cold-blooded animals, plants,
and microorganisms. For example, frogs are very resistant to 1-phenylsilatrane (9);
doses of 30—40 mg/kg have no effect.

Remarkable is the fact, that toxicity of silatranes varies within extremely wide
limits, being determined mainly by the nature of the substituents R in structure 8
(Table 4). While 1-arylsilatranes are very toxic, 1-alkyl-, 1-vinyl-, and 1-ethinylsila-
tranes are practically non-toxic. 1-Alkoxysilatranes have low toxicity and many of
them can also be regarded as practically non-toxic.

Comparison of the LDs values of 1-phenylsilatrane (LDs, = 0.33 mg/kg),
1-cyclohexylsilatrane (LD 59= 150 mg/kg), and 1 -benzylsilatrane (LDso=1115 mg/kg)
illustrates the strong dependence of toxicity on the substituent R.

Table 4. LD values® of some 1-substituted silatranes (i.p., white mice)

No. R LDSO NO. R LDSO
[mg/kgl Img/kgl
(\\N /> 9:  CgHs 0.93 15: CICH, 2800
10:  pCH3-CgHa (g 16: CH=CH 3000
o) l./o 11:  p-Cl-CgHg 1.7 17: HC=C 3000
7Sl 12: cyclo-CgHyy 150 18:  C;Hs0 3000
| 9-19 13: CgHs~CH, 1115 19: CgHsO 200
R 14: CHj 3000

2 Taken from Ref. 19 for 9, 10 and 13;
taken from Ref.®) for 11,14,16, 18 and 19;
taken-from Ref.3®) for 12, 15 and I7.
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Table 5. Oral toxicity of 1-(p-chlorophenyl)silatrane
for warmblooded animals

Species LDsqImg/kgl
Rats (Norway, laboratory) 1-4

Mice (laboratory) 0.9-2
Sparrows 0.2-0.4
Mallard ducks, pintail ducks 5-10
Monkeys 14.0

The high toxicity of 1-arylsilatranes is already used commercially in the USA.
Marketing of 1-(p-chlorophenyl)silatrane (/1) as a rodenticide began in 197143
It is noted for its high primary toxicity and for its rapid and complete detoxification
in the bodies of the poisoned rodents, so that their corpses are harmless for other
animals. The oral toxicity of 7/, which has been studied with a limited number of
animals, is reported in Table 5.

Numerous other metallatranes have also been tested biologically, but they show
much lower effects than the silicon species. The mechanism of the toxic effects of
silatranes is not clear in all cases so far.

A further interesting biological feature is the broad spectrum of pharmacolo-
gical activity in the series of silatranes. For example, 1-phenylsilatrane (9) is a power-
ful analeptic; sublethal doses (0.02—0.25 mg/kg) after intraperitoneal dosing (white
mice) lead to aneleptic action as evidenced by motor excitation and accelerated breath-
ing. At a dose of 0.35 mg/kg alternating clonic and tonic convulsions occur. 1-(p-
chlorophenyl)silatrane (/1) and 1-p-tolylsilatrane (1 () produce also an intensive
stimulation of the motor and respiratory centres when administered at lower than
lethal doses.

However, 1-(chloromethyl)silatrane (/5) and 1-ethoxysilatrane (/&) exhibit
other biological properties as compared with those of 1-arylsilatranes. Animal assays
showed that both compounds cause complete healing after treatment of wounds.
Clinical tests with 1-(chloromethyl)silatrane ointments, carried out in USSR hos-
pitals, confirm these findings. In addition, ointments containing 1-(chloromethyl)-
silatrane and 1-ethoxysilatrane lead to an increase of hair growth. Extensive clinical
tests with both compounds as possible drugs for the treatment of different types of
alopecia have also been carried out in the USSR with positive results.

5.2 Silicon Containing Amines with Insect-Repellent and Antimicrobial Activity

A large number of nitrogen containing organosilicon compounds with insect-repellent
and antimicrobial activity is reported by Lukevics®®. Biological properties of ana-
logous carbon compounds have not been described so far.

Table 6 shows the insect-repellent activity >* ** of N,N-dibutylaminomethyl-
silanes 20— 26 against X. cheopis. Compound 22 was found to be the most active
agent in this series. At doses of 5 g/m?2, a coefficient of 98% was observed. The long-
est duration of activity was found for the triethoxy compound 24 (28 days at a dose
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Table 6. The insect-repellent activity of N,N-dibutylaminomethyl-silanes
(CH3)3.n(RO)nSiCH,N(C4Hg) against X. cheopis3¥

No. R n Coefficient of repellent Duration of action
action (%] at the dose [{days] at the dose
(g/m?] lg/m?]
5 20 40 20 40
20  (C4Hg)NCH,CH, 1 96 93 93 12 22
21 CH;3CO 1 90 91 95 12 22
22 CyHj4 1 98 98 100 13 20
23 C,Hjs 2 90 96 98 5 10
24  CyHg 3 90 94 75 28 85
25 CHj 3 65 77 75 28 28
26  (CH3)3Si 1 90 97 96 5 10

of 20 g/m?). Several aminoalkyl-substituted disiloxanes also exhibit high insect-
repellent activity, for example compound 27:

(C4Hs),N—CH,—CH,—CH,~Si(CH3) 3—O—Si(CH3) ,—~CH»—CH5—CH,—N(C,Hs),
27

Syntheses and biological investigations of about 250 silicon-containing amines
led to the discovery of several organosilicon compounds with high antimicrobial
activity>* #3547 Some of the most potent agents (28—32) are represented in Table 7.
Some of them exhibit a fungistatic activity (4—3 ug/ml) against Epidermophyton
and Trichophyton which is greater than that of nystatin (7—8 ug/ml). They possess
a wider spectrum of action than antifungal antibiotics and also have antibacterial
properties.

t
‘,‘ 28:NR = NCsHig; R’ = C4Hg
CH3-Si ~CHy—CH,—CH,—NR, 29:NRy =NHy; R'=Cy4Ho
| 30:NRy=NH72;R' =C¢H3
R’ 31: NRy =NH(C4Ho); R’ = CaqHo
28-32 32: NR, = N(C2Hs)2; R = CgHy3

Compounds 33 (2.3—4.7 ug/ml) and 34 (1.2-2.3 pg/ml) were also found to have
tuberculostatic effects on Mycobacterium tuberculosis#?.

C.H, CH,
CHy~$i~CHy—CH,~CH,=N(C;Hy), *HCI CH~8i—CH,~CH,~CH,—Y Y eHCl
C.H, CHs
' 33 34
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Table 7. The minimum concentrations [ug/ml| of (3-aminopropyl)silanes CH3R,Si(CH;)3NR
inhibiting the growth of microorganisms

Test-microbe

No. Candida Epidermophyton  Tricho- Staphylo- Bact.
albicans - Kaufmann-Wolf phyton coccus aureus  mycoides
67/846 41 gypseum (haemolyticus) 537

4/3 209

28 25 12.5 25 2.1 33.3

29 16.7 4.2 8.3 16.6 33.3

30 10.4 10.4 20.9 1.3 2.5

31 10.4 5.2 10.4 0.5 -

32 6.7 5.0 10.4 7.8 -

Nystatin 3.5 6.9 7.8 - -~

5.3 Organosiloxanes

Organopolysiloxanes (silicones) are very important materials for therapeutic appli-
cations because of their good physicochemical properties and their inertness to bio-
chemical processes. For example, silicones are employed as ointments (especially for
burns), prosthetic materials (e.g. replacement of blood vessels), and plastic surgery
(e.g. augmentation of soft tissue or loose skin).

Organopolysiloxanes are also used as ingredients of topical cosmetic formula-
tions, because of their blandness and their capacity to impart water repellency and
lubricity to treated surfaces. Compounds, used in this field of application, are mainly
low molecular weight organopolysiloxanes.

However, not all organopolysiloxanes are inert to biochemical processes
Toxicological studies on several polysiloxanes resulted in biological effects for a cer-
tain experimental cosmetic formulation, which can be described as an equilibrated
copolymer of mixed cyclosiloxanes containing at least one phenyl group per cyclic
oligomer. The structures concerned have the following general formula 35:

48—60)

Me = CH3

S1; x+y=3tc8
Ph=CegHs - X ¥7°%

cyclic[(PhMeSiO)y(Me,SiO)y]
35

Subchronic studies*® in rabbits treated dermally with 35 resulted in testicular
atrophy and spermatogenic depression. The material is also active, when applied by
the oral route. Toxicity and reproductive studies in male rats and monkeys showed
that 35 is likewise active p.o. in rats and monkeys but inactive in monkeys when
administered dermally at daily doses over an extended period of time. Further stud-
ies’® showed that 35 interrupts the normal oestrous cycle in mature female rats.

In the light of this biological activity, a program was initiated to study various
compounds of 35, which were either isolated from the mixture or synthesized as
pure chemical entities. Syntheses and biological investigations of chemically related
compounds were also carried out.
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As a result of these studies, a series of low molecular weight organosiloxanes,
which depressed the reproductive function in the male mouse, rat, and rabbit, were
found among phenylmethyl-substituted linear disiloxanes, linear trisiloxanes, cyclic
trisiloxanes and cyclic tetrasiloxanes®!* 52, The spectrum of activity includes testi-
cular atrophy and weight reductions in ventral prostate, seminal vesicle, and vesi-
cular fluid. Cyclic siloxanes are more active than corresponding linear siloxanes. Cy-
clotetrasiloxane is the most active cycle. Phenyl-heptamethyl-cyclotetrasiloxane (36)
was found to be a very powerful androgen depressant; however, the presence of an
additional phenyl group in the cycle enhances the activity if the two phenyl groups
have cis-configuration: 2,6-cis-diphenyl-hexamethyl-cyclotetrasiloxane (37) is the
most active compound investigated. The controlled synthesis®! of the isomers 37
and 38 is described in Scheme 3. X-ray crystallographic investigations®? revealed
that the biologically active cis-form has a “boat” conformation in the solid state
whereas the trans isomer has a “chair” conformation of the eight-membered tetra-

siloxane ring. Me Ph
€
\ /

Ph Me Ph Me ~Me

HO—%Ii—O—gi—-O—gi—OH + Cl—éli—-Cl
Me

Me e e

meso and racemic
Me = CHy; Ph = CH,

+ 2 N(C,Hy),

—2N(C,Hy),+HCI Me li

o N

(E\Me

o b

37: cis-diphenyl
38: trans-diphenyl

Scheme 3. Synthesis of 2,6-cis-diphenyl-hexamethyl-cyclotetrasiloxane and its trans-isomer

Several low molecular weight organosiloxanes were also examined for effects
in the immature female rat>3 59, The parameters studied include changes in uterine
weight, production of uterine hyperaemia, and uterine histology. Several compounds,
which were previously found to be androgenic depressants, showed oestrogen-like acti-
vity:phenylmethyl-substituted linear disiloxanes, linear trisiloxanes, cyclotrisiloxanes,
and cyclotetrasiloxanes. Cyclotetrasiloxanes as a group possess the greatest potency
of any of the compounds tested. Phenyl-heptamethyl-cyclotetrasiloxane and diphenyl-
hexamethyl-cyclotetrasiloxane are the most active ones. The biological activity is
correlated with high stereospecifity: 2,6-cis-diphenyl-hexamethyl-cyclotetrasiloxane
(37) is the most active compound, being approximately 100 times more potent than
the isomeric 2,6-trans-diphenyl-hexamethyl-cyclotetrasiloxane (35).

M{ yc P{ Me Ph Me
o /Si—O\Si/Me o /Si—O i/Me Si—O\S./Me
1.

l “Me , |\Me “Me
Me-_ I Me~|. Me |
M >Sl\ /O M 1\ O M P

¢ O—5§, ¢ O—Si\/ " No—si”

36 Me Ph 37 Me Ph 38 Ph Me
Me = CH, (Cisobitan®)
Ph=CgH,
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Suppression of the male endocrine system by 2,6-cis-diphenyl-hexamethyl-cyclotetra-
siloxane was extensively investigated by LeVier®® and Bennett® 0,

37 was shown to have oestrogen-like antigonadotropic activity (orally administered)
in the mature male rat, as evidenced by decrease in plasma testosterone, decrease in
accessory tissue weight, pituitary enlargement, alterations in pituitary content of
follicle-stimulating hormone, luteinizing hormone, and prolactin, and the effects
of replacement therapy with androgens and gonadotropins.

LeVier also investigated®>) the hormonal and antifertility activity of 2,6-cis-
diphenyl-hexamethyl-cyclotetrasiloxane in the female rat. The compound was found
to be a perorally active oestrogen in the mature castrate rat: about 1.0 mg/kg is equiv-
alent to 0.005 mg/kg oestradiol benzoate (given subcutaneously) used as a maximum
stimulatory dose in an uterotropic assay. 37 is an effective peroral postcoital anti-
fertility agent when administered at 0.33 mg/kg on day 15 of gestation and 3.0 mg/kg
given on day 1 of gestation. The primary effect appears to be accelerated passage of
ova to the uterus and induction of ovum destruction in the oviduct.

2,6-Cis-diphenyl-hexamethyl-cyclotetrasiloxane and its trans-isomer were also
found to increase the brain dopamine content of animals®”. A dose of 1—100 mg/kg
37 or 38 given daily over a period of about 7 days (orally or intravenously) is effec-
tive, depending on the species, the specific mode of administration, the carrier used,
and the amount of increase that is desired.

Biochemical effects of the non-steroidal oestrogen 2,6-cis-diphenyl-hexamethy!-
cyclotetrasiloxane (Cisobitan®) were also investigated in man5®). Pharmacokinetic
and clinical studies have been performed at Radiumhemmet, Stockholm, in patients
with poorly differentiated prostatic carcinoma. The pharmaceutical preparation was
made as a soy bean oil solution in soft capsules containing 100 mg Cisobitan® per
capsule.

In randomized series either Cisobitan®, 100 mg 3 times daily, or Estracyt®
(oestramustine phosphate), 300 mg twice daily, was administered orally. As a result
after some months (at least 3 months), general condition improved markedly and pain
disappeared in the majority of patients in both groups. No drug-related changes in
blood chemistry, kidney function tests, haematology or liver enzymes could be de-
tected. An increase in acid and alkaline phosphatase in both groups was found but
was more pronounced after giving Cisobitan®. In both groups FSH and LH values
were depressed.

Interesting is the fact that during the clinical tests a palliative effect was noted
in the form of pain relief®. Thus, Cisobitan® and closely related structures were
examined for analgesic effects. No activity in mice or rats was found when tested
in the hot plate and electro shock models for analgesic activity. However, Cisobitan®
was active in a p-benzoquinone-induced stretching model where an increase in stretch-
ing rate or hyperalgesia was noted rather than analgesia. This unusual inverse relation-
ship between the effects of Cisobitan® on pain perception in prostatic cancer patients
(analgesia) and in laboratory animals (hyperalgesia) appears to be somehow related
to oestrogen and/or antigonadotropin activity.

The metabolic fate of Cisobitan® is reported by Vessman et al.>®). Although the
compound is highly lipophilic and nearly water insoluble (solubility: 3 ug/ml), it is
eliminated primarily via urine and faeces after peroral administration. Analysis of
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urinary extracts from the rat, monkey and man revealed the presence of the four meta-
bolic products 394, 40a, 41a and 42e, which were all identified in form of their tri-
methylsilyl derivatives 395, 40b, 41b and 42b, respectively.

The quantitative analysis was performed with the technique of gas chromato-
graphy/mass spectroscopy. A radioactive sample of Cisobitan®, which was labelled
with 14C at the geminal methyl groups and which was hexadeuterated in the 4 4-
dimethyl-siloxy position, was used for this investigation. Silylation of the meta-
bolic products was carried out with hexamethyldisilazane.

&
RO~ éi—OR RO— |i-OR QOR

H3 CH:;

3%: R=H 40a: R=H 4la: R=H
39b: R=Si(CH,); 40b: R =Si(CH;); 41b: R = Si(CH;),

o
RO—Si—0—Si—OR
CH; CH,

42a: R=H
42b: R=Si(CHj)s

5.4 Diphenylsilanediol and Related Anticonvulsant Silicon Compounds

According to the rule of Erlenmeyer, compounds of type 43a with two hydroxyl
groups bound to the same carbon atom are not stable and prefer to transform into
ketones. The very few organic geminal diols that are isolable are those which carry
strongly electron-attracting substituents at the carbon atom.

However, analogous diorganosilanediols 43b are relatively stable compounds.
For example, diphenylsilanediol (44), having no carbon analogue, is an isolable crys-
talline compound, which is easy to prepare by hydrolysis of diphenyldichlorosilane,
diphenyldialkoxysilanes, and other diphenyl-substituted hydrolyzable silanes. 44
was synthesized for the first time by Kipping as early as 191263),
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Recent reports ascribe anticonvulsant properties to diphenylsilanediol (44)°% % 6%,
The wide range of action could be demonstrated by its activity against sejzures pro-
voked by electroshock and chemoshock: 44 has a peak EDsq of 25 mg/kg (given
orally) versus maximal electroshock-induced convulsions in mice and rats. The LDs,
value in mice and rats [intraperitoneal, suspended in methocel] was found to
be 2500 mg/kg. Death is preceded by prolonged loss of righting reflex (acute loss
at 300 mg/kg). 44 exhibits activity against convulsions provoked by injection of
pentylenetetrazol, strychnine or picrotoxin. Its activity is comparable to that of
primidone in dogs with idiopathic epilepsy.

The action of 44 appears to be similar to that of the anticonvulsant diphenyl-
hydantoin (45). Attempts have been made®® to correlate the stereochemical and
biological features of 44 with those of chemically different anticonvulsants such
as diphenylhydantoin, diazepam, procyclidine, trihexyphenidyl, and ethylphen-
acemide.

Several silicon compounds related to the structure of 44 have also been found
to be active in the mouse electroshock test. Some examples are given in Table 8.
44 was the most active agent in this series. It can be seen that increasing as well as
decreasing the number of pheny! groups, and hydroxyl groups resp. leads to an de-
crease of anticonvulsant activity. Compounds 46—52 are capable of hydrolysis in
vitro, and presumably in vivo, to give 44. They appear to be inactive themselves as
anticonvulsants but rather act as prodrugs to form the active diphenylsilanediol.
Whereas 44 is active immediately after intravenous administration, the non-silanol
precursors become active only 1530 minutes later. Furthermore, activity of these
compounds appears to be related to their hydrolysis rate, as can be seen for the
dialkoxydiphenylsilanes 47-50.

Table 82. Effects of silicon compounds 44 and 4657 in the electroshock testP

No. Compound EDsq for protection [mg/kg]
Time after dosing [hours]

2 4 6
44 (CgHs),Si(0H), 25 37 60
46 (CgHs),SiH, 28 25 28
47 (CgH35),5i(0CH3), 39 26 52
48 (C6H5)2Si(OCH2CH3)2 33 44 53
49 (CgHs)2Si(OCH,CH,CH3) 2 >1000 89 32
50 (CgH5)2Si(OCH,CH,CH,CH3) >1000 >1000 >1000
51 (CeHs)4Si(NH3) 2 56 68 100
52 (CeHs5),Si(0OCOCH3) 5 34 40 50
53 CgHsSi(OCH3) 3 560 300 160
54 (C¢Hg)3SiOH 105 60 110
55 CgHs(CH3)Si(OH)4 80 110 80
56 (Cg¢H35)2CH3SiOH 80 149 80
57 CgH5(CH3),S5i0H 118 135 110

3 Taken from Ref. 69,
b Compounds were given orally in sesame oil at dosages from 10 to 100 mg/kg to male mice.
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Remarkable is the fact that diphenylsilanediol and its hydrolyzable prodrugs
show a relative wide range between anticonvulsant and neurotoxic dose levels.

Pharmacokinetic studies (e.g. plasma levels in dogs after peroral or intravenous
application, tissue distribution in the rat after intravenous administration) with 44
in several animals have been carried out using '*C-labelled diphenylsilanediol and
high pressure liquid chromatography. The elimination half-lives were found to be
1.7 h in mice, 7.2 h in rats, and 6.5 h in dogs after peroral application.

Preliminary studies of the metabolism of 44 in dogs resulted in the metabolites
58 and 59. Additionally, appreciable amounts of diphenylsilanediol could be isolated
from both bile and urine. It is not clear so far whether these compounds are excreted
as conjugates or not.

OH OH OH
ot oL

bu ou

58 59

5.5 Methylsilanetriol and Dimethylsilanediol

Silicon levels in various organs of man were measured by Loeper et al.®”. Tendons
and aorta possess the greatest content (Fig. 1). A marked decrease in average silicon
content in the aorta is observed with age, leading to the hypothetical conclusion that
this decrease is an alteration accompanying atherosclerosis.

According to Loeper et al., who have studied the role of silicon in human and
experimental atherosclerosis®”, silicon has a protective function for the artery by
decreasing the atheromatous deposits and by conserving the integrity of the elastic
tissue and the connective tissue.

On this basis a “silicon therapy” was developed in France. Two silicon con-
taining preparations, DNR (60) [complex of potassium methylsiliconate with sali-
cylic acid (or with other oxycarbonic acids)} and RDN (67) (cyclic ether of dimethyl-
silanediol and glycerol), are used in the treatment of cardiovascular diseases, cancer
and virus infections. Investigations in this field have been carried out by N. Duffaut,
J. Loeper, J. Janet, C. Rager, et al. (original literature cited in Ref.!?),

200

t A b ¢ d
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\R‘\ Hing ;a Fig. 1. Silicon levels in the organs of
\:\\i H:”:;;/ e ¢ man. (g, aorta; b, spieen; ¢, tendon;

e
tt\\\ |||||55$2 | g h d, muscle; e, adrenals; f, pancreas;
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NS 7 j Ordinate: silicon in ug/100 mg of
SWHHE 54 nitrogen. Bars, mean + S.E.); taken
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,O—CH,

CH3Si(OH),0K - n RCOOH - mH,0 (CH3),8i{ |
0—CH — CH,0H

60 61

Further clinical studies®® have shown that preparation 62 (i.v.,im., per os and
local administration) is active in painful polycystic mastopathies, probably by regen-
eration of breast connective tissue. In the course of treatment pain disappeared, the
gland became supple again, the nodules diminished in size and there was often massive
regression of macrocysts.

COOK
CH,Si(OH), » O: ,n H,0
OH

62

6 Sila-Pharmaca

6.1 Comparison of Structures (=C),C and (=C),Si

According to Chap. 2, structures 632 and 63b exhibit differences in size, in polar-
isation of certain bonds (e.g. C—C/Si—C), in basicity (or acidity) of organofunctional
substituents (e.g. = C—CH,—N</=Si—CH,—N< ) and in chemical reactivity (e.g. o=, p-
and y-effect). Additional effects are possible in the case of aromatic substituents R
[(p—>d), interactions of the silicon containing systems].

Rl R2 Rl R2
>C< >Si< R = aryl and/or alkyl (substituted
R? R? R3 R4 or not substituted by functional groups)
63a 63b

Differences in physical, chemical and stereochemical properties can be manifested
in different bioactivities, if these parameters influence absorption, distribution, me-
chanism of the molecular action, biotransformation reaction and excretion.

Syntheses and biological tests of several silicon analogues of known bioactive
carbon compounds were therefore carried out. The first investigators in this field
have been Fregert/Rorsman and Fessenden et al.

6.1.1 Silicon Containing Carbamates with Muscle Relaxant Activity

An extensive study of Fessenden®® is concerned with biological effects of twelve
pairs of carbamates (64a/64b—75a/75b) (Table 9), each pair differing by only one
atom (silicon in place of carbon). The most prominent of this series is the centrally
acting muscle relaxant and tranquilizer meprobamate (664).

Syntheses of 66a and its silicon analogue sila-meprobamate (665b) are described
in Scheme 4.
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Table 9. Pairs of carbamates 64a2/64b— 752/75b and silicon containing carbamates 76—78

Compound No.
(CH3),E{CH,0CONH )5 64
CH;3(C,H3)EI(CH,0CONH), 65
CH3(n-C3H)EI(CH,0CONH ;)5 66
CH3(]1~C4H9)E[(CH 2OCONH2)2 67
(CH3),EI(CH,0CONH )CH,CH,CH,0CONH, 68 2 El=C
(CH3)3EICH,0CONH, 69 b'_ El = i
C,Hs(CH3),EICH,OCONH 5 70 PR
n-C3H4(CH 3),EICH,0CONH,, 71
n-C4Hg(CH3),EICH,0CONH 72
(CH3)3EI(CH,),0CONH, 73
(CH3)3El(CH3)30CONH, 74

(CH3)3EI(CH ) ;O0CONH 75
CeH5(CH3)28iCH,OCONH, 76
CeHsCH2(CH3),8iCH ;0CONH, 77

CgH5CH,CH 5(CH3),8iCH,0CONH 5 78

The carbamates were tested (intraperitoneal application) using mice for acute
toxicity. For sublethal activity the rotating rod test and the extension of hexobar-
bital sleeping time was used.

Each pair of compounds tested, with one exception, was essentially equivalent
in their acute toxicities (compare Table 10). 73b (450 mg/kg) and 73a (32 mg/kg)
differed by a factor of ~10 in toxicity.

Table 10. Toxicological and pharmacological properties®® ) of 64a/64b—75a/75b and 76— 78

Compound LDsg¢? EDsoP Compound LDgg? EDsgq"
(mg/kg) (mg/kg] [mg/kg] [mg/kg]
64a >1000 >500 71a 580 81
64b >1000 >500 71b 400 70
65a >1000 ~900 72a 630 135
65b >1000 339 72b 560 110
66a 700 176 73a 32 ¢
66b >1000 158 73b 450 69
67a >1000 215 74a 670 120
67b 900 203 74b 470 61
68a >1000 >630 75a 600 139
68b >1000 238 756 420 118
69a 560 92 76 400 111
695 400 92 77 >1000 318
70a 530 81
70b 600 59 78 >1000 308

3 Calculated after 48 hr after administration (white mice, i.p.).

b Rotating rod test (white mice, i.p.).
€ No activity was noted at sublethal levels.
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COO—C,H; 1.)NaOR COO—C,H, 1)
| 2.) n—C,H,Br | 2.) CH;l
CH, ———— H-C—CH,~CH,—CH,

I
CO0-CH; CO0—C,H,

CH,—OH ) COO—C,H;
LiAlH, |
CH;~C~CH,~CH,~CH; *——"— CHy~(~CH,~CH,~CH,

CH,—OH CO0—C,H,

clﬂz—o—coa CH,~0—CO—NH,

NH

CH3—(|3—CH2~CH2—CH3 — 2 = CH,—C—CH,~CH,~CH,  66a
CH,—0—CoCl CH,~0-CO—~NH,

CH CH,CI CH,CI
72 Cl/uv > n—C,H,MgBr e
CH,—SIi—Cl —— CH;-Si-CIl ——————» CH,-Si—CH,—CH,—CH,

CH, CH,Cl CH,C

HOAc/KOQAc

CH,—OH CH,~OAc
I LiAlH, I
CH;—Si—CH,—~CH,~CH; «+——" CHa—Sli—CHz—CHz—C}h

CH,—OH CH,—0Ac

CH,0c0C!
CHN

CH,~0=CO0—CHj - CH,—0—CO-NH,
CHJ—S]i—CHZ—CHz-CH3 — 2 & CH,-Si—CH,~CH,~CH,  66b
CH,~0-CO0~C4Hj CH,~0—CO-NH,

Scheme 4. Syntheses of meprobamate and sila-meprobamate

All compounds, with the exception of 64a, 64b and 654, exhibited sublethal
activities in the rotating rod test. The phenyl-substituted derivatives 76, 77 and 78
also showed muscle relaxant activity of a short duration’® when tested by the same
animal model (cf. Table 10).

Comparative studies of the pairs 64a/64b—75a/75b resulted in similar pharma-
cological effects for the corresponding silicon and carbon compounds, with only a
few exceptions: approximately 45 minutes after dosing with 734, the animals became
convulsive, while animals dosed with 73b showed only ataxia lasting for approxi-
mately 10 minutes. 652 and 655 exhibited a significant difference in sublethal acti-
vity too; the carbon compound (65¢) showed no activity in the rotating rod test,
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while the silicon analogue (65b) exhibited a measurable effect. 68z and 685 showed
also great differences in their activities. However, the other pairs of compounds tested,
were essentially equivalent in their sublethal activities or showed only small signifi-
cant differences.

Remarkable is the fact that 732 and 73b, showing the greatest difference in sub-
lethal activity and toxicity, exhibit the same action under invitro conditions. Both
compounds were found to be antagonists of the muscarinic activity of acetylcholine
and carbachol 7", The dose-response curves of acetylcholine antagonized by 73
and 73b were identical within experimental error.

Very interesting is the comparison between sila-meprobamate (66b) and mepro-
bamate (66a). Using i.p. application, these compounds do not differ in their effective
doses but show a different duration of activity: the carbon compound acts four times
longer than its silicon analogue. This pair also differs, when administered orally; in
contrast to meprobamate, sila-meprobamate exhibits no appreciable activity (rotating
rod test).

This difference could be due either to a lack of absorption of sila-meprobamate
when given orally or to a different detoxification pathway. Fessenden und Ahifors,
who investigated the metabolic fate”® of 64b, 66b and 71b after peroral application
in rats, could show that sila-meprobamate is absorbed from the gastrointestinal tract.
After oral application of 665, 60—90% of the ingested silicon was found in the urine
within 3 days. On the basis of spectral evidence, Fessenden postulated the structures
79 and 80 for the isolated metabolic products (Scheme 5):

R
CH,—éi-—-CH;—CHOH—CH3 major
R | R
CHy—Si~CH,~CH,~CH, metabolism 79 R = CH,~O—CO—NH, .
R R R
66b CH 3—S'i—0—éi—CH3 minor
R R
Scheme 5. Metabolism of sila-meprobamate in rats 80

The major metabolite 79 is analogous to the major detoxification product &/
of meprobamate itself. Metabolism of meprobamate leads to compounds 8/, 82 and

83 (Scheme 6):

R
— CH,—CI-—CH2—CHOH—CH3 major
R
81
R R
(‘H3—CI—(‘H,—CH2—CH3 _metabolism |__ ! oy _co_CH, R=CH,~O-CO-NH,
R R
66a 82
R
L—cn,—c:—cu —CH,—COOH

Scheme 6. Metabolism of meprobamate in rats R 83

29



R. Tacke and U. Wannagat

Although evidence is lacking, Fessenden and Ahlfors supposed that the dealky-
lated metabolite 8f) was actually silanol 84, which would readily condense to 80
under conditions employed for isolation. Silanol &4 is perhaps a dealkylation pro-
duct, which is generated by “g-decomposition” after an oxidative process 3 to silicon:

R - R
CH:,—S:i—CH,—CHz—CH3 _oxidation_ CH3—S:i—CH2—8H—CH3 +:;0
R R
66b
R
CH,-%i_OH + CH,=CH—CH,
&
84
; L
2CHy-$i-OH —oe CHy=$i=0-8i-CH,  R=CH,-0-CO-NH,
R R R
84 80

Scheme 7. Rationalization of the formation of metabolite 80

Investigation of the metabolic fate of compounds 646 and 7/5 led to the following
results: After peroral administration of 7/b in rats, about 90% of the ingested silicon
could be detected in urine within 4 days. In the ethyl ether extract of the urine, no
unchanged 7/b could be found. In the ethyl acetate extract the dealkylation pro-
duct 85 was detected (29% of ingested sila-carbamate 7/b):

CH, CH, CH,
] metabolism | |
R—Sli—CHZ—CHZ—CH;, —_— R—Sli—O—-?i—R R = CH,~O~CO—NH,
CH, CH, CH,
71b 85

Scheme 8. Metabolism of 715 in rats

However, no metabolites were observed for compound 64b. About 70% of the in-
gested silicon could be detected in urine within 2 days. 53% of the applied sila-
carbamate 64b was isolated from urine as the crystalline unaltered compound.

6.1.2 Metabolisms of Phenyltrimethylsilane, Phenyldimethylsilane, and their
Carbon Analogues

Fessenden investigated the metabolic fate” of phenyltrimethylsilane (86b) and

phenyldimethylsilane (875b). The metabolisms of the corresponding carbon ana-

logues t-butylbenzene (864) and isopropylbenzene (87az) have been reported earlier
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by other authors: after being given orally to rabbits, 86« and 87a are hydroxylated
on the alkyl groups and are eliminated as glucuronide conjugates or as higher oxi-
dized products (cf. Scheme 9). Aromatic ring-hydroxylated metabolites were not
reported. However, according to Fessenden preliminary evidence indicates that ring
hydroxylation also occurs with 864, when given to rats.

?H:; ?Ha
86a: EI=C 87a: El=C
EI—CH El-H

Q| > 86b: EL=Si Q, 87b: El=Si
CH, CH,

After peroral application to rats silicon compounds 86b and &7b were absorbed
and subsequently eliminated in the urine as both phenyl- and methyl-hydroxylated
metabolites. Metabolic studies of 86b and 87b were carried out with the ['*C]methyl-
silicon label.

After peroral administration of 86b, 32—40% of radioactivity appeared in the
urine within the first 24-hr period. Another 8—20% appeared during the second
24-hr period, and activity decreased to trace amounts after the second day. Three
radioactive metabolites, (hydroxymethyl)dimethylphenylsilane (88), p-trimethyl-
silylphenol (89), and an unknown conjugate of 90, could be isolated and character-
ized (cf. Scheme 9). Metabolism of 87b leads to silanol 97 (90% in the urine within

CH, ) CH,4 .
| rabbit | © = glucuronide
C—CH, —» C—CH,0-©)
(LH; ClH3 @ = unknown conjugate
86a ~90%
CH,
| rat
@*SIi—CIh — @—S] CH,OH + HOOSL—CHJ QSI—CH:O—@
CH,
86b 88 31% 17% 90 35%
(i rabbit i C|H’0_© (OoH
O = Ot O - O
CH, CH, CH, &H;
87a 50% 25% 25%
CH CH CH CH
i rat [ —1/2H,0 i
?1——!-1 —_ Sli—OH — 1/2 .?l -0-— Sll
CH, CH, CH, CH,
87b 91 ~90% 92

Scheme 9. Metabolisms of phenyltrimethylsilane, phenyidimethylsilane, and their carbon
analogues
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6.1.3 Silicon Containing Esters with Different Types of Bioactivity

Further examples for relatively small changes in biological activity caused by sila-
substitution, were found by Henderson et al.”®| who investigated the effect of
acetic acid esters 93a and 93b on the isolated guinea pig ileum. Both, the silicon
compound 93b and its carbon analogue 93b are bioisosters of the neurotransmitter
acetylcholine (94).

i 3 o i
93a: El=C
CH,—%]—CH,—CH,-—O—-C—CH; 93 El=Si CH;—ITJQCHFCHZ—O—C—CPH x°
CH, CH,

94

The spasmogenic activity of 932 and 93b was identified as an indirect cholin-
ergic action. Additionally both esters exhibit a weak anticholinergic and a weak non-
competitive papaverine-like action. Great differences between 93g and 936 were not
observed.

Benzil acid esters 952 and 95b, investigated on the isolated heart of the frog,
are both relative potent anticholinergic compounds.

?H
CH,;— EI*CH,—CHZ—O_C_C 95a: El=
' 956 El= Sl
CH,
Another study”, which is concerned with the biological comparison of four

pairs of compounds (96a/965—992/99b), shows also the close relationship between
certain silicon compounds and their carbon analogues.

A 96a: El=C
H—COO~—(CH,);—ENCH :
Q(f (CH=BCH) . 1= si

NH,*HCI
(CH,);El—(CH,),—~CH—COO—~(CH),~CH(CHy),  97a: EI=C
- 97b: El=Si
(CH,)E1—(CH,),~COO—(CH,);—N(C,H,),CH;0,  J8a: El=C
98b: El=
: =C
(CHy)3EI~(CH,);~COO—(CH ) N(CH)) #CHi0, 000 B C

C¢Hg0, : citric acid

Toxicological investigations (white mice, i.p.) of compounds 96a—99z and
96b—99b indicated that there is no significant difference in acute toxicity between
the silicon compounds and their corresponding carbon analogues (cf. Table 11).

Pharmacological in vitro tests on the isolated guinea pig ileum led to similar re-
sults (cf. Table 11). All pairs of compounds tested, with only one exception, are
essentially equivalent in their anticholinergic activity: in the case of 96a/96b the
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Table 11. Acute toxicities and spasmolytic activities of 96a/96b—992/99575)

Compound LDgq[mg/kg]? EDsg[Mol/l} EDsq[Mol/1] EDsg[Mol/1}
acetylcholine BaCl, histamine
96a 112 ( 106— 118) 5.21 x 10~5 2.59x 105 253x%1075
96b 122( 116— 123) 1.44 x10~5 3.68 x 1073 2.19x10°5
97a 110 ( 86— 141) 2.84 x 10~5 2.43x 1075 259 x 10~3
97b 132( 121- 144) 2.64 x 1075 3.08 x 10~5 2,18 x 1075
98a 1250 (1164-1343) 9.81 x 10~5 5.57x1075 1.36 x 10~5
98b 1450 (1318—1595) 9.33x10°% 3.62x 105 1.07x 1073
994 740 ( 661— 829) 2.85 x1075 3.25x1075 1.29 x10~3
99p 670 ( 632— 710) 2.32x10°5 2.48 x 10~5 1.04 x 10~5

2 Confidence limits (95%) in brackets.

silicon compound was found to be four times more active than the corresponding

carbon compound. Compared with atropine, all these effects are relatively weak.
Against the spasmogens BaCl, and histamine, all compounds exhibit rel-

ative weak spasmolytic actions. Only in the case of pair 982/98b a little, but signifi-
cant difference in the histaminolytic properties was observed: the silicon compound
98b acts stronger than the carbon analogue 98a.

6.1.4 Silicon Containing Amines with Different Types of Bioactivity

Between the sympathomimetic amine /00a and its silicon analogue /00b no great
differences in biological activity have been observed76), although the compounds
differ in their acidities (/00a: pK, =9.73; 100b: pK, = 10.26). ECG and EEG of rats,

CH,

l - =
Bl CcH-cH, 100a: El=C
[ I 100b: El=Si

CH, NH,*HCI

dosed with /00a and 100b (sodium pentobarbital sedation), show qualitative simi-
larities. Toxicities (white mice, i.p.) of both compounds are also very similar (/(?0a:
LDso = 105—~113 mg/kg; 100b: LDsq = 102—107 mg/kg). The synthesis of 100b is
described in Scheme 10:

!
(s'j' CH-cH, ——esMehr il CH-CH, — MMl EH——ca H-CH
~Si—CH~— ——— - —CH-— [ L —

=59 = MgBCl P T veia T ’

Cl Cl al CH, CI
+ Nal | — NaCl
(acetone)
CH CH CH
2 +HCl [ 2 + 2 NH, [
Si—CH—CH, +— i—CH-CH; +—— —— Si—CH—CH,
Lu, NH,eHCL &, NH, ~— [NH,] du, |
1006

Scheme 10. Synthesis of the sympathomimetic amine 100b
33



R. Tacke and U. Wannagat
Further comparative studies””~ 7% have been carried out with N<3-dimethyl-
aminopropyl)-8,8-dimethyl-2-azaspiro[4.5 Jdecane (/(}/a) and N-(3-dimethylamino-

propyl)-9,9-dimethyl-3-azaspiro][5.5 Jundecane (/)2a) and their sila-analogues /01b
and {02b, respectively.

\E( X 101a: El=C

/ N—CH,—CH,~CH,~N(CH,), 101b: El=Si

N 02a: E1=C
102a: =

/El X N—CH,—CH,—CH,—N(CH), 109b El=Si

HiC

HiC

HiC

The hydrochlorides of 1014 and 102a show acute toxicity within the range of
100—-125 mg/kg (LDsg) in rats. Both compounds inhibit completely cancer cell
growth at a concentration of 1 x 10~° g/ml when tested against human cancer cells
grown in tissue culture.

The silicon compounds /07b and 102b exhibit a similar biological activity as com-
pared with their carbon analogues: toxicological tests with /10/b and 102b on rats
result in acute LDsq range of 100—125 mg/kg. When tested against human cancer
cells 701b inhibits complete cell growth at 1 x 1073 g/ml, while 1025 inhibits growth
at [ x 107® g/mi.

Additionally, the dimethiodide of 101b was found to lower the blood pressure
40% at a dosage of 10 mg/kg, tested i.v. in dogs under nembutal anaesthesia. Similar
tests with the analogous carbon compound are not described.

6.1.5 Silicon Containing Carbamates with Insecticidal Activity
Metcalf and Fukuto have shown®® that certain silicon compounds interact with
enzymes in a manner similar to their carbon analogues. Comparative investigations
of /103a and 11)3b on the fly-head cholinesterase resulted in very similar affinities
for this enzyme. The silicon compound /03b acts as inhibitor of fly-head cholin-
esterase with an affinity for the enzyme 0.57 times that of its carbon analogue /03a.

(CH,),El EI(CH,),
0—-CO—NHCH, 0—CO—NHCH,
103a: El=C 104a: E1=C
103b: El=Si 104b: Ei=Si
(CH,),E}—@-O—CO-NHCH,
105a: EI=C
105b- El = Si
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Compound 703b was found to be more active than the isomeric silicon derivatives
104b and 105b. This structure-activity relationship is comparable to that of the
corresponding carbon analogues /04a resp. 105a.
Comparative investigations of insecticidal properties of the analogous compounds
103a and 103b against Culex pipiens quinquefasciatus and Musca domestica also led

to similar results.

6.1.6 Silicon Containing Organophosphorus Compounds with Anticholinesterase

Activity

The toxicity of organophosphoric esters for insects and mammals is associated with
inhibition of cholinesterases. Investigations on the relation between chemical struc-
ture of organophosphoric esters and the inactivation of acetylcholinesterase (AChE)
have revealed that anticholinesterase activity depends to a large extent on the chemi-
cal reactivity of the esters. As a rule, the chemical reactivity of the phosphorus atom
is the single most important property which determines the anticholinesterase acti-
vity of an organophosphoric ester.
Organophosphates phosphorylate AChE by virtue of an electrophilic attack of
the P atom on a serine hydroxyl of AChE, as showr in Eq. (21) for paraoxon (/76):

CZHSO\P 0
s

/N

106

C;H:0

+H-A —= >P
C,H,0 O—Q NO, C,HO

H—A = AChE

(21)

0]

/N

A

+ 1% +

L

1010

101

T

s

/
8 r
N N\e
\o/

e
7 o
N\

NS

\O/

An electron withdrawing substituent attached to the P atom is an important re-
quirement to give a sufficient electrophilic character. Very potent phosphorylating
agents are those which contain leaving groups leading to resonance-stabilized anions.

A good example is the p-nitro-phenoxy group in paraoxon [cf. Eq. (21)].

C,HSO\P 0
C,HLO0-" S0

CH30\P 0
C,H.NH- S0

CH3S\P O
C,H,NH~" ™0

107a:

EN(CH,)
CHada o o7m:
108a:
EI(CH '
CHDs  osp:
109a:
EXCH,) ;
(CHas ) op:

El=C
El=S§i
El=C
Ei=Si
Ei=C
El=Si
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Syntheses (cf. Scheme 11) and comparative biological tests of silicon containing
phosphoric esters /007b—109b and their carbon analogues /072— 109a were carried
out81), Because of (p-»d),, interactions between silicon and aryl groups (cf. Chap. 2),
the p-trimethylsilylphenoxy group should be a better leaving group for phosphoryla-
tion than the p-tert-butylphenoxy group. According to this concept, the silicon com-
pounds 707b—109b should exhibit a greater anticholinesterase activity than their
corresponding carbon analogues /0)7a—109. Preliminary biochemical in vitro tests
with 10)7a and 107b seem to confirm this hypothesis: After incubation in human
serum for 5 minutes the following ED ¢ values were found (in brackets: 95% con-
fidence limits):
107a: EDgq = 1044 (442.6—2466.4) mmol/l human serum
107b: EDsqo = 158.1 (58.8—424.8) mmol/l human serum
The silicon compound 707b acts 6.6 times more strongly than its carbon analogue
107a. Paraoxon was found to be more active than the silicon compound 707b
[106: EDsg = 20.7 (7.7--55.4) mmol/l human serum]. Further investigations are in
progress.

+ HO—CH4—ECH,), +2 C,H,OH
cn\P O +N(CHy), - Cl\p 0 +2 N(C,Hy),
- /
" Nl — [HN(C,Hy);Cl Cl \OO-EI(Cﬂa)g — 2 [HN(C,H,),]C1
C2H5O\P O
C,H,O0 S0 EICH3),
107a, 107b

CH3X~_ 20  +NaO-CH,~ENCH;); CH3;X<_ O +2 H,NC,H;
4 - N

P . p
C” N0l - —NaCl o \OO-EI(CHJL — [H,NC,H,]CI

CHX_, -0

El=C,Si X=0,8 -— |
C.HNH" \OQEl(Cﬂa)s

108a, 109a
108b, 109

Scheme 11. Syntheses of organophosphoric esters 107a—109a and 107—-109b

6.1.7 Silicon Containing Derivatives of the Antiseptic Phenoctid and the Ganglionic
Stimulant Phenoxyethyl-trimethylammonium

Disila-phenoctid (/10b), containing two silicon atoms instead of carbon, is a silicon
analogue of the antiseptic phenoctid (I 10a). Synthesis of 110b was achieved accord-
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- (I:H3 ?Ha (lszS

CH,—E!l-CH,—E! 0-CH,—CH,2N—CH e 110a: El=
Lo C SR ’@ “ 1106+ Bl s

| CH, CH, C,H,

! 0 o Illa: E1=C
H,~El —~CH,~CH,3N_CH o « El=
s D R ’@ “ 111b: El=Si

L CH, CH,
[ (|7H3 CIH3
] =) 112a: El1=C
CH —El—< >—O—CH —CH,2N—CH, | C!
i R 112b: El=Si
|  CH, CH,

ing to Scheme 12%%)_ The silicon containing derivatives 1716 and 112b were prepared

similarly8?),
1.)+ Mg
i_ﬂ’ o DHCHISICL (L:H3 Hy
S I e Si—CHo—Si—
CH,;—Si—CH,C ~MgCl, CH;~Si—CH,—Si—Cl

CH, H, CH,

ZHs Hs +Bng~®—o —CH,~CH,—N(C,H,),

CH3—Si—CH,~Si O~CH,—CH,~N(C,H), =
3= I 2 IQ 2 2 2Hs), T MgBiCl
CH, CH,

+C1CH,—© CH, 3
- CH;—-él—CH; —@—O—-CH,—CH,—N—CH,@ P

CzHs

Scheme 12. Synthesis of disila-phenoctid 110b

Preliminary biological tests®*) have shown that the sila-analogues 110b, 111b and
112b exhibit similar antimicrobial activity as compared with that of the correspond-
ing carbon compounds /10a, 111a and 112a. Great differences have not been found
so far.

Additionally, pair 7/7/2a/112b was tested on the isolated guinea pig ileum. Both
compounds, which can be regarded as derivatives of the ganglionic stimulant phenoxy-
ethyl-trimethylammonium (7 /3), were found to exhibit similar anticholinergic acti-
vity.

H,

QO—CHZ-CHZQT—CHJ X

CH,
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6.1.8 (p-Hydroxyphenyl)silanes with Different Types of Bioactivity

(p-Hydroxyphenyl)silanes normally exhibit a greater acidity than analogous carbon
compounds, because of (p—~d),, interactions between aromatic groups and the silicon
atom (Chap. 2). This behaviour is possibly the cause of differences in biological acti-
vity, if this physico-chemical property influences the pharmacodynamics and/or the
specific (or nonspecific) action of the compounds on the receptor (or on cell mem-
branes).

The bactericidal and fungicidal activity of p-trimethylsilylphenol (//4b) was
already reported in 195383, This compound (syntheses®3~8%) are described in
Scheme 13) is a silicon analogue of the antiseptic p-tert-butylphenol (//4a):

$H3< > 0 114a: El1=C
CH;~El H a =T

7 114b: E}=Si
CH,

Comparative studies of //4a and /14b with respect to their biological properties
have not been described in the literature up to now. A derivative of /74b, bis-(p-

+ (CHa),SiCl , +2 Na + (CH,)3SiCl
Cl OH — (I O-Si(CHj),
— HCI — 2 NaCl /
(CH,),Si OH = 0 (CH,),Si Si(CH5)
1 - 1 —Si
33 — *(CH,),SiOH” )3 3)3

114b

1.)+ Mg

+(CH,);SiCl + NR 2.)+ (CH,),SiCl
Br o M > Br O—Si(CHs); i
- — (HNR,]C — MgBrCl

Scheme 13. Syntheses of p-trimethylsilylphenol

hydroxyphenyl)dimethylsilane (/155), shows a close resemblance to its carbon ana-
logue 775a. Already in 1961 a cross-sensitation®® between the allergen /754 and
its silicon analogue 7155 (syntheses®”~%%)) was detected. A further (p-hydroxyphenyl)-

3
1 OH 115a: E1=C.
115b: El=Si

silane which was investigated®® with respect to its biological activity is sila-rythmol
(116b). This silicon compound (the synthesis is described in Scheme 14) is an analogue
of the antiarrhythmic rythmol (11 6a):
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OH ]
—H,C _CHy- )
2 B® 116a: El=C

H;C—EI-CH,4 I116b: El=Si

>

Comparative in vitro studies®® on the isolated left auricle of guinea pigs have
shown that both compounds exhibit a depression of contractility of the heart and a pro-
longation of the refractory period. However, in comparison to the antiarrhythmic
ajmaline, the increase of duration of the refractory period is relatively weak. Strik-
ing differences in the pharmacological action of the analogues /762 and 116b were
not observed.

8 Z—L

O 1
eZ—T

However, comparative toxicological investigations®® led to significant differ-
ences in their acute toxicities. After i.p. application (white mice), the following LD,
values were found:

116a: LD = 136 mg/kg; 116b: LDs, = 85 mg/ks

+ C4H4(CH;),SiCl CH, 1)+ Mg
M .
Br y TNR Br O—éi 2.) + C¢H(CH;),SiCl
— [HNR;]C! ’ ] — MgBrCl
CH,
CH CH H
S'. 3 on +H,0 % 3 o i 3
1 - —
] — C¢H(CH,),SiOH l ll
CH, CH, CH,
”C*.* 1 ?@7
N—H,C CH,~-N
] ®
+ 2 HNC,H, o
+ 2 HCHO + 2 HBr H.C$i_CH 2 Br®
—2H,0 ! 3
1166

Scheme 14. Synthesis of sila-rythmol
39



R. Tacke and U. Wannagat
6.1.9 Tricyclic Silicon Containing Compounds with Potential Psychotropic Activity

Compounds of type /77, containing a tricyclic nucleus with a six-or seven-mem-
bered central ring A, a three atom aliphatic side chain (saturated or unsaturated,
linear or branched) bound to the central ring A, and a basic functional group (ter-

SO SR
X R = amino-substituted C3 side chain

117 II{ A = six— or seven—membered ring

tiary or secondary amine) bound to the side chain, exhibit psychotropic activity.
Compounds of this type of structure are widely used clinically as neuroleptics
[e.g. promazine (/18)] and antidepressants [e.g. imipramine ({/19)].

S
COD -
N N

| |
CH,—CH,~CH,—N(CH,), CH,—CH,—CH,~N(CH,),

According to the theory of Stach and Poldinger®?, there is a relationship be-
tween stereochemical structure and character of the psychotropic action of dibenzo
tricyclic drugs: compounds of type /{7 with non-planar tricyclic nuclei exhibit pre-
dominantly thymoleptic action, whereas compounds with more or less planar frame-
works show chiefly neuroleptic activity. Wilhelm®? also proposes that the main
psychotropic activity of tricyclic pharmaceuticals is related to the dihedral angle &
(Fig. 2), which is defined as the angle between the planes of the two benzo groups.
According to this hypothesis, relatively flat molecules (& = 145 + 10°) produce a
neuroleptic effect, whereas a more marked flexure (a ~125°) leads chiefly to anti-
depressant properties,

In addition to the stereochemical structure of the tricyclic skeleton, the con-
formation of the amino-substituted side chain can influence the psychotropic acti-
vity of such compounds. According to the theory of Wilhelm, transmission of the
basic psychotropic activity depends largely on the constellation adopted by the side
chain. However, the main psychotropic action (neuroleptic or thymoleptic) is chiefly
a function of the particular stereochemistry of the tricyclic framework.

Some novel experimental results are in contradiction to the hypothesis of a
stereochemical structure-activity relationship. Two research groups (Corey et al.,
Tacke, Wannagat et al.) are working independently from each other on silicon con-
taining tricyclic compounds with potential psychotropic activity, to bring some light
to this dilemma.

Silicon analogues /20b°37%%) and 1216375 °7 of the antidepressants dimet-
acrine (/20a) and melitracene (/2/a) have been synthesized to study the biological
effects generated by sila-substitution in the central ring A (cf. Fig. 2). Sila-substitution

m Fig. 2. Steric parameter of tricyclic psychotropic drugs: dihedral
= angle a; taken from Ref. 92)
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in the dimetacrine framework and melitracene skeleton should lead to different
stereochemical structures for the sila-analogues /20b and 12156, because of the great-
er Si-C bond length (compared with the C-C bond length) and the ability of the sili-
con atom to interact with the n-electrons of aryl substituents (Chap. 2). Different
constellations of the 3-dimethylaminopropyl groups are also conceivable.

CH H,C CH
e NSO
CO0) OC
N e
CH,—CH,—CH,—N(CH,), CH—CH,—CH,—N(CH,),
120a: E1=C 120b: El=Si 121a: El=C 121b: E1=Si

According to the concept of Stach/Példinger®” and Wilhelm°?, such alterations
in stereochemical structure should result in changed psychotropic activities. To check
this theory, comparative X-ray diffraction analyses and comparative biological tests
are under investigation.

Syntheses of sila-dimetacrine and sila-melitracene are quite different from those
of their carbon analogues, as can be seen from Schemes 15 and 16 respectively:

HC CH,
N/ 1) + NaNH,
CH,COCH/acid 2.) + CICH,CH,CH,N(CH,),
N o N 1.) — NH,
N N 2.) = NaCl

HC\ CH,

o —

CH,—~CH,~CH,—N(CH,),

1.) + NaNH,
BrBr 2.) + CICH,CH,CH,N(CHS), o
1.) —NH;
ﬁ 2.) —NaCl If
CH 2—CH2—CH2_N(CH3)2
HiC CH;
\/

1.)+ 2 n—C,HqLi

4

St 2.) + (CH,),SiCl,

1206 1) — 2 n_C.H,Br
N 2.) — 2 LiCl
CH,—CH,—CH,—~N(CH3);

Scheme 15. Syntheses of dimetacrine and sila-dimetacrine
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H,C CHa

0
I o \/
@CD Sn/HCI CLCD CH.I/KOH ©ic:©
—_— _— -
C
[l Il Il
0 0 0
H.C CH,
\V/ 1.) CIMgCH,CH,CH,N(CH ),
Lo —
/c
HO &HZ—CHFCHrN(CHa),
HiC CH,
\C/
HCJCHCOOH @ D
I
CH—CH,—CH,—N(CH;),
12Ia
HC CH,
‘ cl a 1.) Mg %1/ .
@ D 2.) (CH,),SiCl, ©: :@ CrO,;/CH,COOH
L B et bl
CH, CH,
HC CH; H,C CH,
\_‘/ 1) CIMeCH,CH,CH,;N(CH5), \Si
COO SO0
C
/! [l
HO' CH,—CH,—CH,—N(CH,), o
H{ CH,
\S/
SOCl,/pyridine L E:’: ‘D
C

CH—-CH;—CHZ-—N(CH3)2
12ib

Scheme 16. Syntheses of melitracene and sila-melitracene
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Side chain derivatives 722 — 128 of sila-dimetacrine were synthesized®> *¥ ana-
logously to 120b.

HC CH,
\/ 122: R=CH,—CH,—~CH,~N )

Si
@ D 123: R=CH,—CH,—CH,—N(C,Hy),
N

| 124: R= CH,—CIH—CH,—N(CHQ,
R CH,

122-128 125: R= CHZ—CI}
NCH,
126: CH,—CH,~N(CH,),

127: CH;—~CH,—N
128: CH,—CH,~N )

Additionaily, further derivatives of sila-dimetacrine [compounds with other
substituents bound to the silicon bridge atom (/29-1317), compounds with a seven-
membered central ring containing a Si-Si bridge (/32—134), compound /35 with a
chlorine atom bound to the tricycle] and sila-melitracene (compounds /36 and 137)
were synthesized®3 9%

X 129: X = Si(CH;)C H
130: X =Si(CHy)H
N 131: X=Si(CH;)OH

!
CH,~CH,~CH,—N(CH,),
129131

H, CHa
3c\£ _CH,

—~Sl 132: NR,=N(CH,),
133 NR2 N(Cszh
N 134: N 2= N >

I
CH,—CH,—CH,—NR,

132—134
H3C\ /cl-l3 3C CH:
St S‘ 136: R=H
137: R=0H
rf Cl
CH,~CH,~CH,—N(CH3), R’ CH,—CHZ-—CHQ—N(CH3)2
135 136,137
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Corey et al. also report compounds (137—140)°") related to sila-melitracene,
and dibromo derivative /47°® | related to sila-dimetacrine.

H3Q CH; HC CH,
\/
:@ 138: R=0OH O O
139: R=Ci |
| ]
CH3 CH3
138,139 140
HC CH,
\/

CH,~CH,~CH,—N(CH,),
141

Compounds 142149 were also prepared by Corey et al.%8 99,

CH3
142: R
143 R

JC CH2~CH2—CH2—N(CH3)2
142, 143

@: 144: X=CH,—CH,, R=CH,
145: X =CH,—CH,, R = C,H,

146: X=CH=CH, R = C,H;

Br

1
T

HC CH:-CHz—CH —-NR, 147: X=CH,,R=CH,
144—147
3(‘ CHJ H3C CH3
‘j) (3‘;‘
‘T T
CH, CH,
148 149
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Table 12. Comparison of dihedral angle « in the
tricyclic compounds 122, 128, 132, 144,
147 and 148

Compound Dihedral angle o (°) Ref.
between benzo groups

122 154.1 93)
128 Molecule A 143.9 93)
Molecule B 147.4
132 113.1 93)
1444 141.8 100)
147° 1321 101)
148 99 97)

4 As hydrochloride hydrate.
b As hydrochloride.

X-ray diffraction analyses of some tricyclic silicon containing compounds with
potential psychotropic activity have been carried out®3 100 101 The experimental
dihedral angles o are summarized in Table 12.

The HCI salts of 144, 145, 146, 147 as well as the fumarate salt of /49 have
been tested for CNS activity and exhibit similar patterns of activity, however, the
potency is less than that of standard pharmacological agents used for comparison.
The neutral base /48 was found to be inactive.

Preliminary in vitro studies with dimetacrine (120a) and sila-dimetacrine
(120b) on the isolated guinea pig ileum have shown that both compounds exhibit
weak histaminolytic and anticholinergic activities. Comparative studies for psycho-
tropic activity are in progress.

6.2 Comparison of Structures (=C);Si—0C= and (=C);C—-0C=

According to Chap. 2 ether bonds (C—O~C) are very resistant to hydrolytic decom-
position, whereas Si—0—C bonds (for example in alkoxysilanes and aroxysilanes)
can readily be cleaved by water, particularly in alkaline medium. Replacement of

a carbon atom in drugs containing C—O—C units by a silicon atom

(R3;C—-0-CR;~ R3Si—0—-CR 3) should lead to bioactive silicon compounds with
bioactivities similar to their analogous carbon compounds. But the sila-pharmaca will
differ in duration of action because they can be hydrolyzed by the surrounding water
of the biological systems. The rate of hydrolysis in such Si—O—C containing com-
pounds will be influenced to an extent depending on the nature of the substituents,
bound to the silicon and to the carbon atom.

Sila-pharmaca with a potential site of fracture in their framework could be use-
ful in cases, in which the drug shall act only for a short time (e.g. spasmolytic or
analgesic compounds). After effecting in the desired manner the drug will be des-
troyed by the water of the biological surrounding without help of complex enzy-
matic systems.
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With reference to this point of view a large amount of bioactive silicon compounds
with a short duration of action was synthesized and investigated in pharmacological
and toxicological effects.

6.2.1 Silicon Containing Derivatives of Antihistamines of the Benzhydrylether Type

Extensive investigations have been carried out in the field of sila-benzhydryl-
ethers!02—106, 111-114) [ ] 50p sila-mephenhydramine104 113); 1 5] sila-chlor-
phenoxamine'%%); 152b: sila-clofenetamine 95 114); /53b: sila-mebrophen-

hydramine'%®; 154b: sila-meflophenhydramine''"] and their derivatives'®7=119
X
o 150: X=H, R=CH,
CHs o El—c 1511 X=Cl, R=CH,
El\ R b El=5i 152: X=Cl,R=C,Hs
0—CH,—CH,~N7_ 153: X=Br,R=CH,
R 154: X=F, R=CH,

150-154

Compounds /50b—154b are silicon analogues (El = Si) of the basic benzhydryl-
ether antihistamines /50a—154a (El = C), which have a great therapeutic and pro-

X

N D

/ + 2 HOCH,CH,NR,
\

— [HOCH,CH,NR,H]CI
cl

QQ

Sl/
AN — MgBrCl
Cl

/ \
P

0—CH,—CH,~N_

RO
o

150b—154b

cl CH, \©\
\ / +x MgBr s HOCH,CH,NR, (LIOR)
: / \ — MgBrCl : / —H,

Scheme 17. Syntheses of sila-mephenhydramine, sila-chlorphenoxamine, sila-clofenetamine,
sila-mebrophenhydramine and sila-meflophenhydramine
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phylactic importance. The carbon compounds act as competitive antagonists of the
hormone histamine and the neurotransmitter acetylcholine. They are mainly used
for allergies and Parkinson’'s disease. Many of these compounds also exhibit local
anaesthetic, sedative and antiarrhythmic effects.

The syntheses of the sila-pharmaca were achieved through two different routes,
as described in Scheme 17.

Many silicon containing derivatives of 750b (e.g. with X =CH;; NR, =morpholino;
Si—C,Hj instead of Si—CH3; Si—-C¢H,  instead of Si—C¢Hj; Si—CH,—C instead of
Si—0—C; Si—NH—C instead of Si—0—C; Si—~OCH,—C instead of Si—0—C;
Si—CH,0-C instead of Si—0~C) have been synthesized in a similar manner
108, 109, 11, 113) The syntheses of the carbon analogues, demonstrated for mephen-
hydramine (150z) and chlorphenoxamine (151a), were effected by different means
(cf. Scheme 18):

104, 106,

0 1.) + 2 C¢H;MgBr @ CH, 1)+*NaNH,
2)+H,;0 2.) + CICH,CH,N(C
C,H0~C—CH, : - c/ ) LHN(CH),
1.) — MgBr{OC,Hs) AN 1.) —NH,
2.) — MgBr(OH) OH 2.} —NaCl
[ ] CH,
S
C\ CH
s -
O—CH,—~CH,—N
S
150a
cl Ci
Q 1.)+ CH MgBr Q CH,4 1.} + NaNH,
=0 2)+H,0 C/ 2.) + CICH,CH,N(CH,),

—_— - —
— MgBr(OH) 1.) —NH,
O Ej\oﬂ 2.) = NaCl
Cl
QC/CHS
(7

0—CH,~CH,-N
“NCH,

i51a

Scheme 18. Syntheses of mephenhydramine and chlorphenoxamine
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Table 13. Spasmolytic activities? of 150b—153b and 151a on the isolated guinea pig ileum

Compound ED5q [mol/1] EDs g [mol/l] ED3g {mol/1]
histamine carbachol BaCl,

150b 8.0x10"72 | 1.6 x10~7 31x1073

151% 1.2x10"8 1.3x 1076 2.0 x10~5

151a 2.4x10"° 3.7x10~7 1.0x10°5

152b 6.6 x 10~8 5.2x10~7 1.4x10~5

153b 2.9x10°8 1.6 x 10~ -

3 Values taken from Ref. 112,

Pharmacological tests'!? (in vitro; guinea pig ileum) of 150b—154b and some
closely related derivatives have shown that the silicon compounds exhibit strong
histaminolytic (EDsg ~1 x 10~% — 1 x 10~® mol/1), anticholinergic
(EDso ~1 x 1077 — 1 x 10~® mol/1), and musculotropic effects (EDsq ~1 x 10~ mol/).
In most cases the bioactivity of these compounds compares well with that of the
corresponding carbon compounds. Some examples are given in Table 13. The sila-
analogues exhibit the same structure-activity relationships as the carbon prototypes,
but they differ substantially in their duration of action.

Since the Si—0—C bond is sensitive to hydrolysis, compounds /50b—154b and
their derivatives decompose under physiological conditions (Tyrode’s solution;
pH 7.4; 37 °C) by the action of water, forming the corresponding silanols and amino-
alcohols [Eq. (22)]:

X X
Q./Cﬂg +H,0 Q&/CHB
o

Si R T + HOCH,CH,NR,

AN -
Ej 0-CH,—CHN

This results after 15—30 minutes in a quantitative loss of the histaminolytic and
parasympatholytic activity, whereas the analogous carbon compounds with stable
C—0-C groups decompose after a much longer time by biochemical processes.

The local anaesthetic effects of sila-mephenhydramine and sila-chlorphenox-
amine are also of a shorter time as compared with their corresponding carbon com-
pounds’!?. This could also be explained by a hydrolytic inactivation of the sila-phar-
maca.

Sila-chlorphenoxamine (LDsq = 411.6 mg/kg) exhibits only 25% of acute toxi-
city (white mice, i.p.) of its carbon analogue (LDso = 108.6 mg/kg)''?. This obser-
vation could easily be explained by a rapid hydrolytic detoxication of the sila-pharma-
con.

Sila-mephenhydramine (7505), sila-chlorphenoxamine (157b) and sila-meflo-
phenhydramine (7/54b) were found to exhibit antiarrhythmic activity on the iso-
lated left auricle of the guinea pig. The silicon compounds lead to an increase of

(22)
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contractility and to a prolongation of the refractory period of the heart. Compara-
tive in vitro studies''? with chlorphenoxamine (/.5/a) and sila-chlorphenoxamine
(151b) led to a remarkable difference in activity between carbon compound and
sila-analogue: beginning with 10™° mol/l, sila-chlorphenoxamine exhibits an increase
of contractility, whereas the analogous carbon compound leads to a depression of
contractility (Fig. 3). The behaviour of sila-chlorphenoxamine was found to be an
indirect sympathomimetic action. With respect to their influence on the prolonga-
tion of the refractory period, both compounds exhibit a similar activity (Fig. 3). In

+100
+90
+80
+70
+60 +
+50 r
+40 |-
+30
+20 +
+10 |
120

T

Refractory period (ms)

+ 300
+200
+100 |

—-100 |
-200 -
—-300 |

Contractility {(mg)

1
1077 10-¢ 10-3 10~%
(mol/)

Cl
\Q /CH, El=C : =—————

El /CH El=Si | ————-
3 ' aenasscsae
O—CHz—CHz—N\ Control:
CH,

Fig. 3. Dose-activity curves of chlorphenoxamine and sila-chlorphenoxamine
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vivo tests with sila-mephenhydramine, sila-clofenetamine, and some of their deriva-
tives have demonstrated the antitremorine activity !'3 1% of these compounds, which
is also of a short duration because of hydrolysis.

Substitution of oxygen in the Si—0—C system by the isoelectronic CH, group
leads to stable compounds with a decreased but prolonged antihistaminic, anti-
cholinergic and antitremorine activity. Replacement of the oxygen atom by a NH
group leads to compounds, showing no spasmolytic activity at all because of rapid
hydrolysis of the Si—N bond.

Quaternary ammonium salts (type 155) of the sila-benzhydrylethers are easily
prepared by the reaction of the corresponding free bases with CH3Cl, CH3Br or
CH,1 in CH5CN'19),

/ N R X = H, Cl. Br
\ l o ' R = CH,, C,H,
O—CH,~CH, —T CH,
R
= 155 -

Compounds of this type of structure exhibit a stronger anticholinergic and a
weaker histaminolytic activity than the corresponding free bases'!?. The same
structure-activity relationship is found for analogous carbon systems. Compounds
of type 155 exhibit in contrast to their carbon analogue only a short duration of
activity (because of hydrolytic inactivation), which is even shorter than that of the
basic sila-benzhydrylethers themselves.

Sila-ciclonium bromide (756b), which was synthesized %% '°7 according to
Scheme 19, is a silicon analogue of the spasmolytic ciclonium bromide (156z). It
exhibits also a strong spasmolytic activity like the carbon analogue!'?) However,
its biological effect is of shorter duration than that of ciclonium bromide itself.

: N 156a: E1=C
/ CH, | B® 36a: El=
\ 156b: El=
@( O—CH,~CH, el?—Cl-h
L CaH,s i

Hydrolytic cleavage of the Si—~O--C bond leads to an inactivation.

On the isolated guinea-pig ileum both compounds exhibit the same anticholiner-
gic activity (156a: EDso =6.6 x 107 1% mol/l; 156b: EDgq = 9.1 x 10719 mol/I).
However, sila-ciclonium bromide causes a significant larger histaminolytlc effect
(~4:1) than its carbon analogue (156a: ED5o = 1.0 x 107® mol/l; 156b: EDsq =
=2.2 x 107 mol/l). The toxicological effects of both compounds after intraperi-
toneal application (white mice) are nearly the same [156a: LDsq = 44.7
(43.3-46.1) mg/kg; 156b: LDsq = 40.5 (39.5—41.9) mg/kg; confidence limits (95%)
in brackets].
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cl cl cl
| + O \S. i + CgH MgBr

—Qi— = —_—
ci sl,; CH=CH, —Z »  Thea
Ct @( i cl
+ CH, Mgl

— MgICl

CH
Q Yo + 2 HOCH,CH,N(C Hs),

B SN _CyH, ~ HOCH,CH,N(C;Hy),HICT
0—CH,~CH,—N
CH;

CH,
+CH,l Q / ©

— C,H;

ol
@( 0—CH,— CH,—III—CH3
CZHS

— —J

156b

Scheme 19. Synthesis of sila-ciclonium bromide

6.2.2 Silicon Containing Derivatives of the Papaverine-Like Spasmolytics Chlor-
phencyclane and Bencyclane

In connection with investigations of sila-substituted benzhydrylether antihistamines

{(cf. Chap. 6.2.1), the syntheses of sila-chlorphencyclane (15 7b), sila-bencyclane
(158b) and some of their derivatives were carried out''>~117,

e jos
El 157a: El=

C.Hs . El=
O—CH2—CH2——N< 157b: El
CHs

158a: El=C
C P 158b: El=Si

0 —CH,—CH,— CHZ—N\C i,
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The synthetic routes for sila-chlorphencyclane (757b) and its carbon analogue
(157a) (therapeutic use: central stimulant) are described in Scheme 20:

Cl Cl

Cl Ci

+ BrMg—(CH,);—MgBr
— 2 MgBrCl

Cl

Cl

+ p—Cl-C,HMgBr

— MgBrCl
~ or
Si

\C]
+ HOCH,,CH,N(C,Hs),

+ NR; (catal.)

— [HNR,]CI QC] —H,

—_— Si -
~N
O—CH,—CH,—N(C;Hy),

157b

Cl

<’

Cl

{ H-on

— H; (catal.)

{ =0

1.) + p—CI—C¢H MgBr

2.)+H,0 — MgBr(OH)
D/Cl
(X
OH
1.) + NaNH, 1.) —NH;,

2.) + CICH,CH,N(C,Hs), | 2.) — NaCl

K

0—CH,—CH,—N(C,Hy),
157a

Scheme 20. Synthesés of chlorphencyclane and sila-chlorphencyclane

Some derivatives of sila-chlorphencyclane (replacement of the p-Cl-C¢H,4 group by
p-F—Cg¢H,, p-CH3—C4H, or naphtyl; replacement of the N(C,Hjs), group by N(CH3),
or morpholino; replacement of the sila-cyclohexane ring by a sila-cyclopentane ring;
elongation of the OCH,CH, chain to OCH,CH,CH,; substitution of the oxygen
atom by the isoelectronic CH, or NH group or by a sulfur atom; quaternary ammo-
nium salts) have also been synthesized in a similar manner!15-117),

In vitro tests (isolated guinea pig ileumn) of the pair 1574/157b and some of
their derivatives (/59—167) were carried out with the spasmogens carbachol, hista-
mine and BaCl, (Table 14)! 18) Most of the compounds exhibit a spasmolytic acti-
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vity against BaCl,, which is nearly in all cases of a papaverine-like nature. The hista-
minolytic and anticholinergic properties of the pair 157a/157b are weak, as com-

pared with the standards diphenhydramine and atropine sulfate.

Jos

Si

ol

C,H
it
CHT_CH:_CHZ_N\C,HS O—-CH,~CH,~R?
159 160—167
No. R! R? No. R! R?
160 H N(C,Hs), 164 a Morpholino
161 F N(C,Hs), 165 c CH,N(CH3),
]
162 CH, N(C,Hs), 166 a N(C,Hs),CH;]1°
B
163 c N(CH3); 167 cl N(CH3);311°
Table 14. Spasmolytic activities? of 1572, 157b and 159-167
Compound EDSO[pmol/IIb EDsglu mol/l]b EDsqlu mol;‘l]b
carbachol histamine BaCl,
157a 0.95(0.32 — 2.8) 1.9 (0.77- 4.5) 11 (3.2 - 37)
157b 0.84 (0.29 — 2.4) 1.7 (0.60— 4.9) 5.6 (1.8 — 18)
159 0.62(0.16 — 2.5) 0.75 (0.22—- 2.5) 2,0 (0.55- 6.7)
160 0.40¢0.13 - 1.3) 3.8 (1.5 -10) 9.4 (3.2 - 28
161 0.91 (0.32 - 2.6) 1.3 (0.49- 3.7) 7.0 (23 - 22
162 1.4 (0.45 - 4.1) 29 (1.0 - 8.2) -
163 0.90 (0.32 - 2.6) 1.4 (0.46- 4.5) 57 1.7 - 19
164 7.6 (27 -=21) 16 (5.3 —46) 43 (12 -149)
165 0.34 (0.11 - 1.0) 2.1 (0.70- 6.0) 44 (1.5 - 13)
166 0.10 (0.035- 0.30) 34 (1.3 - 9.0) 14 (3.9 - 50)
167 0.42 (0.17 - 0.99) 8.6 (3.0 -24) 27 (2.1 -109)
Standards
Atropine 0.0027 (0.0010-0.0070) - -
sulfate
Diphen- - 0.039 (0.016-0.10) -~
hydramine
Papaverine — - 14 (2.9-68)

4 Values taken from Ref. 118
b Confidence limits (90%) in brackets.
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Chlorphencyclane and sila-chlorphencyclane show no significant differences in
their spasmolytic activity against the spasmogens carbachol, histamine and BaCl,.
Both compounds act more strongly than the standard papaverine. The isoelectronic
derivative 59 of sila-chlorphencyclane exhibits even a spasmolytic activity, which
is 7 times stronger than that of papaverine. The duration of the spasmolytic action
of sila-chlorphencyclane and its Si—O—C containing derivatives is shorter than that
of chlorphencyclane, because of hydrolytic cleavage of the Si—O—C bond [Eq. (23)]:

1 Cl
Si

—_—

Si
AN _AC:Hy AN o

O—CH,—CH,—N
NCH;

157b 168 (23)

+ HO-CH,—~CH,—N(C,Hs),

After about 3 hours (measured under physiological conditions in Tyrode’s solu-
tion at 37 °C and pH 7.4) there is only a slight activity, which corresponds approxi-
mately to the silanol 768. This fragment exhibits also a weak non-specific activity'1®),

In vitro tests at the isolated left auricle of guinea pigs have shown that /57b
and some of its derivatives prolong the functional refractory period, which can be
compared approximately with that of the drug quinidine. Between the analogues
157a and 157b no significant differences were observed at all with this pharma-
cological model}!®,

Toxicological investigations''® (white mice, i.p.) resulted in a significant dif-
ference in LDsq values for chlorphencyclane [LDsq = 142.1 mg/kg (459 umol/kg)]
and sila-chlorphencyclane [LDgo = 185.8 mg/kg (570 umol/kg)]. However, the
hydrochlorides of 157z [LDsq = 102.6 mg/kg (296 umol/kg)] and /576 [LDsq =
=109.3 mg/kg (302 umol/kg)] exhibit the same toxic effects. Further toxicological
data for 159, 161, 164 and 166 are given in Table 15.

Table 15. Toxicological effects® of 157a/157b
and 159, 161, 164 and 166

Compound LDsg [mg/kg]®

157a 142.1 (130.2-155.4)
157b 185.8 (176.0-195.9)
157a as HCI salt 102.6 (96.6—116.7)
157b as HCl salt 109.3(101.7-117.4)
159 as HClsalt 92.0 (81.7-103.5)
161 215 (197 -235)
164 688 (558 -847)
166 56.7 (51.1- 62.8)

3 Values taken from Ref. 118),

b Confidence limits (95%) in brackets.
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6.3 Comparison of Structures R 38i—H and R;C—-H

In nearly all cases carbon atoms of organic drugs have at least one C—H bond. So it
seems not to be very useful to substitute such carbon atoms for silicon atoms, be-
cause of the high hydrolytic sensitivity of Si—H bonds (Chap. 2). This fact reduces
the possibilities of expanding the field of sila-pharmaca.

6.3.1 Silicon Containing Derivatives of the Antihistamines Diphenhydramine and
Fenpiprane

Syntheses and biological investigations of Si—H containing systems were carried out
with sila-diphenhydramine (169b), sila-fenpiprane (I 70b) and some of its deriva-
tives (171, 172)119-121)_ The syntheses!!? of the antihistamine fenpiprane (1 70z)
and its sila-analogue 7 70b are described in Scheme 21.

(O
E)/ 16%: El=C
AN _CH, 169b: El=Si
O~CH,—~CH,~NT_
CH,
H
l/ 170a: El=C
N

170b; El=Si
CH,~CH,—N

o=

171: NR,=N(CH;),

172: NR;=N )

-

7\

CH,—CH,—CH,~NR,

SONATSY

The antihistamine diphenhydramine (169a) exhibits strong histaminolytic effects
on the isolated guinea pig ileum, whereas its sila-analogue /695 hydrolyses [Eq. (24)]
so fast that characteristic effects could not be detected. This can be explained easily
by the presence of the sensitive Si—H and Si—OC bond.

+2 H,0 : N

OH
—_— Si\ + HOCH,CH,N(CH,;), + H,
OH

CH,
O—CH,—CH,~N__
“NCH,
1696 (24)
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However, sila-fenpiprane and compounds 77/ and 172 are sufficiently stable
under physiological conditions that their histaminolytic and anticholinergic effects
can be measured. Preliminary in vitro tests'2? with 172 on the isolated guinea pig
ileum have shown that the bioactivity of this compound is changed with time after
adding to an organ bath: the histaminolytic component becomes weaker, whereas
the anticholinergic effect increases during a period of about 2 hours (measured in
Tyrode’s solution at pH 7.4 and 37 °C). This behaviour can be explained by a hydro-
lytic transformation (Eq. 25) of the Si—H containing compound to the correspond-
ing silanol 1735 (= sila-difenidol, compare Chap. 6.4.1), which has a stronger anti-
cholinergic and a weaker histaminolytic activity than that of its Si—H precursor.

H H
AN —H, AN
CH,;—CH,—CH,— CH,—CH,—CH,—

172 173b (25)

Comparative in vitro tests'2?) on the isolated guinea pig ileum with fenpiprane
and sila-fenpiprane lead also to interesting results. Both compounds exhibit spasmo-
lytic activity against the spasmogens histamine, carbachol and BaCl, (compare
Table 16). Remarkable is the fact that sila-fenpiprane shows a significant stronger
histaminolytic (~ 1:36) and a stronger anticholinergic (~1:9) action than fen-
piprane itself. During a time of about 15 minutes the histaminolytic activity of sila-
fenpiprane decreases, whereas the anticholinergic component increases. This behav-
iour is also explainable (in analogy to I72) by a hydrolytic cleavage [Eq. (26)]of the
Si—H bond, leading to the potent anticholinergic sila-pridinol (1 74b) (compare
Chap. 6.4.1).

QS,/H ‘ +H,0 Q/OH
o :

—_—

l\ — Hz
CH,~CH,— CH,—CH,—

1706 174b (26)

Toxicological tests 2 (white mice, i.p.) resulted also in significant differences.
The silicon compound was found to be more toxic than its carbon analogue. It is
not clear so far, whether this difference is connected with the hydrolysis or not.

Summarizing, one can say that Si—H containing compounds can be stable under
physiological conditions for a certain time. As a principle, these compounds can
exhibit a specific biological activity. Furthermore, Si—H containing compounds could
be useful as precursors of potent bioactive silanols. Such precursors, which are more
lipophilic than the corresponding silanols, could lead to changed biological proper-
ties (as compared with the silanols) with respect to resorption, distribution, and
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Table 16. Acute toxicities!2D and spasmolytic activities 129 of 1704 and 17063

170a 170b

LDsglmg/kg]l  82.0 (73.3-91.7) 62.0 (52.6-73.1)

EDsgimol/ll, 1.2x1077¢0.4x1077- 3.6x10"7) 33x107%2(0.9x107%-12.5x 1079
histamine

EDsolmol/l], 2.0x1078(0.6x1078- 6.5x1078) 2.3x107%(0.5 x 10~9-11.0 x 10~9)
carbachol '

EDsgimol/l]  7.9x 1076 (2.7 x107%-228x107%) 1.9x107% (0.2 x 1075-14.5 x1075)
BaC12

2  Confidence limits (95%) in brackets.

activity at the receptor, before the stable silanols are formed by hydrolytic cleavage
of the Si—H bond. This principle is the opposite of the hydrolytic detoxication of
the Si—O-C containing sila-pharmaca, which are described in Chap. 6.2.

O s, s :
+ C,,HSCI o VAR CICH,CH,NCH,o
—NaCl — NaCl o C
©/ \{ —~ CeHyg @ \Na \CH2—CH2—N

C\ / _tRCs C\ / + CH, = CHMgCl CHMgCl C \ /H
—rec, M, L
H —HCI C( CH=CH,
s OO O
(LJNCSH,O) + CH,0H /
—_—
5 AN

—H,

e

O
o
5
&
1
@
1
o
Z
5
=F
(=

Scheme 21. Syntheses of fenpiprane
and sila-fenpiprane 170b
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6.4 Comparison of Structures (=C);Si—OH and (=C);C—-OH

6.4.1 Silicon Containing Derivatives of Aminosubstituted Tertiary Alcohols with
Spasmolytic Activity

The amino-substituted tertiary alcohols I 73a—178a show a therapeutic activity in
a widely divergent series of pathologic states. They have a similar structure to that
of the benzhydrylether antihistamines (Chap. 6.2.1), but tend to lack strong anti-
histaminic activity, while they retain some of the sedative and antiparkinson acti-
vities. In vitro tests (guinea pig ileum) show a stronger anticholinergic and a weaker
histaminolytic action as compared to the benzhydrylether antihistamines. The pro-

By o
El<O El/)
CH,-CH,—CH,~] > ©/ \CHz—CHz—N >

173a: El=C 174a: El=C
173b: El=Si 174b: E1=S8i

OH Q OH
/S
El
AN
CH,—CH,~N CH,~CH,~N

39 Q

175a: El=C 176a: El=C
175b; El=Si 176b: El=Si
[ :l OH Q H
1/ El/o CH, e
AN S AN I\
CH,—CH,~N ] CH,-CH,~N O
a_/
177a: El=C 178a: E1=C
177b: El=Si 178b: El=Si

totype, difenidol (173a), is used as an antiemetic. The lower homologue, pridinol
(174a), is effective chiefly as a central muscle relaxant and as antiparkinson agent.
Trihexyphenidyl (1 75a), cycrimine (I 76a), and procyclidine (I 77a) are antispas-
modic agents, which have found some use in the treatment of the symptoms of
Parkinson’s disease. Tiemonium iodide ( 78q), a quaternary ammonium derivative
of 179a, is also a potent spasmolytic. The central OH group of all these molecules
seems to be very important for the anticholinergic component. Not only substitution
of the OH group by a hydrogen atom or a methyl group but also its esterification
and etherification leads to a decreased anticholinergic activity.
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However, replacement of the OH group by a CO—NH,, group does not decrease
strongly the parasympatholytic component. The great importance of the OH (and
CO—-NH, ) group seems to be related to the acidic hydrogen atom, which could inter-
act with the corresponding receptor by a hydrogen bridge linkage.

Silanols exhibit normally a greater O—H acidity than analogous carbinols (cf.
Chap. 2). This leads to the hypothetical conclusion that the sila-analogues I 73b—1 785
should exhibit a stronger affinity to the receptor than the corresponding carbon com-
pounds 173a—178a.

Starting with this hypothesis, syntheses!16. 119, 122-124) and comparative phar-
macological-toxicological investigations' 12 120 121) of the sila-analogues sila-difenidol
(173b), sila-pridinol (I 74b), sila-trihexyphenidyl (I 75b), sila-cycrimine (I 76b), sila-
procyclidine (1 77b), sila-tiemonium iodide (I 78b), and some of their derivatives
(179b, 180—-183) were carried out. The syntheses of the pairs difenidol/sila-difenidol
and tiemonium iodide/sila-tiemonium iodide are described in Scheme 22 and Scheme
23, respectively.

[ ] OH
1/
AN 7\ '
[ CH—CH,-N R NR,
. _ 181 N o)
179: El=C \ /
179b: El=Si
Qo =0ld
S
OH Si
S AN
Si R CH,~CH,~NR, 183
AN _CH,
CH, -CH,—CH,—N 181—183

4

““CH,
180

Preliminary pharmacological tests on the isolated guinea pig ileum have shown
that the silicon compounds / 73b—179b and 180— 183 exhibit spasmolytic activity
against the spasmogens histamine, carbachol and BaCl,. In most cases the anticholiner-
gic component was found to be very strong (for certain compounds even stronger
than atropine), whereas the histaminolytic and musculotropic spasmolytic activity
is comparatively weak. In vitro tests with the carbon compounds 773a, 174a, 178a
and /79a and their sila-analogues (1 73b, 174b, 178b and 179b) have shown that
the silicon compounds exhibit either the same or even a stronger activity against
the spasmogens histamine and carbachol (compare Table 17). Sila-difenidol and
179b were found to be more active against carbachol than their carbon analogues
173a and 179, respectively: sila-difenidol is about 20 times more active than di-
fenidol, and /79b acts 7 times stronger than I 79a. The silicon compound /796 ex-
hibits also a greater histaminolytic activity (~5:1) than its carbon analogue /794,
Sila-tiemonium iodide was found to be 6 times more active against histamine than
tiemonium iodide itseif.

59



R. Tacke and U. Wannagat

In vitro tests with the pair /73a/173b on the left auricle of guinea pigs resulted
also in different intensities of activity. Both compounds were found to lead to a
prolongation of the refractory period. However, sila-difenidol exhibits a significant

1) + CH,Li Q o
T c
2.) + H,0(H®) AN
CH,~CH,—~CH,—Cl

0
I
Csz—O“J:— CHZ_CHZ—Cﬂz—Cl

+2 HNCsH,o
~ [HNCsH, ICI
CL \
1.) + CIMgCH,CH,CH,NCH,, V4
C=0 Py > C. -
2.) + H,0(H®) AN
CH,—CH,—CH,~N
(73a)
Cl i /Cl + CH,=CH—CH,Cl Cl>si /Cl + 2 C,H MgCl
a” H [HPCle} e T CH,-CH,—~CH,CI ~ 2 MgCl;
cl
+2 HNC,H,o +2 HNC¢H,o /
-— Si -«
— |H,NCH,,0]C1 — [H,NC;H,,JCI AN

CH,~CH,—CH,C

Qo QP

H
Q N ) +H,0 A
—- Si . —_— = Si -
AN — HNC,H,q N\
CH,—CH,—CH,—N CH,~CH,—CH,~N
(173b)
+ H,O0(OH®)
— H2
Q H Q H
. e + CIMgCH,CH,CH,NCH,g . S/ _J
N\ — MgCl, o N
cl CH,~CH,—CH,~N

Scheme 22. Syntheses of difenidol and sila-difenidol
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larger intensity as compared with its carbon analogue. The results of toxicological
investigations with the pairs / 73a/173b and 174a/174b are listed in Table 18. Sila-
pridinol was found to be more toxic than its carbon analogue, whereas difenidol
and sila-difendiol exhibit the same toxicity.

o +[H,N  OJCl+HCHO  + NaOH
[HN ¢

— »-
£=C H,0 — NaCl — H,0
(.

on

OH OH
Q J o FCHi Q/ 1.) + C{HMgBr

| VA
C—CH,~CH,~N O —

H, ° e C

S C\ T/‘—\ S AN /—“\ 2.) + H,0(H®)

] CH~CH~N O ] CH,~CH,—N
o/
178a

o 1 +4HN O
c_ [« + CHMeCl g \_/

>Si\ " Si-CH=CH,
o cu=cn, ~MeCh & —2mN  dla

0

. ~

— HN O[LN O] [
+ 1 |
— QS:—CHZ—CHz—N O -—— Si—CH=CH, *—-«—

A )

MgBr

s

+2 CH,0H /and I

L——- ?1—CH2—CH2—N 0 ———
OCH,

w
Q
(@]
o
w

(1 o Sy
/ CH, o SHO /

s;\ ‘ CH.OM S Si\ (lfﬂs ®
~\ — CH,
CH,—CHrl;I 0 [ | cnz-cuz—g: O

178b

Scheme 23. Syntheses of tiemonium iodide and sila-tiemonium iodide
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6.4.2 Silicon Containing Derivatives of Tertiary Alcohols with Sedative-Hypnotic
Activity

The pharmacological comparison6°) of diphenylmethylsilanol (184b) and its carbon
analogue /84a as anticonvulsants and sedatives resulted in quantitative and qualita-
tive differences. 1845 was found to exhibit a stronger anticonvulsant potency than
the carbon analogue (electroshock test, compounds were given orally to male mice;
184a: EDgq = 154 mg/kg; 184b: EDsq = 80 mg/kg). However, in contrast to 184a
the silanol 184b does not lead to a sedation at anticonvulsant dose levels.

184a: El1=C 185a: El=C

Q At
El\ 184b: E1=Si CH’”?’"OH 185b: El=Si

R & 1s6e =
R OH 186b: El=Si

H,

R!, R?=alkyl

\/

The converse effect is seen in the comparison®® of tert-butanol (185a) and the
sila-analogue trimethylsilanol (185 b); the EDs, values for sedation (loss of righting
reflex in mice for 1 h) were found to be 1800 mg/kg for 185a and 390 mg/kg for
the silicon compound 185b. Comparative investigations with hypnotics of type /86a
and their sila-analogues 186b are in progress '),

6.5 Comparison of Structures R'—CH,—R? and R'—Si(CH;),~R?

Many of the drugs which are used medically contain one or more CH, groups.
Bioactive sila-analogues with SiH, groups have not been described in the literature
so far, possibly because of the hydrolytic sensitivity of Si—H bonds in the physio-
logical environment, However, several attempts have been made to substitute CH,
groups in biotropic structures for stable Si(CH3), groups.

6.5.1 8i,Si-Dimethyl-Sila-Substituted Derivatives of Spirobarbiturates with Narcotic
Activity

Spirobarbiturates of type 187 show narcotic activity similar to the well known
5,5-dialkylbarbiturates, which are widely used as drugs. Fessenden et al, 120 report the
synthesis and biological properties of the silicon containing compounds /90-193,
which can be regarded as sila-substituted derivatives of 187-189, containing a
Si(CHj3), group instead of a CH, group. Compounds 194 and 195 with a seven-
membered silicon containing ring were also prepared. In contrast to the carbon
compounds of type /87, the R-substituted silicon compounds /97 and 192 are
readily to prepare. As an example, the synthesis of 191 is described in Scheme 24.
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R
Q H
N, 187: R=akyl;Y=0,8
N>:Y 188: R=H,Y=0
189: R=H,Y=§
& H
187189
R
Iy 190: R=H,Y=0
>=Y 191: R=CH,,Y=0
i N 192: R=C,H,,Y=0
/5\ H 193: R=H,Y=S§
H,C CH,0
190—193
< H
N
>:Y 194: Y=0
195: Y=§
Si g
/A 6
H,C CH,
194, 195

The toxicity (LDsg) and the loss of the righting reflex (EDsg) have been evaluated
for 188195 (Table 19). In some cases the silicon compounds 790—195 were found
to exhibit a similar biological activity to the carbon compounds /88 and /89. How-
ever, differences have also been found (e.g. different ratios of the effective doses for
the loss of the righting reflex to the toxic doses: EDsq/LDsg). A clear explanation
for these results cannot be given because data of direct carbon analogues of 190—195
with geminal methyl groups are not available so far.

Table 19. Pharmacological and toxicological effects of
188—195 after i.p. dosing to white mice 12¢)

Compound EDsolmg/kgl? LDsolmeg/kg]?
188 ¢ 1000

189 d 600 (440-830)
190 670 (500—880) 1000

191 190 (135-270) 230 (165-320)
192 240 (185—320) 450 (330-530)
193 140 (100-200) 230 (165-320)
194 230 (165-320) 670 (500-880)
195 d 140 (100-200)
4 Loss of righting reflex (95% confidence levels).

®  Toxicity (95% confidence levels).

‘; No activity noted at 1000 mg/kg.
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1.) CHMgX
2) H,0 (CH,),SiNHSi(CH,)
CH,;=CH—CHO : CH,=CH—CH—OH 7 >3
H;
CH,4 (CH,),Si(H)CH,Cl
Pt/C
— ClCH2—%i—CH2—CH2—CH—O~Si(CH3)3 - ! CH2=CH—CIH—O—-Si(CH3)3
CH, CH, CH,
CH,OH/H,0/H®
CH, CH,
SOCl, é
L > ClCHZ—?i—CHrCHz—ClH—OH —_—— ClCHz—li—Cﬂz—CHrCH—Cl
CH, CH, CH, CH,
CH,(COOC,H,),
NaOC,H;
CH,
Q H
H (H,N),CO 3
COOC,H
N: NaOC,H; (Nal) OC,Hs
-— -
i N Si COOC,H
/\ &4 H 7\ s
H,C CH,4 H,C CH,
191

Scheme 24. Syntheses of the silicon containing spirobarbiturate 191

6.5.2 Si,Si-Dimethyl-Sila-Substituted Derivatives of Oestradiol and Mestranol

According to Barcza'*”), the skeleton of 6,6-dimethyl-6-sila-steroids could have
interesting properties because the steroid 6-hydroxylation pathway would be
blocked in such structures, and aromatization of ring B would be made impossible
because the formation of a stable Si—C double bond is not possible. The sila-sub-
stitution in the middle of a polycondensed ring skeleton therefore prevents the
eventual formation of polycondensed aromaticity avoiding possible carcinogenic
effects.

Starting with this hypothesis, several 6-sila-steroids were prepared!27~129_ As
an example, the syntheses of 6,6-dimethyl-6-sila-oestradiol (1 97) and 6,6-dimethyl-
6-sila-mestranol (198) are described in Scheme 25. Not only the synthesis of the key
intermediate 4,4-dimethyl-4-sila-6-methoxy-1-tetralone (/ 96} but also the well known
organic reactions, leading from 196 to 197 and 198, are strongly influenced by the
specific properties of the silicon atom. Although known reactions of steroid chem-
istry could be used for further transformations from 196 to 197 and 198, conditions
were not directly transferable because of the chemical behaviour of the Si—Cajyy1
and Si—-C,y bond. Important differences in the pH- and solvent profile were neces-
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sary. Nevertheless Scheme 25 shows very clearly that complicated organic chemistry
is possible in the field of sila-pharmaca, even if one starts with silicon containing pre-
CUTSOIS.

OH OH
\C=CH
(0]
0 S H s
AN PN © A

196 197 198

However, the biological evaluation'?® of the 6,6-dimethyl-6-sila-steroids obtained
by a great synthetic effort led to disappointing results. Compounds 197-207 were
screened for oestrogenic, anti-oestrogenic, and postcoital activity. No significant
oestrogenic or anti-oestrogenic activity was observed using doses 10—102 times that
of an oestradiol standard. Compounds /97 and 206 showed post-coital activity in the rat,
but only at 10 mg/kg, while 207 exhibited only a weak androgenic activity.

OAc OAc OAc
X ! od
0 S ~o S
AN AN
199 200
0 OH
..\\\\CECH
. .
0 Si(CH;),R O Si
3/2 / \
202: R=0H 204
203: R=F
H OH
SR
RO Si(CH,),F o Si(CH,),F
205: R,R'=H 207

206: R=CH,, R'=C=CH
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This lack of significant hormonal activity might be attributed to a metabolic
effect, to a steric effect (steric inhibition of interaction with the uterine receptor
protein(s), due either to the geminal dimethyl substituents at the silicon atom or to
conformational changes in the total steroid skeleton resulting from the longer Si—C
bond length in ring B), or to an electronic effect, generated by the specific properties
of the silicon atom (Chap. 2).

However, the binding affinities of /97, 206 and 207 [0.3%, 0.1% and <0.01%,
respectively, relative to oestradiol (100%)] for the oestrogen specific acceptor pro-
tein of the rat uterus suggest that a steric or an electronic effect, rather than meta-
bolic instability, is responsible for the absence of oestrogenic activity in these com-
pounds. But a clear answer cannot be given because biological data of the direct
6,6-dimethyl-6-carba-analogues are not known so far.

\O/Qm \O/O\MgBr

Mg )
(CH,),SiCl, (CH,),SiHCI
Cl H
\o/©>s< ~o il
CH,=CH—CH,Br CH~CH—-CH(OC,H;), CH=CH~CH,—OAc
Mg [H,PtClg) [H,PtClg]

C(OC2H5)2

oD J@L f
~o sl ~o0 l

oxidation
1.) BH,
2.) oxidation

Q /]/\ 0x1dat10n PClq
—_—
\o Si
N

0
cocl OH
/@\ j SnCl, CH,=CHMgCl
_— —_—
0 —si ™o >si 0 Ssil
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- SCONHy) |
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o S; ACOH
PARN

¢

Acy
(Pd/C) in C6H6

(" -
OH OH
1.) CH Mgl
—_—
2) H,0
~ . .
O /Sl\ HO /Sl\
197

oxidation
(Oppenauer)

\\\C CH
LiC=CH
——*—b
H,NCH,CH,NH,
~o

198

Scheme 25. Syntheses of 6,6-dimethyl-6-sila-oestradiol and 6,6-dimethyl-6-sila-mestranol

6.5.3 8§i,Si-Dimethyl-Sila-Substituted Derivatives of Polymethylen-bis-Trimethyi-
ammonium Compounds with Curare-Like Activity

Neuromuscular blocking agents (curare alkaloids and certain synthetic compounds),

which interfere with transmission from motor nerve endings to the membrane of the
skeletal muscle, are of great practical interest. They are used in anaesthesia (to reduce
the muscle tonus) and in psychiatric electroshock therapy (to reduce the intensity of
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the accompanying muscular contractions). However, these agents are also of interest
from a more theoretical point of view, because the neuromuscular junction serves as
a good experimental model for transmission between cells and for studying drug-
receptor interactions.

Although there is a considerable variation in overall structure of most neuro-
muscular blocking agents, there is one structural feature which is typical: two qua-
ternary ammonium groups are separated by a certain distance. In general it has been
found that bisquaternary ammonium compounds are most active if the nitrogen
atoms are about 14 A apart. The occurrence of a sharp maximum of curare-like activ-
ity in the polymethylene-bis-trimethylammonium series (CH ;)3 N(CH,),N(CH;) 3%
for the decamethylene compound (n = 10) is a good example of this structure-activ-
ity relationship.

In the synthetic drugs decamethonium (208) and suxamethonium (209) the
14 A distance is realized by a skeleton of 10 carbon atoms, and by a chain of 8 car-
bon atoms and 2 oxygen atoms, respectively.

CH, H,
H,C-2N—CH;—CH,—CH,—CH,—CH,—CH;—CH,—CH,—CH,—CH,—N&CH, | 2 X°
H, CH,
208
H, o} 0 CH,
H;CﬁN—-CHZ—CH2—0—£~CH2—CH,—Q—O—CH2—CH2—N@—CH3 2 X8
H, CH;
209

According to the different covalent radii of carbon and silicon (Chap. 2), the
exchange of the C,q chain of decamethonium for a 9 atom chain of 7 carbon atoms
and 2 silicon atoms with a C3SiCSiC; sequence should lead to a similar N—N distance.
Supposing that all CCC- and CSiC-bond angles are equal (tetrahedral angles), and

i R H, CH, R ]
H,CEN—CH,—CH,—CH,—Si—CH;—S$i—CH,—CH,—CH,—N2-CH, | 21° ::j(,) :Z&Hﬁs
i }lz CH, H, l|{ |
i CH, CH, CH, TH3 )
CI(\'IB—CHZ—Cl—l,—CHz—%i—CH;—%i—CH;—CH,—CH;—@ 2% 212
' CH, CH,
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supposing that the 9 atoms of the C,Si, skeleton and the 2 nitrogen atoms of the
ammonium groups are lying in the same plane, the nitrogen atoms in compounds
210-212 would be separated by a distance of about 14 A, which should result in a
curare-like activity.

A C¢Si,O-skeleton with a C3S8i0S8iC; sequence should also lead to a similar
N-—N distance. Only a little shortening is expected because of the Si—O bond length
and SiOSi bond angle. According to this concept, the disiloxanes 213-215 should
also exhibit curare-like activity.

- n
1|1 CH;, CH, llz
H,C—-&zN—CHZ—CHZ—CH2——£i—0—5i——CH2—CH2—CH2—-N®—CH3 21° 213f RfCH3
l | 214: R=C,H;
R H, H, R
- -
H, H, CH, " i
{ :Ig—CH2—-CH2——-CHz—Ti—O—Sli—Cl{z—Cﬂz—C}-h—e 2019 215
CH; CH,

Starting with this hypothetical structure-activity relationship, the syntheses and
biological investigations of 27 0—215 and decamethonium iodide were carried out!3% 131)
As an example, the synthesis of 212 is described in Scheme 26. The pharmacological
and toxicological data are given in Table 20 and Table 21, respectively.

In the mice head-drop test for curare-like activity compounds 210, 212 and 213
were found to be very potent. In analogy to d-tubocurarine, decamethonium and
other muscle relaxants, these compounds cause a neuromuscular block when admin-
istered intraperitoneally.

Overdoses of 210—215 lead to death because of respiratory paralysis. The LDsq
values are very low (see Table 21) and all compounds are even more toxic than the
standard decamethonium iodide. In addition, the most toxic agent 212, which is
nearly 30 times more toxic than the standard decamethonium iodide, seems to be
the most toxic organosilicon compound described in the literature up to now.

Table 20. Pharmacological data of 210, 212 and 213 139

Compound EDsqo[mg/kg}? EDsqlumol/kg]?
210 0.29 (0.20-0.43) 0.50 (0.34-0.73)
212 0.07 (0.05-0.10) 0.11 (0.08-0.16)
213 0.80 (0.50-1.18) 1.35 (0.85-2.01)

4 Head drop after i.p. application to white mice, confidence
limits (95 %) in brackets.
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Table 21. Toxicological data of 210215 and decamethonium iodide !3% 131)

Compound LDsg[mg/kgl? LDso{pumol/kg]?
210 1.14 (0.99-1.31) 1.94 ( 1.69- 2.23)
211 1.03 (0.66—-1.61) 1.60 ( 1.02— 2.51)
212 0.32(0.28-0.37) 0.48 ( 0.42— (.55)
213 1.91 (1.63-2.24) 3.25( 2.77- 3.81)
214 0.44 (0.32-0.61) 0.68 ( 0.49— 0.95)
215 0.76 (0.65-0.89) 1.14 ( 0.97— 1.33)
Decamethonium 7.28 (6.62-8.01) 14.21 (12.92-15.64)
iodide

2 Acute toxicity after i.p. administration to white mice, confidence
limits (95 %) in brackets.

In this connection it shall be pointed out that some permethylated o,w-bis-
{ammoniummethyl)polysiloxanes of type 216 are also very toxic, depending on the
number of SiO-units*3?), This could possibly be explained by the structural similar-
ity to decamethonium.

2]
[R3NCH, [Si(CH3),01,8i(CH3),CH,NR 3] 2 X° 216
H, H, 1.)+ Mg .
. +2 HN(C,Hy), 2.) + (CHy),SiCl,
= e, SR §iNCat), ——ra——
- — Mg
H3 2 214502 éHa 2

e EH’ +2 HCI T
CI-3i-CH,-5i-C1 = C1-8i—~CH ,~Si—N(C,Hy),
| — [H,N(C,H,),]1C1 | I

CH, CH, CH;  CH,
CH, CH
+2 CIMgCH,CH,CH,NCH,, é e
- N—CH,—CH,—CH,—Si—CH,—S8i—CH,—CH,~CH,~N
~ 2 MgCl, l I
CH,  CH,
o L Lo cncen P
+2 CHyl
Ig—CHi—CHI—CH2—£i—CH2—Si—CH2—CH2—CH,—$ 21° -— 2
H, H;
213

Scheme 26. Synthesis of the curare-like organosilicon agent 272
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M. G. Voronkov

Introduction

The high toxicity and specific biological activity of 1-arylsilatranes was discovered
about 15 years ago'’ 2. At that time, these substances belonged to an almost un-
known class of heterocyclic derivatives of 5-coordinate silicon with general for-
mula [ (Fig. 1).
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/ 1&/\\1}1'5 / «
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Fig. 1. General formulas of silatranes av)
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During the following years investigations in the field of organosilicon compounds
were concentrated on the development of new methods of synthesis of silatranes
and on the study of their steric and electronic structure, various physical proper-
ties and, especially, their biological activity? >,

The discovery of the specific physiological activity of silatranes provoked an
extensive search for new types of biologically active organosilicon compounds and
raised the question of the creation of a new branch of silicon chemistry — bioorgano-
silicon chemistry?).

Investigations in this field were carried out by a large team of scientists of dif-
ferent specialities such as biologists, microbiologists, pharmacologists, physiologists,
physicians, agrochemists, etc. These investigations have shown that specific biologi-
cal activity is displayed by many practically non-toxic or low toxicity silatranes.

A number of them has proved very promising for applications in therapy, agricul-
ture and industrial microbiology.

Some characteristic results on biological activity of silatranes and the possibility
of their application will be considered in the following.

1 Toxicity

Today the toxic effect of silatranes has been thoroughly studied! =3 '6—442.8),

The toxicity of silatranes varies greatly and is mainly dependent on the nature of
substituents at the silicon atom. Most toxic of all known silatranes are 1-arylsila-
tranes , 4-XCsH;Si(OCH,CH;3) 3N, where X = CHj, CI, H (Table 1). These com-
pounds are almost twice as toxic as such well-known poisons as strychnine and
hydrocyanic acid. They produce an intensive stimulation of the motor and respi-
ratory centres' 3 3034 4Dyhen administered at lower than lethal doses

Table 1. Toxicity of 1-arylsilatranes and their analogues (compare Fig. 1)

Com- X LDsglmg/kg] Com- X LDsolmg/kel

pound pound

1 4-CH3CgH4 0.15-0.20 I 3-CICgH4 4.4

1 4-CIC4H, 0.22 I CgHs 8.1
0.9 I 2-CICgH, 11.3

I CeHs 0.3-0.5 v CeHs 8.1
1.4 I 2-CH3CgH,4 34

11 CeHs 0.5 1 3-CH3CgHy 73

1 5-CH3C4H>S 0.42 I CH,(CHj3)4CH 150

I 5-BrCqH,S 0.42 [ CoHeCHs 1115

I 5-CIC4H,S 0.50 ers-T

i C4H;38 1.70

I 4-FCH,CgHy 3.5

Per os (E. Bien, 1971).
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Table 2. Oral toxicity of 1-(4'-chlorophenyl)silatrane
(C. B. Beiter, M. Schwarcz, G. Crabtree, 1971)

Species of warm blooded animals LDgg[mg/kg}
Sparrows ' 0.2-0.4
White mice 0.9-2.0

Rats (Rattus norvegicus) 1-4
Mallard ducks 5-10
Pintail ducks 5-10
Monkey 14.0

(LDsgq is 0.15—0.40 mg/kg for white mice). At low doses 1-arylsilatranes produce
a local anaesthetic effect3%: 40),

The toxicity of 1-(4’-chlorophenyl)silatrane is highly selective (Table 2). This
compound is most toxic for sparrows and mice and almost 100 times less toxic for
monkeys3°”32).

The toxicity of 1-phenylsilatrane has been investigated on intraperitoneal ad-
ministration to white mice"). When administrated at a dosage of only 0.20—0.25 mg/kg
this compound induces strong motor stimulation typical for the effect of morphine,
and shortness of breath. At slightly higher doses (0.35 mg/kg) the above manifesta-
tions are followed by tonic-clonic spasm. At doses of about 0.4 mg/kg this spasmodic
effect often culminates in death. The average lethal dosage of 1-phenylsilatrane is
0.43 (0.36—0.50) mg/kg with P =0.05.

The toxic effect of 1-phenylsilatrane on unanesthetized cats is similar to that
described above. When administered intraperitonealiy at 0.30 mg/kg this prepara-
tion causes, after a short period of muscular twitching of the ears and lids, strong
tonic-clonic convulsions and death within 8 minutes. However, in cats anaesthe-
tized with urethane (1 g/kg), this toxic effect of 1-phenylsilatrane appears much
weaker, Even intravenous administration at doses 10-fold greater than lethal does
not lead to death. Given at doses of 0.30—0.40 mg/kg 1-phenylsilatrane induces
only spasmodic twitching of skeletal muscles accompanied by respiratory stimula-
tion.

The toxicity of 1-arylsilatranes is also reduced by barbiturates®* 37 *9 1Intra-
venous administration of 0.20 mg/kg of 1-phenylsilatrane to unanaesthesized rats
induces motor stimulation and spasmodic twitching of skeletal muscles. The dosage
of 0.30 mg/kg causes tonic-clonic spasm lasting several minutes. These doses do not
give rise to mortality.

Frogs are highly resistant to 1-phenylsilatrane. Even doses as high as 30—40 mg/kg
do not affect their behaviour.

The mechanism of muscular twitching and convulsions under the influence of
1-phenylsilatrane was studied on isolated rectal abdominal muscles of frogs. The
compound used at 107> M concentration does not cause contraction of the muscle,
No marked effect is observed after 1075 M 1-phenylsilatrane acting for 2 minutes
upon the contraction of the rectal abdominal muscle which had been induced by
10~7M acetylcholine. Isolated gastrocnemius muscles of frogs bathed in 0.01%
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1-phenylsilatrane in Ringer solution also show no contraction. Perfusion of hind
limbs of the frog with the same solution also fails to elicit a response.

All these exclude the possibility of a direct effect of 1-phenylsilatrane on the
peripheral neuromuscular apparatus.

In experiments with decerebrated cats the spasm and respiratory stimulation
were observed immediately after administration of 1-phenylsilatrane. The prelimi-
nary pharmacological denervation of the sinocarotid regions with 0.5% novocaine
solution (5 ml) did not affect the respiratory stimulation. Spinal cats displayed
spasmodic muscular twitching after administration of 1-phenylsilatrane at higher
doses.

Intravenous administration of this preparation to cats with completely destroyed
central nervous system produces no effect even at doses as high as 1.5 mg/kg. This
fact may indicate, first of all, the direct action on the central nervous system and
the spinal cord. However, unlike other known compounds stimulating the spinal
cord, 1-phenylsilatrane causes no similar effect on frogs. 1-Phenylsilatrane is thought
to affect an enzymatic system of warm-blooded animals which is lacking in frogs
or is not important for their central nervous system, since cholinesterase and acetyl-
cholinesterase are not depressed by 1-phenylsilatrane’- ), However American scien-
tists think>® 37 that the direct action of 1-phenylsilatrane which produces con-
vulsive seizures and death of the animals is cardiac depression. The dead animals
had injured ventricles that had caused the cardiovascular collapse. Blood coagula-
tion increases in this case producing additional intravascular thromboses. These are
the factors responsible for the death of the animals. Nevertheless the opinion pre-
vails that 1-arylsilatranes destroy some of the nervous functions via the receptors
of the spinal cord and the brain. This greatly stimulates motor activity 1> 2+ 44) in-
cluding that of the cardiac muscie.

The toxicity of 1-arylsilatranes is dependent not only on the nature of the
substituent but also on the position of the latter in the aromatic ring. Thus, whereas
para-methyl and para-chloroderivatives of 1-phenylsilatrane are highly toxic, their
meta- and ortho-isomers show a low toxicity compared to them (Table 1). Intro-
duction of the fluorine atom into the methyl group of 1-(4-methylphenyl)silatrane
decreases its toxicity by one order of magnitude.

Hydration of the benzene ring in 1-phenylsilatrane leads to a sharp decrease of
its toxicity (the LDsq value of 1-cyclohexylsilatrane is 150 mg/kg). The toxicity of
1-arylsilatranes drops even more on separation of the aromatic ring from the silicon
atom by the methylene group (LD¢, of 1-benzylsilatrane is 1115 mg/kg) (Table 1).

Introduction of methyl groups into the silatrane skeleton of 1-arylsilatranes
also reduces considerably the toxicity (LDsq of 1-phenyl-3,7-dimethylsilatrane is
two orders of magnitude lower than that of 1-benzylsilatrane) (Table 1).

According to a private communication of D. Bennett, USA, introduction of
methyl groups into the silatrane skeleton of 1-phenylsilatrane reduces significantly
its toxicity (Table 1, 3).

The toxic effect of all the above compounds begins to be manifested within
1—5 min. In lethal cases all animals die within 15 minutes. Bennett thinks that the
toxic effect of 1-phenylsilatrane and its derivatives is due to central cholinergic
stimulation.
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Table 3. Comparative toxicity of 1-phenylsilatrane and its C-methylsubstituents (D. Bennett, 1974)

Compound Convulsions Mortality?
[%1] %]
CHsSIOCH,CH, 13N _ 100 100
C6H5Si[(OCH2CH2)2/0CH2C(CH3)2 IN 100 20
CeHsSif(OCH,CH; )2/ OCH(CH3)CH N 60 0

2 On intraperitoneal administration at a 1 mg/kg dose (methacell suspension) to Badberg

male rats.

The toxicity of 1-phenylsilatrane also is greatly reduced by introduction into
position 3 of the CH,Cl, CH, = CH and, especially, C¢H; groups (LDso =34,

3.0, ~2000 mg/kg, respectively)37a). Si-substituted 3-phenylsilatranes are low toxic
{(LDso > 100 mg/kg). The CH,Cl goup in position 3 greatly increases the toxicity
of 1-ethyl- and 1-vinylsilatranes (LDs is approximately 100 and 30 mg/kg, respec-
tively).

In 1971 M & T Chemicals (USA) began marketing 1-para-chlorophenylsilatrane
as a new rodenticide under the trade mark RS-1503% 31), This first organosilicon
pesticide had an advantage over other known toxicants. This highly toxic compound
is rapidly inactivated in poisoned rodents, so their corpses are not harmful to other
animals. Furthermore, RS-150 penetrates very poorly through the skin (its cutane-
ous toxicity is 3000 mg/kg for rats)>". Finally, rats do not become resistant to
1-(4'-chlorophenyl)silatrane as was the case with other 1-arylsilatranes. Practically
complete lack of smell is another important advantage of this preparation and other
1-arylsilatranes.

1-(4'-Chorophenyl)silatrane destroys nervous functions in the central nervous
system of vertebrates, primarily in the brain and possibly in the brain stem*).
Phenobarbital alleviates the convulsions in mice caused by compounds of this type.

1-(2"-Thienyl)silatranes are similar to arylsilatranes in their toxicity (Table 1)*3 8,
Introduction of a chlorine or bromine atom or a methy! group into the 5-thiophene
ring causes no significant changes in toxicity. The blood pressure of urethane anaes-
thetized cats is not influenced by these compounds even at a 2 mg/kg dose.

Intraperitoneal injections of 1-(2'-thienyl)silatrane into rats causes tremor cul-
minated in convulsions within some minutes and in death if lethal doses are
given®4® 449 The convulsions are effectively antagonized by phenobarbital
(100 mg/kg) which also reduces the toxicity of the preparation. The toxic effect
of 1-(2'-thienyl)silatrane also is reduced by diazepam (5 mg/kg) but to a less extent.
Atropine and 3-quinoclidinyl benzylate do not affect the silatrane toxicity. The
symptoms of poisoning indicate that 142'-thienyl)silatrane activates the central
nervous system. Both convulsive and subconvulsive doses of this preparation elevate
cyclic GMP concentrations in the cerebellum. At the same time, no significant
changes in the cyclic GMP levels are observed in cerebral cortex, brain stem and
subcortial tissue. The cyclic AMP concentrations are not changed in any of the
studied brain areas. Phenobarbital and diazepam reduce the increase of cyclic GMP.
The effect of 1-(2'-thienyl)silatrane on the cyclic nucleotide levels in the rat brain
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Table 4. Toxicity of 1-organoxysilatranes ROSi(OCH,CH3)3N
and hydrolysis rate constants [J. E. Casida et al. (1976),
M. G. Voronkov (1977)]

R LDsgimg/kg] kp - 1070 i"l_":—:c
C,Hs 28007

3000 1.48 + 0.01
C3H,q 3000 1.60 + 0.01
(CH3),CH 3000 2.04 + 0.01
CgHsCH, 2250 2.28 + 0.02
CH, 2100
C,Hs® 2000
(CH3)3CCH, 1700 1.88 + 0.01
4-(CH3)3CC¢Hy 1400
2-CH3CgHy 1200 1.52 £ 0.01
CyoH7 850
4-CH3CgHg 710 1.44 £ 0.01
3-CH3CgHy 708 1.40 £ 0.01
4-0,NCgH4 700
2CICgHq 600
4-CIC4Hg 565 1.56 + 0.02
4-CH30CgH4 345 1.48 + 0.01
(CH3)35C 230 0.48 + 0.02
CeHs 200 1.32+ 001

Per os (E. Bien, 1971).
1-Ethoxy-3-methylsilatrane.

is similar to that obtained with y-aminobutyric acid (GABA) receptor biockers
and bicyclic phosphorus erters which are suggested to act as GABA antagonists.
However, the symptoms induced by injections of the latter and 1-(2'-thienyl)sila-
trane are not identical.

1-Alkoxysilatranes have low toxicity and most of them are practically non-
toxic (Table 4). v

Thus, after intraperitoneal administration, 1-ethoxysilatrane produces no signs
of poisoning even at doses higher than 1500 mg/kg' (LDso > 3000 mg/kg). Stable
to hydrolysis, 1-tertbutoxysilatrane is the most toxic (LDsq = 230 mg/kg) of all
1-alkoxysilatranes. Readily hydrolyzable 1-methoxysilatrane is less toxic than !-tert-
butoxysilatrane but more toxic than 1-ethoxysilatrane and its nearest homologues
(Table 4)*®. This slightly higher toxicity of 1-methoxysilatrane seems to be due
to the influence of the methyl alcohol formed by hydrolysis. C-Substituted 1-ethoxy-
silatranes are more toxic than 1-ethoxysilatrane.

1-Aroxysilatranes are more toxic than 1-alkoxysilatranes; their LDgq values
range within 1400—200 mg/kg (Table 4). Substituents introduced into the para-
position of the benzene ring of 1-phenoxysilatrane cause an increase in toxicity as
follows (CH3)3C(1400) < CH;3(710) < NO,(700) < C1(565) <CH30(345)

The toxicity of I-aroxysilatranes is definitely related to their stability in the
animal organism. The data of Table 4 show that the toxicity decreases with the
hydrolysis rate*>). This implies that the poisoning effect is produced by 1-aroxy-
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I -
30 2/ Fig. 2. k2/LDso Dependence for silatranes,

/.g XSi(OCH,2CH3)3N

6 I I — 1-(chloroalkyl)silatrane,

43—y Y ky=153.2-10"3+1.2:10"3 LDsy,
r ?/ 1=0.999, S0 =0.4 - 10-6;

. ) ) IT — 1-aroxysilatranes,

656 1000 15‘oom 2000 2500 3000 ko, =1206.8 - 10-3 +0.43 - 10-3 LDg;
L0so 5. r=0.918,80=0.10 - 10-6

mole
T~ sec
[ S
o
T

o

k- 1076

(]

silatranes rather than by their hydrolysis products. The same is indicated by a satis-
factory linear relationship between the LDsq and the lgk value
lgk =0.50 — 1.05 - 10™* LDsq (Z =0.91, S = 0.02) (Fig. 2).

Withdrawal of the aromatic substituent in 1-aroxysilatranes from the oxygen
atom in a methylene group leads to a sufficient decrease in toxicity (LDsq of
1-benzyloxysilatrane is 2250 mg/kg). Whereas administration of 150 mg/kg of
1-phenoxysilatrane to white mice produces tonic-clonic convulsions, 1-benzyloxy-
silatranes administered at higher doses only cause slight hyperemia.

1-Alkyl-, 1-vinyl-, and 1-ethynylsilatranes are practically non-toxic (Table 5)
(the LDs, value exceeds 3000 mg/kg). Administration of these compounds at
3000 mg/kg to white mice does not give rise to mortality. Only injection of 1-
ethynylsilatrane produces slight excitation.

Substitution of the acetylenic hydrogen atom in 1-ethynylsilatrane by a phenyl
group slightly increases the toxicity. The presence of bi- or tricyclic hydrocarbon
radicals at the silicon atom leads to a greater increase in toxicity (the LDsgq value
for compounds (30) and (41) is 850 and 80 mg/kg, respectively).

Introduction of functional groups into a hydrogen radical in 1-organylsilatranes
produces great variation in toxicity. Thus the presence of acryloxy- (7), methacryl-
oxy- (8), aroyloxy- (14—16), and aroxyacetoxy- (17 and 21) groups in the methyl
group of 1-methylsilatrane increases negligibly the toxicity (LDs o is 2500—3000 mg/kg)
or does not change it at all.

Nitrogen-containing 1-alkylsilatrane derivatives (9, 23, 24 and 25) have low
toxicity (LD s = 1300 — 3000 mg/kg). However, quaternization of the nitrogen
atom in 1-aminoalkylsilatranes (32, 33) leads to a sharp increase in toxicity (LDgg is
540 and 240 mg/kg, respectively). 1-(3’-Aminopropyl)silatrane (36) is even more
toxic (LD = 190 mg/kg).

Sulphur derivatives of 1-alkylsilatranes are commonly toxic?®*4”. Thus,
1-mercaptoalkylsilatranes>®> 27 are almost 2 orders more toxic than the initial
mercaptoalkyltrialkoxysilanes*®).

1-(Benzylthiomethyl)silatrane (40) and 1-ethylthiomethylsilatrane (46) are
fairly toxic too (LDsg = 95 and 16 mg/kg, respectively). At the same time, intra-
peritoneally administrated 1-n-propylthiomethylsilatrane (22) and bis(silatranyl-
methyl)sulphide, [N(CH,CH,0)3SiCH;)];8 are not toxic (LDso = 4000 mg/kg).

1<(Thiocyanatoalkyl)silatranes, NCS(CH,),Si(OCH,CH>)3N, (50 and 58)
are highly toxic*®. For the compounds having n = 1, 3 the LD value is 2.0 and
0.2 mg/kg, respectively.
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Introduction of a (C,H;0),P(0) group (10) into a molecule of 1-alkylsilatranes
does not change their toxicity whereas triorganyl(silatranylmethyl)phosphonium
iodides are highly toxic for white mice. For example, the LD 3 value of tripheny!
(silatranylmethyl)phosphonium iodide [N(CH,CH,0)3SiCH,P(C¢Hs)3]1™ is
2.2 mg/kg.

Application of this compound immediately involves general excitability, slow
respiration, convulsions and contraction of the abdominal muscles culminating in
coma 7—10 minutes after treatment.

Introduction of a chlorine atom into the 1- or 3-position of the alkyl radical in
1-alkylsilatranes(18, 19) decreases to some extent the average LD g, value
2200-2800 mg/kg). However almost all 1-chloroalkylsilatranes prove to have low
toxicity. Replacement of one hydrogen atom in the methyl radical of 1-methylsila-
trane by a bromine or iodine atom (28, 29) as well as the replacement by two halo-
gen atoms (31) increases markedly the toxicity of 1-halogenalkylsilatranes. In this
case the animals show depression, rapid breathing, tremor. Administration of 1-bromo-
methyl- (28) and 1-iodomethylsilatrane (29) causes hyperaemia, tremor and depres-
sion.

Table 6. Toxicity of fluoro-containing silatranes

Compound LDgoimg/kel
1  CgF3CH;CHISI(OCH,CH3)3N 3000
OCH,CH,
2 CICH,;S8i- OCH,CH, -N 893
OCH(CF3)CH>

3 CICH,S8i[OCH(CF3)CH; 3N 268
OCH,CH;

4  CF3(CH3),8i- OCH,CHy -N 260
OCH(CH;)CH,
OCH,CH,.

5 CF3(CHj),8i— OCH(CH3)CH, —N 250
OCH(CH3)CH,

6  CF3(CHj)2Si[OCH(CH3)CH; 3N 240

7 FCH,(CH3),Si(OCH,CH,)3N 220

8  CF3CH,CHISi(OCH,CHj3)3N 120

9  FCH>(CH;),Si[OCH(CH3)CH; 13N 90
OCH,CH,

10 CF3(CH3)2S8i- OCH,CH, -N 54
OCH(CF 3)CH,

11 CF3(CH3),Si(OCH,CH,)3N 5
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The toxicity of 1-(3'-halopropyl)silatranes (34, 44, 48) is dependent on the
nature of the halogen atom and increases in the following order

C1(2250) <F (220) <J (29) <Br (5)
(figures in brackets show the LDsg values in mg/kg).

Introduction of FCH, and F3C groups into the side chain of 1-alkylsilatranes
increases the toxicity more effectively than introduction of trifluoromethyl groups
into the silatrane skeleton (Table 6).

The clinical signs after administration of compounds containing fluorine are
almost identical. Death occurs more rapidly with higher toxicity of the compound.
Thus, administration of 1-(3'-trifluoropropyl)silatrane and 1<(3'-fluoropropyl)-
3,7,10-trimethylsilatrane at the highest dosage causes immediate death while in
the case of 1-(3'-trifluoropropy!)-3,7,10-trimethylsilatrane death occurs within
10—15 minutes*? 59,

The immediate cause of death seems to be the result of a paralytic action on
the central nervous system, particularly on the respiratory centre. Typical toxic
signs of poisoning by fluorine-containing silatranes are hyperexcitation, muscle
twitching, spasm of abdominal muscles, tremor, salivation.

Sometimes administration of 1-(3'-trifluoropropyl)-3,7,10-trimethylsilatrane
induces epistaxis.

Polyfluoroorganylsilatranes containing an iodine atom at the a-position to the
siticon atom are less toxic than 1-(3’-trifluoropropyl)silatrane (11) (Table 6). The
LDsg value for CF3CH,CHISi(OCH,CH,);N is 120 mg/kg and that for
C;F,CH,CHISi(OCH,CH,);N is 180 mg/kg. At the same time, 1-(2'-perfluoro-
hexyl-1’-iodoethyl)silatrane (1) is practicaily non-toxic (LDso = 3000 mg/kg).

The toxicity of certain types of carbofunctional substituted 1-organylsilatranes
is related, to a certain degree, to the hydrolysis rate. Thus, the toxic effect of
1-chloroalkylsilatranes as well as that of 1-aroxysilatranes is linearly related to the
hydrolysis rate constant (Fig. 2).

The toxicity of silatranes is considerably influenced by the nature of the solvent.
Thus, the toxicity of silatrane solutions in dimethylsulphoxide is considerably higher
than in water and tween. On skin application 1-arylsilatranes in DMSO solutions are
fairly toxic as well, but not toxic in the solid state and in aqueous solutions.

The mechanism of the toxic effect of silatranes is not clear yet. The data of
Tables 1-6 show that toxicity depends, first of all, on the substituent at the silicon
atom.

Some attempts have been made to explain the high toxicity of 1-arylsilatranes
by the presence of the transannular Si-N bond and pentacoordinate silicon in their
molecules" 3%

During the last years high toxicity was found for a series of bicyclic systems
similar to silatranes#%- 1) such as phosphatranes, azaadamantanes and trioxabicyclo
(2.2.2)octanes (Table 7). This shows that the high toxicity of silatranes’ results to
a considerable extent from stereochemical factors. [t is connected, first of all, with

1 This is true for many other biological properties.
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Table 7. Toxicity of polyhedral systems of some silatranes,
phosphatranes, heteroadamantanes and bicyclo{2.2.2]octanes?

Compound LDsolmg/kg]
CH3Si(OCH »CH 2)3N 3000
CICH,Si(OCH ,CH ) 3N 1500
BrCH,Si(OCH,CH;)3N 916
C¢H5Si(OCH,CH4)3N 0.3
(S)P(OCH,CH,)3N 260
(O)P(OCH ;) 3P(0) 189
{(C¢Hs)3CP(OCH,CH,)3N|BF 4 28
(O)P(OCH,)3CCeH5 1.5
(O)P(OCH)3CC3H7-n 0.39
(S)P(OCH 3)3CC3H 7-i 0.26
P(OCH7)3CC3H 7i 0.22
(0)P(OCH3)3CC3H7-i 0.18
CICH,C(OCH,)3CCH3 526
CH3C(OCH3)3CCH3 500
CH3C(OCH3) 3CCHBr 390
HC(OCH,)3CC3H 7+ 30

71

NL/N 0.24
W
Strychninb §-1§

2 J E. Casida, M. Eto, A. D. Moscioni, J. L. Engel, D. S. Milbrath,
). G. Verkade, (1976)4%)
b jethal dose for human (Z. Franke, 1973)52)

the spheric arrangement of the silatrane cycle and the presence of the “bridging”
nitrogen atom. However, in silatranes the nature of the silicon atom has a consid-
erably greater influence on the toxicity than in other polyhedral structures. For
example, for 1-oxophospha-2,6,7-trioxa-4-organylbicyclo(2.2.2)octanes,
(O)P(OCH,);CR, the compounds with R = alkyl are even more toxic than their
analogues with R = aryl44). At the same time, 1-alkylsilatranes are practically non-
toxic, unlike 1-arylsilatranes.
The toxic effect and other biological properties of many silatranes are thus
associated with their structural peculiarities and are mainly determined, in the
author’s opinion, by the following factors
1. Polyhedral structure of the silatrane skeleton and anomalous valency state of
the silicon and nitrogen atoms involved.

2. High dipole moment of the molecule.

3. The nature of the substituent bound to the silatrane skeleton.

4. Rate of cleavage of the most reactive bonds in the molecule both within and
outside the silatrane skeleton.
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2 The Effect on Enzyme Activity and Some Biochemical Reactions

Data obtained on the effect of 1-(chloromethyl)silatrane on the enzyme activity
and the nucleic acid and protein contents of liver and spleen of mature rats, are

listed in Tables 8—10.

Table 8. The effect of 1-(chloromethyl)silatrane on some biochemical processes

Enzymatic process

Deviation from control values [%]

or Concentration [mol/l] Conclusion
biochemical reaction 10-3 10-3 10-7

Phosphodiesterase of rat brain -5.1 -6.2 -6.2 No effect
Monoamine oxidase of mitochondria -2.7 -11 - No effect
of rat liver

Acetylcholinesterase of rat brain -50 0 0 Inhibitor
Butyrylcholinesterase of blood serum 0 0 0 No effect
Total adenosine triphosphatase activity +80 +62 +40 Activator
of rat liver

Linking with SH-groups of glutathione  +5 0 0 No reaction

Table 9. The effect of 1-(chloromethyljsilatrane on the protein, RNA and DNA contents of
liver and spleen of rats, administered daily at 100 mg/kg for 3 days

Organ Weight Content [% of control]

(% of control] Protein RNA DNA
Liver 108 112 128 101
Spleen 110 122 123 110

Table 10. The effect of 1-(chloromethyl)silatrane on the DNA biosynthesis in regenerating liver

of rats

Time of administration

H3-thymidine

Stimulation of

pulse/min _ . - Mg
[hours after hepatectomy] [—~—mg DNA 10- 1) DNA synthesis ty ma
%]
3 845.2 + 105.0 29.8 2.22
8 17457+ 125.0 66.7 9.50
17 1191.0+131.0 51.5 4,77
19 1473.0 = 83.2 54.5 10.85
Control 560.6 + 25.5 0 0
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Table 8 shows that at concentrations of 1077 — 10~®M 1-(chloromethyl)sila-
trane does not affect phosphodiesterase of the rat brain and monoamine oxidase
of the rat liver. At the same time, at 10™*M concentration the preparation weakly
inhibits the acetylcholinesterase of the rat brain. Therefore, 1-(chloromethyl)sila-
trane may be expected to produce a gentle stimulatory effect on the processes in
the central and peripheral nervous system which are mediated by acetylcholine.
1-(Chloromethyl)silatrane activates mildly the preparation of summarized ATP
values of the rat liver. No reaction is observed with SH-groups of glutathione.

Table 9 shows the effect of 1-(chloromethyl)silatrane on the weight of liver
and spleen, as well as the nucleic acid and protein contents of these organs. The
data indicate that 1-(chloromethyl)silatrane does not influence the DNA content
of the liver but it increases slightly (by 10%) that of the spleen. The RNA content
of the liver and spleen increases considerably (by 28% and 23%, respectively).
Simultaneously, the protein content of both organs increases by 12% and 22%.
This shows that 1-(chloromethyl)silatranes stimulates the biosynthesis of RNA and
protein in the organs studied. The stimulation effect of 1-(chloromethyl)silatrane
on the biosynthesis is better manifested in spleen than in liver.

Normal liver cells are known to perform only functionally essential biosynthesis.
The rate of mitoses of these cells is 0.8%. After partial hepatectomy (resection of
2/3 of liver) a sharp intensification of biosynthesis with accelerating cell division
takes place.

% O
s
LI

38858
\ |

Stimulation of DNA Synthesis (%)

60 -
40
2
0 A S T T S SR SR S SR
O 2 4 6 8 10 12 14 16 18 20

Time (h)

Fig. 3. Influence of 1-(chloromethyl)silatrane (100 mg/kg per day) on the DNA biosynthesis
in the regenerating liver of rats
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The stimulatory effect of 1-(chloromethyl)silatrane on the DNA synthesis in
the cells of the regenerating liver is shown in Table 10 and Fig. 3. In a similar way
(according to incorporation of *H-thymidine, !*C-orotic acid and *H-leucine) it
has been found that 1-(chloromethyl)silatrane intensifies the DNA, RNA and pro-
tein biosynthesis in other developing cells (by 20—60%). This has shown the im-
portance of further investigation of this preparation as a stimulator of cell division
and biosynthesis of nucleic acids and proteins.

The influence of 1-ethoxysilatrane on regenerating liver has been studied on
male white mice after resection of 2/3 of the liver®®., The animals were treated
daily with a therapeutic dose (100 mg/kg) of 1-ethoxysilatrane, the control animals
only with physiological saline solution.

The regeneration process was checked by the growth of liver weight. 1-Ethoxy-
silatrane is found to intensify regeneration of liver substance; the weight gain was
11—12% 2—4 days after the resection. 1-Ethoxysilatrane produces favourable effects
not only on the liver, but on the whole organism of the animal.

Further studies have shown the influence of 1-ethoxysilatrane on the activity
and the size of the regenerating liver cells. The cell size of the treated animals is
32% larger than in controls®*. The total amount of mitotic phases in the treated
animals increases by 73%.

The index of average mitotic phases (without previous prophase and telophase)
increases too. This indicates that 1-ethoxysilatrane accelerates the initial and final
steps of mitosis.

The above data suggest that silicon stimulates the biosynthesis of collagen as
a coupling or, possibly, matrix agent! 15 In fact, further experiments showed
that being excellent donors of essential silicon, some silatranes produced a marked
stimulating effect on not only the total protein synthesis but on the synthesis of
collagen as well®®.

The effect of Si-substituted silatranes, XSi(OCH,CH,);N (X = CH3, C,H;0,
CICH,), on the biosynthesis of collagen was studied in vitro using cartilagenous
tissue of chick embryos. The dynamics of the process was determined by the for-
mation of peptide-bound '*C-oxyproline.

The most pronounced stimulation of the biosynthesis of collagen was observed
in concentration of 3 - 1073 mole/l within 180 min of incubation (*C-proline was
added to the incubation medium 60 min after the beginning of incubation).

Of the three silatranes studied, 1-methylsilatrane produces the strongest effect
on the total protein synthesis in the cartilagenous tissue of chick embryos.

The silatranes studied produce a clear stimulating effect on the formation of
oxyproline in intact bones of chick embryos. However, these silatranes do not affect
much the activity of collagen propyl-hydroxylase catalyzing the oxyproline forma-
tion.

This indicates that the stimulation of '*C-oxyproline formation by silatranes
is associated with the influence of the protein-synthesizing apparatus of the cell
rather than with the activity of collagen prolyl-hydroxylase.
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3 The Effect on Blood

The effect of silatranes of the type XSi(OCH,CH,);N where X = CH;,C,Hs,
CH;CH,0, (CH3),CHO, (CH3)3CO on blood has been studied in vitro$%). The
compounds were injected into native blood at 2.5, 5.0, 10.0, 20.0, 25.0 and

30.0 mg/ml doses. Blood coagulation was checked on glass and paraffin. In control
tests physiological salt solution was used. All six silicon-substituted silatranes studied
make coagulation slower both on glass and paraffin. The activity of these compounds
is dependent on X and increases in the following order

(CH;3);CO <(CH3),CHO <C,Hs <CH; <CH30 <CH;CH,0.

1900
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100

0 , | ) . . . ) Fig. 4. Influence of 1-ethoxysilatrane on
O 05 1.0 1.5 20 25 30 35 blood coagulation in vitro. Glass: start (),
Concentration (%) finish (3). Paraffin: start (2), finish (4)

92



Biological Activity of Silatranes

Time (sec)
w
O
e}
T

—
N\,
N
N

300( d ~ v
200 i
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The influence of 1-ethoxysilatrane and 1-isopropoxysilatrane on blood coagulation
is shown in Figs. 4 and 5 respectively. It is seen that both 1-alkoxysilatranes are
more effective in the end than in the beginning of coagulation. 1-Isopropoxysilatrane
at a dose of 5—20 mg/ml causes no coagulation.

1-Ethoxysilatrane displays a considerably larger anticoagulant effect than all
other silatranes investigated®®. The data on the effect of some silatranes on blood
coagulation are represented in Table 11. They show that the silatranes examined
increase thrombin time appreciably only when added to plasma at high doses
(10005000 7y/ml). Thromboplastin time is practically unaffected by all silatranes
studied, except 1-ethoxysilatrane which raises this factor more than 2-fold at
5000 y/ml dosage. 1{Chloromethy1)-3,7,10-trimethylsilatrane and 1-ethoxysilatrane
considerably increase plasma recalcification time.

Table 11. The influence of silatranes on haemocoagulation indices of the blood plasma

Compound Dosage Recalcific- Thrombin  Thromboplastin
ation
time time time
[v/ml] [sec] [sec] [sec]
1-(Chloromethyl)silatrane 1000 182 117 32
1-(Chloromethyl)-3,7,10-
trimethylsilatrane 1000 222 51 22
1-Ethoxysilatrane 5000 228 168 48
1-Ethoxy-3,7,10-trimethyl-
silatrane 5000 145 44 25
Control 0 100 20 23

(Physiologic solution)
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[(C¢H5)3PCH;Si(OCH,CH,);3N] 1 produces a stabilizing effect on erythrocyte
membranes at concentrations of 1 y/ml. The zone of the minimum osmotic resis-
tance of erythrocytes is 0.46% of the NaCl concentration and the zone of the maxi-
mum osmotic resistance is 0.38%, thus exceeding the control values®”

1-(0,0-Diethylphosphonemethyl)-3,7,10-trimethylsilatrane and its analogs may
prove very useful in treatment of anaemia accompanied with intensive erythrocytol-
ysis, in blood conservation and haemotransfusion therapy to prevent destruction
of the erythrocyte membranes.

The effect of this silatrane on the acid resistance of erythrocytes has been exam-
ined using a model anaemia induced by a heavy metal salt5®), For this purpose 2 mi
of 0.001% thallium nitrate and 2 ml of 0.1% or 0.01% 1-(0,0-diethylphosphone-
methyl)-3,7,10-trimethylsilatrane solution were added to the blood of rats. Then
the blood was incubated for 1 hour at 37 °C.

Administration of this silatrane, especially at 0.01% concentration, to the
erythrocytes incubated with thallium nitrate increases their resistance to haemolysis.
The erythrograms shift to the right and the maximum erythrocytolysis decreases
to 25% whereas the resistance time amounts to 600 * 30 sec (Fig. 6).

On administration of 0.1 and 0.01% of 140,0-diethylphosphonemethyl)-3,7,10-
trimethylsilatrane in physiologic saline solution to the blood of animals poisoned
with lead nitrate a sharp increase in acid resistance of erythrocytes was oberved
(Fig. 7) along with erythrogram shift to the right and a prolonged prelytic time
(to 240 + 60 sec). Sometimes the maximum erythrocytolysis occurs only after
300 + 60 sec. Haemolysis is completed in 720 + 30 sec.

0 A 1 J e S L
O 60 120 180 240 300 360 420 480 540 600 660 720
Time (sec)

Fig. 6. Influence of (C;H50),P(0)CH,Si[OCH(CH3)CH; 3N (I) on acidic resistance of ery-
throcytes. Acidic erythrograms of blood after addition of: 1) 0.001% TI(NO3)3 solution, 2)
0.001% TI(NO3)3 solution and 0.1% (1), 3) 0.001% TI(NO3)3 solution and 0.01% (1), 4) control
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1 d A ) I

1 i
40 300 360 420 480 540 600 660 720 780
Time (sec)

o :
0 60 120 180

Fig. 7. Influence of (C2H50),P(O)CH;Si[OCH(CH3)CH; 13N (I) on acidic resistance of ery-
throcytes. Acidic erythrograms of blood after addition of: 1) 0.001% Pb(NO3), solution,

2) 0.001% Pb(NQ3)4 solution and 0.1% (1), 3) 0.001% Pb(NO3), solution and 0.01% (1), 4) con-
trol

All these show that under the influence of 1-(0,0-diethylphosphonemethyl)-
3,7,10-trimethylsilatrane the resistance of the erythrocytes affected by heavy me-
tal salts to a lysing agent increases greatly due to stabilization of the erythrocyte
membranes.

It has been also shown that 1-(chloromethyl)silatrane does not affect the for-
mation of haemolysins and hemagglutinin antibodies in mice blood in response to
immunization with ram erythrocytes.

4 The Effect on Endocrine Functions

The androgenic, anabolic, uterotropic, antioestrogenic, gestagenic, glucocorticoid,
antiinflammatory, mineralocorticoid, antimineralocorticoid and adrenocorticoid
activity of silatranes has been studied’?.

The preparation was administered per os into the animal stomach as a starch
suspension at a 100 mg/kg dose.

The influence of 1-(chloromethyl)silatrane on endocrine functions regulated
in the organism by steroid hormones is represented semiquantitatively in Table 12.
These data show that 1-(chloromethyl)silatrane displays a considerable antigesta-
genic activity. On administration to preadolescent male rats for 10 days 1-{chlorome-
thyl)silatrane activates the hypophysis-adrenal system producing increased weight
of adrenal glands and decreased weight of thymus in mature rats. Besides this, the
preparation induces increased weight of testes and seminal vesicles. The preparation
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Table 12. The influence of 1-(chloromethyl)silatrane on the endocrine functions regulated by
steroid hormones

Activity Conclusion? Activity Conclusion?
Androgenic - Thymolytic +

Anabolic - : Antiinflammatory -
Antiandrogenic - . Glycocorticoid ++
Gestagenic - Mineralcorticoid -
Antigestagenic ++ Antimineralcorticoid -
Uterotropic - Adrenocorticoid +
Antioestrogenic - Gonadotropic -

3 (+) Low activity; (++) pronounced activity; (~) no activity.

does not influence the gonad weight of adolescent rats but stimulates their adrenal
gland function. This may be due to the fact that 1-(chloromethyl)silatrane activates
the gonadotropic system of the hypophysis only when the development of the latter
is completed (9—10 weeks of postnatal life when the animal weight amounts to
100-120 g). :

1-(Chloromethyl)silatrane has a well-defined glucocorticoid activity (Table 13).
Thus, on subcutaneous administration over four days it increases the glycogen con-
tent of the liver 3—4 times with unchanged glucose level in the blood.

Thus when the adrenal gland functions are blocked 1-(chloromethyl)silatrane
normalizes carbohydrate metabolism stimulating accumulation of glycogen in the
liver without any thymolytic effect.

5 Treatment of Wounds, Burns and Ulcers

Silicon is an essential element for epithelial and connective tissues to which it imparts
strength, elasticity and impermeability?, In these tissues silicon acts as an agent which
holds proteins and acidic mucopolysaccharides together. This may explain the stimu-
lating effect of a number of silicon compounds, especially silatranes, on the regener-
ation of connective tissue and, above all, collagen. These facts have led to investiga-
tions of the influence of silatranes on the processes of wound healing®®~%?. For

this purpose some scores of non-toxic silatranes favouring the healing of wounds

in test animals have been studied.

The influence of these preparations on healing processes in wounds on subcu-
taneous, peroral or local administration as 5-10% ointments (Table 14) has been
examined.

1-Alkoxysilatranes and 1-(chloromethyl)silatrane have proved to be most promis-
ing. Animals of the control groups were treated with Vishnevsky ointment, syn-
thomycin emulsion and cygerol. The tests have been carried out with 204 rabbits
having skin-fascial wounds of a size up to 600 mm?.
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Table 14. The influence of silatranes on healing of wounds in rabbits

Series of preparations Way of Number Area of Time of
tests application of wounds healing
animals [mm2] [days]

1 1-Ethoxysilatrane Subcutaneous 10 250 13
1-Methylsilatrane 10 250 17
Control 10 250 20

11 1-Ethoxysilatrane Subcutaneous 10 300 15
1-Ethoxysilatrane Per os 10 300 16
1-Ethoxysilatrane Local, 5% 10 300 13

ointment

Control 10 300 22

m 1-Methoxysilatrane 6 250 14
1-Tert-butoxysilatrane 8 250 15
1-Isopropoxysilatrane Local, 6 250 16
1-Ethoxysilatrane 5% ointment 6 250 13
1-Methylsilatrane 6 250 16
1-(Chloromethyl)silatrane 6 250 12
Syntomycin emulsion 6 250 17
Vishnevsky ointment 6 250 18
Control 6 250 20

v 1-(Chloromethyl)silatrane 10 600 13
1-Ethoxysilatrane Local, 10 600 16
Cygerol 5% ointment 10 600 18
Control 10 600 22

A\ 1-(Chloromethyl)silatrane 10 300 14
1-Ethoxysilatrane Local, 10 300 14
Cygerol 5% ointment 10 300 14
Control 10 300 19

The first series dealing with 1-ethoxysilatrane compared with methylsilatrane
consisted of three groups of animals (10 rabbits each). These compounds were sub-
cutaneously administered as an aqueous solution at a dose of 50 mg/kg per day until
complete healing of the wound®?.

After 4—6 days the rabbits treated with 1-ethoxysilatrane displayed wounds of
reduced size. The wounds were covered with a crust under which healing proceeded
without suppuration. After the removal of the crust (on the 13th day) a movable
soft scar not united with the underlying tissues was observed. At the same time, in
the control animals the wounds displayed inflammation signs such as hyperemia,
infiltration and swollen borders. By the 13th day the open wound neither closed
nor cicatrized.

The regeneration processes were completed by the 17th day on administration
of 1-methylsilatrane and by the 20th day without treatment (Table 14).
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1-Ethoxysilatrane proved to be effective in treating wounds also via other routes
of administration. Thus, in the second series of tests involving 40 rabbits with skin-
muscle wounds of 300 mm? size 1-ethoxysilatrane was administered both subcu-
taneously and per os at 50 mg/kg doses and as 5% ointment in a 1 : 1 vaseline-lanolin
base.

After 4—6 days of treatment the wound lips were covered with epithelium and .
were fixed and united with the wound fundus. 8—10 days after the crust removal
the fundus of the wound was clean, pink and at the same level as the outer lips of
the wound. The periphery of the wound presented a wide zone of epithelium.

On local use of 1-ethoxysilatrane the area of wounds diminished considerably.
The wound was completely closed within 12 days after treatment. On subcutaneous
and peroral administration, healing was completed in 15 or 16 days as compared to
22 days in the control.

In the third series, 1-methoxy-, 1-ethoxy-, 1-isopropoxy-, 1-tertbutoxy- and
1-(chloromethyl)silatranes were examined in comparison with well-known prepa-
rations widely used in therapy such as Vishnevsky ointment, synthomicyn emulsion,
and cygerol (Table 14).

Skin-muscle wounds of 250 mm? size were treated with an ointment consist-
ing of the appropriate silatrane in the vaseline-lanolin base. Inflammatory signs
disappeared after treatment with silatranes, especially with 1-chloromethyl- and
l-ethoxy-derivatives, By the 8 —10th day of treatment the wound has almost com-
pletely been epithelialized, but for a small spot in the centre covered with crust
(Fig. 8).

1-(Chloromethyl)- and 1-ethoxysilatranes caused complete healing within 12—13
days after treatment. The wounds treated with other silatranes healed completely
within 14—16 days (Table 14). In all cases a well-displayed zone of epithelialization
was observed during the process of healing. In the centre of the zone one could see
a small spot covered with crust which revealed, after the crust removal, a clean and
pink wound fundus. )

Regeneration of the wounds treated with synthomycin emulsion completed
by the 17th day, that of the wounds treated with Vishnevsky ointment by the 18th
day. The control animals displayed completely healed wounds not earlier than
20 days after treatment.

Thus, all the examined silatranes produce a more rapid wound-healing than
Vishnevsky ointment and synthomycin emulsion.

In the fourth group the results of treatment of wounds with 5% 1-ethoxy- and
1-(chloromethyl)silatrane ointments and cygerol were compared.

Wounds with an area of 600 mm? were treated daily with the above prepara-
tions. The wounds treated with silatranes healed with rapid epithelialization of
the wound lips. Soon they were covered with a crust under which the healing pro-
ceeded without suppuration (Fig. 9). The wounds treated with 1-(chloromethyl)
and 1-ethoxysilatrane were completely healed within 13 and 16 days, respectively,
and in the case of cygerol within 18 days. No complications have been observed.

Histological data have shown an early fibroblast reaction, formation of collagen
fibres and differentiation of connective tissue on treatment of wounds with sila-
tranes61).
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Healing Effect of 1-Chlorometylsilatrane on Wounds

(5° Ointment) Control

Test

TR

9 days 12 days

Fig. 8. Dynamics of healing of wounds treated with 5% 1-(chloromethyl)silatrane ointment
(to the right - untreated wound)

An increase in the silatrane content up to 10% does not lead to a faster healing.
In this case, the application of 1-ethoxy-, 1{chloromethyl)silatrane and cygerol pro-
duces complete healing within 14 days.

Wounds treated with silatranes displayed a thicker layer of newly formed epi-
thelium than those in the control animals and others treated with cygerol. The wounds
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Fig. 9. Healing effect of 1-ethoxysilatrane (I) and 1-(chloromethyl)silatrane (1I) on wounds

were filled in the upper layers with a newly formed connective tissue rich in blood
vessels and cell elements; the lower layers contained mainly an intermediate material.
The collagen fibres were arranged horizontally in fascicles of different thickness.

The wounds in the control were not epithelialized completely. Differentiation of

the connective tissue proceeded better in animals treated with silatranes.

The data of Table 14 show that treatment of pure wounds with silatranes is
more effective than that with Vishnevsky ointment, synthomycin emulsion and
cygerol.

Experimental studies of the dynamics of leucocytes and erythrocytes in healing
silatrane-treated wounds were carried out using 90 male and female rabbits®>). The
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hair on the back of the animal was cut off and the skin was dissected away together
with the subcutaneous fatty tissue. The muscles were cut to the depth of 3—4 mm,
the size of the wounds being 300 mm?). The wounds were treated daily with 5%
1-ethoxy- and 1-(chloromethyl)silatrane ointments and with Vishnevsky ointment,
synthomycin emulsion and cygerol for comparison. The animals of the control
group received no treatment.

Changes in the erythrocyte and leucocyte numbers as well as the differential
blood count were examined.

During the first day after the operation the erythrocytes were reduced to
300000—-500000. During the following days the erythrocyte count in the animals
treated with silatranes increased, attaining the normal value within 10 days. At the
same time, the erythrocyte count of the animals treated with Vishnevsky ointment
and synthomycin emulsion normalized in only 15 days. The erythrocyte count in
the control group animals did not reach the normal value even after 20 days.

One day after the operation the leucocyte count both in treated and untreated
animals increased by 4000—5000%%). On the 5th day the leucocyte count of the
animals treated with silatrane ointments reduced to 9000 = 500, The leucocyte
count of the animals treated with Vishnevsky ointment, synthomycin emulsion
and cygerol reduced to 10800 + 100, 10200 + 300 and 10000 * 200, respectively.
The leucocyte count of the untreated animals was 11000 + 100 5 days after the
operation. The leucocyte count of the silatrane-treated animals was normal after
15 days, i. e. by the time of complete healing of the wound, in the untreated ani-
mals not even after 20 days.

The most characteristic change in the differential blood count is an increase in
the lymphocyte content by 8—10% in both treated and untreated animals. In all
the treated animals the lymphocyte count reduced to a normal level by the time
of complete healing. The untreated animals had normal lymphocyte count con-
siderably later.

Thus, healing of wounds treated with silatranes is accompanied by a normal
reaction of the organism which is expressed by rapidly progressive anaemia and
moderate leucocytosis. However, in this case all the processes advance more quickly.
Furthermore, the silatranes studied suppress inflammatory processes. This is proved
by the normal leucocyte content by the time of wound healing.

The influence of silatranes such as 1-methyl-, 1-ethoxy-, 1{chloromethyl)sila-
trane and 1-(chloromethyl)homosilatrane on healing of wounds has been studied
using 260 white rats®®.

The hair of the back of the head was mechanically removed from an area of
3 x 4 ¢cm under ether anaesthesia. The skin was dissected to the fascia. After the
operation the wound was daily treated with a 5% ointment consisting of the appro-
priate silatrane and a vaseline-lanolin base until complete microscopic healing. The
wounds of the control animals were covered only with the vaseline-lanolin mixture.
The other control group was not treated at all. The wounds were examined daily
and measured until complete healing. Then the animals were killed. From the wound
area a piece of skin was taken for a histological analysis.

The wounds treated with 5% 1-methyl- and 1-(chloromethyl)silatrane ointments
healed simultaneously within 28 days. The same healing time was observed for the
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wounds of the control group. A microscopic study of internal organs of the silatrane-
treated animals has not revealed any visible pathology®?,

The influence of 1-isopropoxylsilatrane on the proliferative tissue has been
studied®¥. According to the histological data, the effect of the 0.5% 1-isopropoxysila-
trane ointment on the development of the granular-fibrous tissue is not limited by purely
quantitative stimulation. This silatrane seems to influence the molecular arrangement
of the granular-fibrous tissue that makes the morphogenetic effect on the course of
epithelialization more rapid and strong.

During the investigation of the effect of intraperitoneal administration of sila-
trane at a dose of 150 mg/kg per day on the development of histamine-induced
experimental ulcers in white rats there have been identified 10 compounds of this
class which produce a strong antiulcerous action®”. The antiulcerous effect of these
compounds is manifested in a lower number of ulcerous injuries and a smaller edema
of the mucous membrane of the stomach. The silatranes appear to produce both
protective and preventive effects on the development and course of histamine-in-
duced ulcerous process in the stomach.

Sulfur containing salts of general formula

[RR'S(CH, ), Si(OCHXCH ;) ,(OCH,CH,)3 ,N]*Y "

where R, R' = alkyl, aralkyl; Y = I, Br;m > 1; X = H, CH3; n = 0—3 belong to one
of the most promising types of silatranes in this respect®®. The antiulcerous ef-
fect of these salts has been studied on white rats. The animal were given only
water for 48 hours. Then they were intraperitoneally injected with aqueous so-
lution of the appropriate thionic salt (LDsq = 0.1 mg/kg) and 30 minutes later
with aqueous histamine solution (10 mg/kg). After 24 hours the animals were de-
capitated and autopsied. The stomach was examined and the number of ulcers
counted.

The examination has shown that all studied compounds do produce both pro-
tective and preventive effects on the development and the course of the histamine-
induced ulcerative process occurring in the mucous membrane of the stomach. The
average number of ulcers in the control group was 8.1 as compared with 2.3-0.5 in
the tests.

Clinical tests of the 5% 1-(chloromethyl)silatrane ointment have been carried
out in four hospitals in the Soviet Union.

In one of these hospitals (Leningrad) two groups of patients having wounds of
different origin were involved. The patients of the first group were treated with
1-(chloromethyl)silatrane ointment placed directly onto the wound surface or on-
to a sterile dressing. The dressings were changed daily or every second day till com-
plete healing.

The patients of the second group were treated with Vishnevsky ointment, syn-
thomycin emulsion, anaesthezine ointment and sterile vaseline.

Examination of suppurating wound microflora has shown that in both groups
the suppuration process was mainly caused by staphylococci which are resistant to
or had low sensitivity to penicillin and streptomycin.

Beside the clinical observations the patients have been examined for the amount
of haemoglobin and erythrocytes, the colour index of the blood, the amount of
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leucocytes or blood count, erythrocyte sedimentation rate, total protein, residual
nitrogen and bilirubin of the blood as well as the specific gravity and microscopic
morphological components of the urine. The parameters were measured in order to
determine the effect of 1-(chloromethyl)silatrane on the organism as a whole. The
patients of both groups did not exhibit any considerable difference in these data.

In several cases some deviations from normal values were observed in both groups,
usually during the postoperative period or during the degenerative-inflammatory
period of wound healing. In the regenerative period these indices were normal again.

When suppurative wounds were treated with the widely used Vishnevsky oint-
ment or synthomycin emulsion they soon became free from necrotic tissues to form
rich granulations. Application of the 1-(chloromethyl)silatrane ointment did not
accelerate this process. The postoperatively silk-sutured wound healed at the proper
time (7—10days).

Treatment of small abrasions, irritations, skin burns and erosions with the
1-(chloromethyl)silatrane ointment removed inflammation. Healing completed
1.5—2 times faster than on treatment with Vishnevsky ointment, synthomycin emul-
sion and other preparations. Healing of small wounds usually occurred under the
crust to form a soft cicatrice. No complications were observed on using 1-(chloro-
methyl)silatrane.

It was concluded that the application of the 1-(chloromethyl)silatrane ointment
in surgery is reasonable in treating small, purely skin-fascial wounds, erosions, skin
irritations and burns.

In another hospital (Gorky) the clinical tests of 1-(chloromethyl)silatrane were
carried out on 21 patients from 6 to 52 years of age. 14 of them had granulating
wounds after thermal burns of 7—800 cm? size, 4 patients displayed superficial
burn wounds (1-15% of the body surface), 3 patients had wounds which were not
healing where donor skin had been removed. Most granulating wounds were charac-
teristic of abundant suppurative discharge and poorly-defined marginal epithelial-
ization.

The 1-(chloromethyl)silatrane ointment was applied along with the usual treat-
ment. Uni- or bilayered gauzes soaked with the preparation were placed on to the
wound surface 2—11 times.

The 1-(chloromethyl)silatrane ointment was also used in local treatment of 4
patients with fresh superficial burns (II-1IIT degree). The treatment started on the
first to the third day after the trauma. Under the influence of this preparation the
wound epithelialized very well. A slight seropurulent discharge did not prevent epi-
thelialization. Healing was completed within 10—15 days. The 1-(chloromethyl)sila-
trane ointment also proved to be rather effective in treating unhealed donor wounds
formed due to suppuration in places where the donor skin had been excised. These
wounds also showed very quick epithelialization.

The use of the preparation in treating old wounds with an abundant suppurative
discharge was less effective. Local application of the 5% 1-(chloromethyl)silatrane
ointment did not cause any side effects. It is concluded that the 1-(chloromethyl)-
silatrane ointment may be applied along with other preparations in local treatment
of fresh suppurative burns.
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At one of the hospitals in Moscow the 5% 1-(chloromethyl)silatrane ointment
was used in treatment of 20 patients. Dressings with the ointment were applied daily
or every second day. All the patients were cytologically examined for wound prints,
inoculation of microflora, and sensitivity to antibiotics.

The patients of the first group which were treated with 1-(chloromethyl)sila-
trane showed more effective growth of granulations and improved tissue growth
during the first 7—8 days. After this the healing rate increased, as confirmed cyto-
logically.

The patients of the second group treated with 1-(chloromethyl)silatrane also
exhibited a more rapid and uniform granulation during the first 10—12 days. The
amount of suppurative discharge increased as well as the number of decomposing
neutrophils (according to cytological data).

Six patients were treated alternatively with the ointment and antiseptics (po-
tassium furagin, dioxidine) and this led to fast decontamination of wounds, an
active growth of granulation and an intensive cell regeneration.

Six patients suffered from microbic eczema and dermatitis developing around
the suppurative wounds. After application of 1-(chloromethyl)silatrane for three
times perifocal phenomena completely disappeared.

It is concluded that the 1-(chloromethyl)silatrane ointment is effective in treat-
ing microbial eczema and dermatitis accompanying suppurative wounds. The appli-
cation of this ointment in treatment of trophic ulcers and suppurative wounds has
no advantage over widely used antiseptic preparations.

The 1-(chloromethyl)silatrane ointment has been studied also under clinical
conditions with a group of sportsmen which had been operated for false joint of
the tibia or subcutaneous rupture of Achilles tendon and suffered from post-oper-
ative dermal necrosis. The preparation was applied on dressings which were changed
every second day. The injured tissues were not given any additional treatment. Al-
ready in 2—3 days some growth of the granulation tissue and epithelialization of
the wound lips were observed. The formation of the crust occurred without suppu-
ration and favoured the healing. The healing time of the wounds treated with the
1-(chloromethyl)silatrane ointment was 15—17 days. The healing was characteristic
of a smooth connective tissue with no scars. No side effects such as skin irritation,
allergy etc., were observed. The healing time in the control group was 22—26 days.

The ointment was also tested on the sportsmen participating in cycle racing on
roads and cycling tracks. After falling off at high speed (up to 50 km/h) the surface
of injured tissue amounts to 300 cm? (thigh, shoulder, etc.). Patients of the test and
control groups had relatively similar injuries. The ointment was applied immediately
after disinfecting the wounds with peroxide. The ointment dressings were daily placed
before going to bed until complete healing.

The average healing time of the 1-(chloromethyl)silatrane treated wounds was
16 days as compared to 24 days for treatment with synthomycin emulsion.

It is concluded that the 1-(chloromethyl)silatrane ointment produces a stimu-
latory effect upon healing of wounds.

All the above observations show that silatranes are very promising in treatment
of wounds and burns, especially in combination with appropriate antiseptic prepa-
rations®®®.
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6 Intensification of Hair Growth

Silicon compounds are very important for the growth of hair and nails in man, feath-
ers in birds, and hair, horns, hoofs and claws in animals. Here silicon is functioning
as an agent which holds the keratin macromolecules together and which along with
disulphide bridges imparts mechanical and chemical strength and impermeability to
fluids?,

This all suggests that silatranes which may have the function of donors of sili-
con essential living organisms and stimulate the biosynthesis of nucleic acids, pro-
teins and the genesis of connective tissue are able to intensify the growth of hair
and horny tissue as well. This suggestion has been well confirmed by experiments
carried out for this purpose.

The influence of silatranes on the growth of hair in test animals was tentatively
studied in 4 series of tests. The preparations were administered per os and applied
on the skin as ointments®®,

After making all necessary measurements in the Ist series of tests the animals
were fed on a diet containing 10 mg/kg of 1-ethyl- and 1-ethoxysilatrane given 5
days a week for the period from April to May, 1972. The control group of animals
was kept under the same conditions, on the same diet but free from silatranes.

20+

nf

Fig. 10. Influence of silatranes, XSi(OCH,CH,)3N
on hair growth in guinea pigs fed on the diet con-
~20 taining 1-ethylsilatrane (/) and l-ethoxysilatrane

(2) in spring (10 mg/kg per day; March-May, 1972)
X=CoHg (1),CoHs0 (2),Control (K)  in comparison to the control (K)

Increase in Hair growth (%)
o

Table 15. The effect of perorally administered silatranes, XSi(OCH,CHj)3N, on hair growth
in guinea pigs

X Number of hairs Average length Diameter of a Increase in
hair hair growth
[per cm?) (mm] [ul 1%1
Control 376 = 9.2 36 £3.2 65 2.6 -17.4
C,H;4 263 + 9.2 30+3.2 6316 4.7
C2H50 525 +14.6 30+£2.0 72+1.8 6.8
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Table 16. Increase in hair growth of guinea pigs administered with silatranes,
XSi(OCHCH 93N, perorally

X Control CHj C,HsO
Dosage (mg/kg] 0 10 50 10 50
Increase in hair 8.9 36.0 40.5 344 25.0

growth {%]

Animals fed on the l-ethoxysilatrane and 1-ethylsilatrane-containing diet dis-
played an increase in hair growth by 6.8% and 4.7%, respectively, as compared to
the initial data. The animals of the control group, on the other hand, showed a de-
crease in the number of hairs by 17.4% (Fig. 10). No change in length and thickness
of hairs was observed in any of the three groups (Table 15).

In the second series of tests (August—October, 1972) the effect of 1-methyl-
and 1-ethoxysilatrane was studied. The preparations were given with food 5 times
a week for two months. The increase in hair growth was 40.5% as compared to 8.9%
in the control group (Table 16, Fig. 11).

In animals of the third and fourth series an alopecia was induced by application
of 2% epilinic ointment. Then the hairless spot was treated with the studied silatrane
as a 5—10% ointment. The best effect was observed with the 5% 1-ethoxysilatrane
ointment. In this case the increase of hair growth was 55.4% (Table 17).

A higher concentration of the preparation decreases its efficacy (with the 10%
ointment, the increase in hair growth was 41.4%).

Morphological investigations have shown that 1-(chloromethyl)- and 1-ethoxy-
silatranes produce the greatest effect of all the studied compounds.

Histological analyses were done on the skin samples taken by biopsyGQa). Histo-
logical sections of animals fed on the 1-(chloromethyl)silatrane-containing diet
showed no sharply-defined morphological changes in the epidermis.

2
40 \w
N\
g 30} §
E N\
£ 0} %§
=
g %§ Fig. 11. Influence of silatranes,
= 0 AN //:\\ XSi(OCH,CH3) 3N, on hair growth of guinea pigs
a b fed on the diet containing 1-ethoxysilatrane
X=CoHg0 (1),CHx (2}, Control (K) (1) and 1-methylsilatrane (2) in autumn (10
a) 10 mg/kg per day and 50 mg/kg per day; August--October, 1972)
b) 50 mg/kg per day in comparison to the control (K)

107



M. G. Voronkov

Table 17. Increase in the hair growth of epilated guinea pigs on treatment with silatrane
ointment, XSi(OCH,CH;)3N

X Control C,Hs C,H0 CICH, n-C3H;SCH,
Silatrane

Content [%] 0 5 10 5 10 5 S

Increase in 10.72 15.3 4.5 55.4 414 - -

hair growth [%]  15.6° - - - - 43.3 28.6

3 July — November 1972.
b May — August 1973.

Some changes were observed in the dermis. This was expressed by a changed
cellular constitution of the connective tissue. Fibroblasts were predominant in the
thin section of cellular elements.

There were no changes in the character of growing hair. Their main peculiarity
was the appearance of two new follicles near the old one.

Other studies unfortunately dealing only with the time necessary for the cut
hair to grow were carried out on female white rats and guinea pigs of the same age’®.
After having the hair mechanically removed the animals were fed on the diet con-
taining 10 mg/kg of the examined preparation.

1-Isopropoxysilatrane proved to be most effective. On local application of this
preparation the hair regained its initial length within 23 days (Fig. 12). The precursor
of 1-(chloromethyl)silatrane, (chloromethyl)triethoxysilane, was less effective.

The hair of the control group animals reached its initial length within 25 days,
that of the animals fed with 1-(chloromethyl)silatrane and 1-isopropoxysilatrane —
within 18 days (Fig. 12). 1-Ethoxysilatrane did not influence the hair growth (as
compared to the control).

80}
2 2 60}
g ]
g g
= F 40r

N\\jg

3
20+ % §

Q
Oral Administration (10mg/kg per day)

Fig. 12. Influence of silatranes on regeneration of hair in test animals. K = control, K| = vase-
line-lanolin. /) 1-(chloromethyDsilatrane, 2) 1-methylsilatrane, 3) 1-propoxysilatrane,
4) 1-ethoxysilatrane
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Fig. 13. Guinea pig fed on 1-(chloromethyl)silatrane-containing diet (10 mg/kg per day during
10 months)

All the data obtained have shown that some silatranes, especially 1-ethoxy-,
1-isopropoxy- and 1-(chloromethyl)silatrane effectively intensify the hair growth
in animals without producing any side effects (Fig. 13). This suggested that they
should be tried as possible medicinal preparations in treatment of premature hair
loss (alopecia).

Extensive clinical tests of 1-(chloromethyl)silatrane and 1-ethoxysilatrane as
possible drugs for treatment of alopecia have been carried out in several hospitals
in Moscow, Kazan and Irkutsk7!~74)_ The silatranes were used as 3—5% ointments,
creams, and liniments on different, specially chosen bases.

The growth of new pigmented coarse hair was already observed after 3—4 pro-
cedures, i.e., within 10—14 days. This was manifested as a symptom of *“prickly
hair”. The new hair was darker than before. After 3—5 courses of treating alopecia
with 1-(chloromethyl)silatrane the number of anagenic hairs increased to 35%, and
after 20—25 treatments to 75%. During the whole course of treatment the follicles
of the hairy part of the head were actively changing to an anagenic cycle.

The treatment with 1-(chloromethyl)silatrane ointments and creams are most
effective for the patients suffering from premature alopecia with or without sebor-
rhoea. The most effect is observed in treatment of bald men. During the first course
of treatment all the patients had a positive trichogram dynamics. In all cases new
coarse pigmented hair appeared. The hair became more alive and dark and could be
pulled out by forceps only with difficulty. No side effects were observed. Treatment
of premature alopecia with 1-(chloromethyl)silatrane may be recommended for men
and women, preferrably under 50 years of age. External application of this prepara-
tion may be prescibed for treatment of seborrheic baldness, alopecia areata, physio-
logical loss of hair, moniletrex, and some other diseases causing a decrease of hair growth
and hair loss. The treatment was most successfui after 2 or 3 courses.
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On treatment of children suffering from different types of alopecia an intensive
revival of the follicular apparatus was observed in almost all cases within 5 days to
2 or 3 months.

This was followed by the appearance of fluffy or normal hair, more frequently
in several places on the head, and the appearance of brows and lashes.

The best results were achieved in treatment of alopecia with liniments consisting
of 3-4% of 1-(chloromethyl)silatrane or 1-ethoxysilatrane, 50% of dimethylsulph-
oxide and 46—47% of castor oil ¥,

Dimethylsulphoxide favours good solubility of the preparations. Moreover,
dimethylsulphoxide facilitates penetration of the silatrane through the skin by trans-
porting it to the bulbs and roots of the hair. The castor oil as a component of the
liniment has some advantages. It is antiseptic, contains the provitamins A and D,
and can be kept for a long time. The skin was oiled, but not rubbed, with the lini-
ment once or twice a day during 2 or 3 months. If necessary the course of treatment
was carried out again 1 or 2 months later. Therapeutic efficacy of 1-(chloromethyl)-
and 1-ethoxysilatrane liniments was almost the same.

All patients treated with the silatrane liniments earlier underwent unsuccessful
treatments with various preparations.

At first the liniments with low concentrations of 1-(chloromethyl)silatrane and
1-ethoxysilatranes were used. Their concentrations were gradually increased to 4 and
7%, respectively.

Of 15 patients suffering from alopecia areata and treated for a long time (up to
one year), 9 patients showed completely regenerated hair, 4 patients had adequately
regenerated hair (the hair was long but thin). The treatment was not effective (growth
of fluffy hair) in only 2 patients.

After treatment of 19 patients suffering from alopecia areata of tape form (of
these 12 patients were treated for about 6 months, 3 patients for up to one year,
and 3 patients for one and a half year) complete regeneration of hair was observed
in 13 patients, considerable improvement in 5 patients and no visible results in 1
patient.

Of 34 patients with subtotal and total alopecia (duration of the treatment was
6 months for 16 patients, one year for 6 patients and one year and a half for 12 pa-
tients) 18 patients displayed complete regeneration of hair, 11 patients — growth
of fluffy hair. No hair growth was observed for 5 patient.

After treatment of 39 patients suffering from seborrheic alopecia (duration of
treatment 6 months for 22 patients, 1 year for 14 patients and one and a half year
for 3 patients) complete regeneration of hair was observed in 11 patients, partial
regeneration in 19, growth of fluffy hair in 8 patients. No therapeutic effect was
observed for 1 patient. In all cases the treatment prevented further loss of hair.

In general, treatment of 107 patients suffering from alopecia of the above types
with 1-(chloromethyl)- and 1-ethoxysilatrane liniments led to complete regeneration
of hair in 34.7% of the patients, partial regeneration of hair in 43%, growth of fluffy
hair in 19.6% and no hair growth in 2.8% of patients. In other words, the treatment
was effective in 77.7% of patients. The use of the liniments was most successful for
treatment of patients suffering from alopecia areata where a positive effect was ob-
served in 31 patients out of 34 (91.1%).
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Treatment of seborrheic alopecia with 1-(chloromethyl)- and 1-ethoxysilatrane
liniments not only strengthened the roots of the remaining hair, but caused adequate
regeneration of lost hair in 76.9% of the patients.

Treatment of subtotal and total alopecia with 1-(chloromethyl)silatrane lini-
ments was successful in 64.4% of the patients.

The results of treatment of patients suffering from different types of alopecia
with 1-(chloromethyl)- and 1-ethoxysilatrane liniments are shown in Fig. 14 (a, b,

c, d).

Fig. 14a




Fig. 14d

Fig. 14. Treatment of alopecia with 1-(chloromethyl)- and 1-ethoxysilatrane liniments: a) Pa-
tient S. P., 17 years of age, suffering from subtotal alopecia for 10 years, after treatment with
1-(chloromethyl)silatrane for 2 years; b) Patient I. L., 11 years of age, suffering from alopecia
areata for 2 years, after treatment for S months; ¢) Patient D.I., 9 years of age, suffering from
total alopecia for 4 years, after treatment with 1-ethoxysilatrane for 1.5 years; d) Patient L. V.,
20 years of age, suffering from total alopecia for 3 years, after treatment for 6 months. The
photograph is taken 11 months after the beginning of treatment
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The patients treated with the above preparations showed no pathological changes.
Some of them, on the contrary, showed better haemogram, proteinogram, Weltmann
reaction and sialic acid contents.

In six cases recurrence of illness was observed but it was eliminated by repeated
application of these preparations.

Thus, the use of 1-(chloromethyl)- and 1-ethoxysilatranes for treatment of pa-
tients suffering from alopecia of different types has proved to be effective and these
preparations may be recommended for wide application in dermatology and cosme-
tology.

7 Antitumorous Activity and Immunostimulating Effect

As early as the beginning of our century it was discovered that the connective tissue
may help the organism in its fight against tumour growth?5~77)_ The strong pro-
tective reactions of the organism against the development and growth of tumours
are conditioned by a number of factors such as the intensive development of stroma
containing neutral polysaccharides, the presence of proteolytic enzymes containing
lymphoid-cellular elements and plasmalytic cells.

This belief in the effective protective role of connective tissue started in the
year 1970 an extensive search for new antitumorous agents among silatranes which
could stimulate the formation of connective stroma’8)_ It was suggested that the
introduction of certain silatranes into the organism would intensify its resistance
to the development of tumours. This suggestion was confirmed experimentally.

The experimental investigation was carried out on breedless white rats which
were daily injected intraperitoneally with a 250 mg/kg dose of a certain silatrane
within 5 days. On the first day all the animals were inoculated with Waker carcino-
ma. Then the silatrane was introduced ten days later except in the control group.
On the 11th day the animals were killed. The tumours and the internal organs were
examined pathomorphologically.

Histological, histochemical and fluorescence microscopic data have shown that
after administration of a number of silatranes the tumours contain micronecroses,
distrophically changed tumorous cells, and there was synthesis of collagen. 1-Ethoxy-
silatrane did not produce any toxic effect on the internal organs. Neither fatty de-
generation of liver cells, nor spleen infiltration by lymphoid-cellular elements were
observed. The tumorous tissue was characterized by extensive necrosis and prolifera-
tion of the connective tissue along the tumour periphery in which there is collagen
formation. Sometimes blocks of collagen were observed in the central parts of the
tumour (Fig. 15). So-called vital cells of tumorous parenchyma with pyknotic nuclei
did not display the structure usual for Walker tumour; they rather resembled the
cells of Ehrlich ascites tumour. Inhibition of the tumour growth exceeded 50%. The
data are statistically reliable.

So it has been found out that 1-ethoxysilatrane stimulates the formation of
collagen and intensifies the development of connective stroma, thus inhibiting the
growth of tumorous parenchyma. The most valuable feature of this preparation is
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Fig. 15. The antiblastic effect of 1-ethoxysilatrane: a) tumorous tissue of Walker carcinoma
(control); b) lymphocytes, fibroblasts and collagen blocks; c) larger collagen blocks; d) connective
tissue capsula surrounding tumor cells

its non-toxicity, which makes it possible to obtain the desirable results without
affecting healthy organs and tissues.

Of all the compounds examined (Table 18) 1-methoxysilatrane is most active.
It inhibits the growth of tumours by as much as 59—79% for Walker sarcoma,
67—76% for Pliss lymphosarcoma, 47—74% for sarcoma AK and 30—55% for sar-
coma 180. The average activity of 1-hydrosilatrane is 30—55% for sarcoma AK and
25-68% for sarcoma 180.

In addition, a combined effect of phthorafurum and 1-ethoxysilatrane was
studied. Phthorafurum and 1-ethoxysilatrane were used at doses of 150 and 200 mg/kg
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Table 18. Antitumorous activity of silatranes of the type XSi(OCH,CH,)3N

X Dose, Inhibition {%]
[mg/kg Jensen Walker Pliss Carcinoma Sarcoma Sarcoma
per day] sarcoma carcino- lympho- NK AK 180

sarcoma sarcoma

CH30 210 59 67 74 52
150 78 76 45
140 18
100 16
230 53
460 60
200 64
CH3CH,0 100 84 8 41
150 76 12
50 68 34 39
94 85 47 9 64 2
188 81 66 24 64
(CH3),CHO 313 27
43 89 75 9 21 39
86 51 72 26 26 40
(CH3)3CO 143 21
H 15 30 68
CeHs 0.4 40
CH, 50 53 12
100 100 4 26
150 96 12
200 10 39
I-*[(C,Hg);NCH, 21 66 73 66 38
42 21 64 73 38
—
I "[CH,(CH)4N 15 20 55
(C,H3)CH,) 25 4 36
33 27 55
40 10 62
CH,4? 70 15 80
100 12 78
150 27 0
200 40 50

2  ]1-Methylcarbasilatrane.
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per day, respectively. 24 hours after transplantation of Jensen sarcoma, white rats
were injected 10 times with phthorafurum. After administration of phthorafurum this
group of animals was injected 5 times with 1-ethoxysilatrane. This caused an almost
twofold increase of the antitumorous effect of phthorafurum. A similar phenomenon
was observed with Walker carcinoma (phthorafurum was injected subcutaneously at
doses of 150 mg/kg and simultaneously 1-ethoxysilatrane was intraperitoneally in-
jected at doses of 200 mg/kg per day).

These studies were followed by investigation of antitumorous activity of car-
bofunctional derivatives of silatrane and homosilatrane’® 3%, The results obtained
are listed in Table 19. The criterion of efficacy was life span of the test animals as
compared to the untreated ones. The observations lasted 60 days.

Lymphoid leucaemia L-1210 and P-388, melanoma B, 4 and haemocytoblas-
tosis La are not sensitive to the studied compounds.

Of compounds I-XI only 1-ethyl-3-chloromethylsilatrane (I) has a medium anti-
tumorous effect on Ehrlich ascites tumour, the lifespan of the animals increases by
as much as 35—45% (Table 19).

The replacement of an ethyl group at the silicon atom by a vinyl or phenyl group
[compounds (I1, IIT)] completely inhibits the antiblastic properties and increases the
toxicity. Introduction of a vinyl group instead of a methyl group into position 3 of
the silatrane skeleton [compound (IV)] retains the slight effect on the development
of Ehrlich ascites carcinoma and produces an antiblastic effect on the lymphoid leu-
caemia 1.5178 y. 1-(N-Aziridinoethyl)silatrane (VI) containing an active antiblastic
ethyleneimine group displays no antitumorous effect. No antiblastic effect was found
in compound (VII) either.

Acetamidalkylsilatranes (VIII, IX) do not show any significant antiblastic effect.
However, according to revised data®%® 1-(3'-acetamidopropyl)silatrane provides a
medium antiblastic action on the Ehilich ascites tumour and lymphoid leucaemia
L5178 (prolongation of the life by 30—65%). 1-[3'-(n-Methoxybenzilidenamino)
propyl]silatrane extends the life of mice infected with the Ehrlich ascites tumour,
sarcoma 37 and adenosarcoma 755 by 30—50%5°%.

Homosilatrane derivatives (X, XI) containing a six-membered ring instead of one
of the five-memberd rings do not differ in antitumorous activity from normal sila-
tranes.

1-(Chloromethyl)homosilatrane (X) increases the life time of mice with Ehrlich
ascites carcinoma by 50%. 1-Phenyl-3,7-dimethylhomosilatrane (XI) does not affect
the tumour strains studied.

1(N-Morpholinomethyl)silatrane produces the antitumorous effect on sarcoma
37 extending the lifespan of test mice by 30—100% on daily administration at doses
of 6, 10 and 17 mg/kg. At the same dosage, this preparation provides the antiblastic
action on the Ehrlich ascites tumour (by 30-40%) and adenocarcinoma of large
intestine (25—47%). 1-(3'-N-Morpholinopropyl)silatrane shows no antitumorous
activity3%®, 1-(1'-Tetrahydroquinolylmethyl)silatrane also exhibits the antiblastic
effect3®). The antiblastic activity of silatranes is not always stable. This is not the
case for antitumorous compounds of other classes.

This seems to imply that silatranes do not affect directly the cell but act via
immunoreactive or hormonal systems.
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Peroral administration of 1-(chloromethyl)silatrane (suspension in starch) at
a 20 mg/kg dose to breedless male white rats with transplantated sarcoma 45 in-
creases the lifespan from 26 to 34 days, i.e. by 30%. Use of 1-(chloromethyl)silatrane
at higher doses does not produce such an effect.

Antitumorous and immunostimulating activity of 1-(chloromethyl)silatrane
and 1-(chloromethyl)-3,7,10-trimethylsilatrane have been studied too”® . The studies
have been carried out on both healthy white rats and rats with Guerin carcinoma
and sarcoma 45, In addition, the following tumorous strains have been used: sarcoma
MTX, sarcoma 180, cholangioma RS-1, sarcoma-1, erythroleucosis Shvetso, Pliss
lymphosarcoma.

On repeated administration of the preparation to healthy rats at a 100 mg/kg
dose with a break for 72 hours no toxic signs were observed. After 5 injections the
weight of the animals increased by 34.6% and after 10 injections by 69.5%. The
amount of leucocytes in peripheral blood increased from 8900 to 13600 per mm
after 5 injections and remained at this level until the injections were stopped. (The
preparation was injected per os as a suspension in 1% starch paste).

1-(Chloromethyl)silatrane did not produce any adequate effect on the com-
plement activity of blood serum. At the same time, the preparation caused some
increase in the skin test index with trypan blue (from 2.2 to 4.5 in average). This
indicates an increased activity of cellular elements and fibrous structures of the skin
in phagocytizing colloidal dyes.

1-(Chloromethyl)silatrane does not induce any clear autoimmunization of the
organism. Thus, in the Klemparskaya reaction the value of antibodies produced
by immunocompetent cells to their own erythrocytes (which is defined as the ratio
of the number of patchforming cells to the total number of nuclei-containing cells)
was 3.8% after 5 injections of 1-(chloromethyl)silatrane and 1.6% after 10 injections,
the normal value ranging from O to 3%.

3

Repeated administration of 1-(chloromethyl)silatrane at a dose of 200 mg/kg
started 8 days after the transplantation of tumour caused inhibition of Guerin car-
cinoma growth by 31.3%. The inhibition of sarcoma 45 growth was 14% lower.
Administration of 1-(chloromethyl)silatrane to mice with Guerin carcinoma 12 days
after transplantation failed to inhibit an intensive growth of neoplasms and to prevent
the death of the animals. However, the average lifespan of the animals treated with
1-(chloromethyl)silatrane was 6.3 days longer than in the control group.

A daily increasing dose of the preparation did not produce any strong inhibition
of the tumour growth. This fact together with the data on low antitumorous activity
of the preparation and its stimulating effect on some reactions of the connective
tissue system suggest that 1-(chloromethyl)silatrane does not produce a direct in-
hibiting effect on the growth of tumours. The observed inhibition of test neoplasms
under the influence of 1-(chloromethyl)silatrane may have resulted from the stimula-
tion of some protective reactions of the organism.

1-(Chloromethyl)-3,7,10-trimethylisilatrane (LDsq = 450 mg/kg, LD ¢ =
600 mg/kg) administered at 50100 mg/kg doses to rats causes inhibition of a num-
ber of transplanted or induced tumours within the limits of 23.7—55.0%. The best-
defined inhibition was observed after treatment of mice having sarcoma 180 with
1-(chloromethyl)-3,7,10-trimethylsilatrane,

119



M. G. Voronkov

The antitumorous activity of 1-(chloromethyl)-3,7,10-trimethylsilatrane does
not reduce on peroral administration. The optimal doses of 1-(chloromethyl)-3,7,10-
trimethylsilatrane producing the strongest antitumorous effect are 50—100 mg/kg.
Unlike cytolytic preparations, an increase in the dose of 1-(chloromethyt)-3,7,10-
trimethylsilatrane did not increase the inhibition of the tumour growth.

The antitumorous effect of 1-(chloromethyl)-3,7,10-trimethylsilatrane seems
to be associated with stimulation of protective antitumorous reactions.

In order to study the immunostimulating effect of 1-(chloromethyl)-3,7,10-
trimethylsilatrane investigations were made of the weight coefficients of immuno-
competent organs (thymus and spleen), the total leucocytes and erythrocytes in
peripheral blood, titre of blood complement, the amount of antigen-reactive ro-
sula-forming lymphocytes in spleen and thymus, microbial dissemination of skin as
well as skin test with trypan blue.

After the complete course of treatment with 1-(chloromethyl)-3,7,10-trimethyl-
silatrane at doses of 50 and 100 mg/kg per day white mice with sarcoma MTX and
rats with implantated tumours displayed increased weight coefficients for spleen
and thymus and a greater amount of functionally active rosula-forming lymphocytes.

The immunostimulating effect of 1-(chloromethyl)-3,7,10-trimethylsilatrane
administered at 50—100 mg/kg doses to healthy animals is manifested not only by
an increase in the weight coefficients and the RFL level of thymus and spleen but
also by an enlarged total amount of leucocytes in peripheral blood (on an average
from 9700 to 14300 per mm3) and a slight increase in the positive function of cel-
lular and fibrous structures of skin.

A decrease in a daily dose to 20 mg/kg is followed by a reduced immunostimula-
ting effect of 1-(chloromethyl)-3,7,10-trimethylsilatrane. An increase in the dose
to 250 mg/kg leads to a considerable lowering of the weight coefficients of thymus
as compared to the control.

The above data permit the conclusion that 1-(chloromethyl)silatrane and
1-(chloromethyl)-3,7,10-trimethylsilatrane show a certain immunostimulating effect.
This effect is displayed by an increase in leucopoiesis and a number of other immuno-
logical factors and seems to favour the inhibition of the growth of some experimen-
tal neoplasms.

The study of the antitumorous effect of low-toxic silatranes not affecting healthy
organs and tissues and producing a certain antiblastic effect in the tests with animals
indicates the necessity of further investigation of this class of organosilicon com-
pounds in order to develop a new type of anti-cancer preparations.

8 Neurotropic Effect

A search for new types of psychotropic preparations among silatranes is rather pro-
mising considering that silatranes are donors of silicon which are digested by the
organism and that some of them produce a specific effect on the nervous system
of mammals.
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Even the simplest 1-organylsilatranes potentiate the narcotic activity of hexa-
barbital®®. They possess an analgetic and sedative effect. 1-Methylsilatrane is most
active in this respect.

1-Phenylsilatrane solutions acting as local anaesthetic produce a blocking effect
on conduction in the sciatic nerve of rats. At the same time, this compound even
at 100 times higher concentrations does not affect conduction in the sciatic nerve
of frogs.

Administration of 1-vinylsilatrane at a 100 mg/kg dose reduces the body tem-
perature of animals by more than 2 °C within 2.5 hours3®.

1-(Chloromethyl)silatrane at higher doses (more than 100 mg/kg) produces a
depressive action on the central nervous system, and displays a weak or moderate
sedative effect. This effect is also manifested in a lower response to stimuli, 1-(Chloro-
methyl)silatrane reduces the spontaneous motor activity in mice by more than
40 times, increases the duration of hexenal sleep threefold and prolongs the arecoline
tremor 1.5 times.

1-(2'-Thienyl)silatrane also markedly prolongs phenobarbital-induced sleep

The effect of a series of halosubstituted 1-alkylsilatranes on the central nervous
system was studied on white mice and rats#1,81-84)

1-(3'-Fluoropropyl)silatrane causes a strong depressive effect when applied with
electrostimulus (Table 20).1-(3',3,3'-trifluoropropyl)silatrane practically does not
produce such an effect. (3-Chloropropyl)-triethoxysilane also induces a depressive
effect on the central nervous system. However, this effect is less pronounced than
with 1-(3'-fluoropropyl)silatrane.

Administration of 1-(2'-perfluorohexyl-1'-iodoethyl)silatrane to animals which
have received a lethal dose of corasole increases the viability as much as 2—7 times.

1-(2"-Perfluoropropyl-1‘-iodoethyl)silatrane, on the contrary, causes an oppo-
site effect.

The study of the influence of these compounds on muscular fatigue (running
track), pain stimulation (hot plate), as well as potentiation of sodium thiopental
anaesthesia has shown that they both sharply lower the motor activity of the animals
(Table 21).

On thermal stimulation 1-(2"-perfluoropropyl-1-iodoethyl)silatrane produces
the strongest effect. At the same time, 1-(2-perfluorohexyl-1'-iodoethyl)silatrane
increases the anaesthetic effect of sodium thiopental almost 5-fold.

44a,44b)

Table 20. The effect of some 3'-fluorosubstituted 1-propylsilatranes and 3-chloropropyltri-
ethoxysilane on the induced aggression of rats

Compound LDsg Dose Beginning of
[mg/kg) [mg/kg) aggression [sec]
Test Control®
1-(3'-FluoropropyDsilatrane 86.0 40 258 + 90 96 + 32
1-(3',3',3"-Trifluoropropyl)silatrane 10.3 1 56+19 51+13
(3-Chloropropyltriethoxysilane 1500.0 40 162 + 38 51+13

3 Average statistical values.
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To study the tranquilizing activity of 1-(3',3’,3-trifluoropropy!)-3,7,10-trimethyl-
silatrane its ability to potentiate the action of soporific agents, the influence on the
spontaneous bioelectric activity of subcrustal formations of the brain, the protective
effect against stress and the change in adrenalin and noradrenalin excretion in urine
has been examined®®).

Intraperitoneal injections of 15% ethanol to mice caused deep sleep that enabled
it to be used as an anaesthetic agent.

Thus, the silatrane studied increases the time of narcotic sleep and its efficacy
rises with the dosage.

1-0-Silatranyl derivatives of D-mannose, D-fructose, and D-arabinose exhibit a
weak depressive effect on the central nervous system®®). They produce a moderate
cataleptic action, do not influence the duration of sodium thiopental anaesthesia
and do not remove the effect of phenaminic stereotypy in rats.

The biological effect of all these compounds does not depend on the structure
of the monosaccharide linked with the silatranyl residue3).

This shows that the neurotropic effect of these compounds seems to be caused
by the same primary product of their hydrolysis, i.e., silatranol, HOSi(OCH,CH, )3 N.

Some new compounds having an effective and specific activity on the central
nervous system have thus been found among silatranes. This suggests that new types
of psychotropic agents may be found among the substances of this class.

9 The Effect on Domestic Fowl

The effect of 1-(chloromethyl)silatrane and 1-ethoxysilatrane on the organism and
reproduction of hens has been studied®6>87).

The preparation was mixed with dry food (10 mg per 1 kg of weight of live hens)
and fed once a day in the morning for 30 days.

The above study has shown that 1-(chloromethyl)silatrane does not produce
any toxic or harmful effect on the organism of fowl. On the contrary, the weight-
gain of fowl fed on the silicon-containing diet was 2.2—2.3% higher than that of the
control group. The weight of live hens was also 3.1—13.8% higher compared to the
control group. Histological examination of liver, kidneys, muscles, reproductive or-
gans, and bone tissue of the fowl fed on the silatrane-containing diet has not shown
any inflammatory or degenerative changes.

Examination of the morphological composition of blood has shown that
1-(chloromethyl)silatrane produces a favourable effect on the haemopoietic func-
tion. The amount of erythrocytes, leucocytes and haemoglobin has been higher in
the fowl fed on silatrane-containing diet (Table 22). Here a higher level of blood
alkali reserve indicating a more intensive metabolism in the organism has been also
displayed. This is also confirmed by the indices of protein, lipid, carbohydrate and
phosphorus-calcium metabolism (Table 23) as well as by a high productivity and
better quality of meat (Table 24) and eggs (Table 25). In the first series of tests the
productivity in the test group increased by 11.3% during 6 months, in the second
series by 15.9% during 10 months and in the third series by 31.2% during 7 months.
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Table 23. Metabolic indices for chickensd fed on 1-(chloromethyl)-

silatrane-containing diet

Index Control Test
Total protein [%] 4.0 4.3
Albumins [%] 38.0 37.0
Globulins:
a-globulins [%] 30.3 29.2
p-globulins (%] 10.9 11.1
~-globulins [%] 19.8 24.6
Transaminases:
Glutamine-asparaginic [units) 33.6 34.1
Glutamine-alaninic [units] 14.7 17.7
Residual nitrogen [ppm]) 370.9 470.8
Total calcium [ppm] 178.9 260.0
Phosphorus inorganic [ppm] 40.7 516
Calcium-phosphorus indices:
CaxP 72.8 134.2
Ca:P 4.4 5.0
Alkaline phosphatase
{Bodanovsky’s units] 6.0 16.2
Glycogen [ppm] 198.0 246.0
Sugar [%] 0.17 0.22
Total lipids [%] 1.94 22.01
Cholesterol [ppm] 800.1 827.8

8 Chickens, 10 months of age, treated with 1-(chloromethyl)sila-

trane during the prelaying period.

Table 24. Chemical composition of meat of the chickens fed on 1-(chloromethyl)silatrane-

containing diet

Index Before treatment After treatment for S months
Test Control Test Control
Moisture [%] 72.0 72.1 69.1 70.1
Protein {%)] 21.0 21.1 24.2 22.7
Ash [%] 1.1 1.1 14 1.2
Fat [%] 4.2 4.2 8.2 7.6
Calcium [ppm] 210.0 213.0 2242.6 2221.8
Phosphorus [ppm] 2208.0 2187.0 6128.0 5760.0
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Table 25. Chemical composition of eggs of the hens fed on 1-(chloromethyl)silatrane-containing
diet

Index Before treatment After treatment for 5§ months
(%1 Test Control Test Control
Whole egg

Moisture 69.9 70.1 66.4 67.2
Protein 12.2 12.2 16.7 16.3
Ash 0.9 0.9 0.9 0.9
Fat 10.6 10.5 119 11.1
Calcium 0.12 0.12 0.15 0.13
Phosphorus 0.52 0.52 0.55 0.53
White of egg

Moisture 86.2 86.2 85.0 85.1
Protein 13.0 12.9 16.2 14.8
Ash 0.5 0.5 0.6 0.06
Fat 0.04 0.04 0.08 0.05
Calcium 0.03 0.03 0.05 0.03
Phosphorus 0.02 0.02 0.04 0.03
Yolk

Moisture 50.9 50.9 48.5 491
Protein 14.2 14.8 16.8 15.1
Ash 0.15 0.16 1.6 1.6
Fat 22.4 22.3 32.2 23.8
Calcium 0.16 0.16 0.19 0.16
Phosphorus 0.43 0.42 0.49 0.47

The data obtained have shown that 1-(chloromethyl)silatrane produces a favour-
able effect on the physiological processes in the organism of fowl. It increases the
viability, stimulates the function of haemopoiesis thus raising the number of eryth-
rocytes and the amount of haemoglobin. Administration of 1-{chloromethyl)silatrane
stimulates metabolic reactions in the organism thus increasing the metabolism of
protein, lipids, carbohydrates and phosphorus-calcium.

Of special interest is the ability of 1-(chloromethyl)silatrane to increase the pro-
ductivity of fowl. The hens fed on the silatrane-containing diet at the beginning of
the period of egg-laying showed a productivity increased by 11.3%, those fed on the
same diet in the period of intensive laying and before laying increased the producti-
vity by 15.9% and 31.2%, respectively. Similar results (an increase in egg-laying by
12—-18%) were obtained with 1-ethoxysilatrane.

1-Ethoxysilatrane improves also the chemical composition of eggs and meat by
raising the content of both protein and mineral salts.

It may thus be concluded that 1-(chloromethyl)- and 1-ethoxysilatrane are worth
using in poultry farming in order to increase the productivity of hens and the quality
of eggs and meat.
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10 The Effect on Insects and Parasites of Animals and Plants

The ability of silatranes to stimulate protein biosynthesis'® has given rise to inves-
tigations of their influence on the growth, development and in particular producti-

vity of silkworm, as the silk thread extruded by the insect is of protein nature88-99:93)
In these investigations the silkworms which belonged to the third group of age were

fed with silatranes until the cocoon formation. For this purpose the leaves of mul-
berry-trees were sprayed three times a day with a 0.2% aqueous solution of 1-(chloro-
methyl)silatrane, 1-ethoxysilatrane and 1-(chloromethyl)-3,7,10-trimethylsilatrane.

All the preparations increased the viability and silk-production of the silkworm by

16 and 21% respectively (Fig. 16).

To elucidate the mechanism of increasing the sil-productivity due to an enhance-
ment of weight of the silk shell in the total cocoon mass, the influence of 1-ethoxy-
silatrane and 1-ethoxy-3,7,10-trimethylsilatrane on some physiological and morpho-
logical indices of these insects has been studied®® (Fig. 17).

It has been shown that both compounds give rise to an increasing amount of
protein and haemocytes in haemolymph, enlarging the reserve of structural and energy
substances in the organism. The enlarged size of silk-producing glands indicates their
increased silk-producing ability. The increase of amount of formative elements of
haemolymph favours the transportation and digestion of nutrients. All this gives
rise to high productivity in silkworms treated with silatranes®® .

The effect of silatranes on another type of insects, the bees has been also studied.
It has been found that 1-ethoxysilatrane and 1-ethoxy-3,7,10-trimethylsilatrane in-
crease the lifespan and the weight of body and breeches of bees and stimulate the
reproductive activity of the queen thus enabling the colony mass to be increased by
17-30%°V. The results suggest that silatranes should be applied in bee-keeping

Fig. 16. Influence of 1-ethoxysilatrane on the weight growth of silkworms
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Fig. 17. Influence of 1-(chloromethyl)silatrane (7) and 1-ethoxysilatrane (/1) on silk-production
of silkworm

In order to investigate the mechanism of action of silatranes on insects, the effect
of 1-(chloromethyl)silatrane and 1-ethoxysilatrane on the giant neuronal formations
in the central nervous system of American cockroach, “Periplaneta americana”, has
been studied®?. It has been found that the giant neurones of cockroaches are very
sensitive to 1-ethoxysilatrane (its physiological effect is 10000 times stronger then
that of 1-(chloromethyl)silatrane). The effect of both compounds is similar to that
of carbomatic and organophosphorous anticholinesterase compounds.

The study of the dynamics of the action of 1-ethoxysilatrane and 1-(chloro-
methyl)silatrane shows that their threshold concentrations (10~7 and 6 x 10™*M,
respectively) induce prolonged stimulation of the nervous apparatus®?).

High concentrations (from 10~ to 10~ ! M) either quickly destroy the mecha-
nism of biopotential generation or block the transmission in the synaptic formations,
thus sharply decreasing the electrical activity of giant axons. However, the concen-
trations ranging from 10~* to 10~ >M are far from physiological and this makes the
interpretation of this effect rather difficult.

Numerous silatranes display an effective coccidiostatic, phyto- and zoohelmin-
thous action.

11 The Effect on Plants

In order to study how a silatrane group which is present in phytohormones influences
their activity we have investigated the action of silatranylmethyl esters of 2-methyl-
phenoxyacetic, 4-chlorophenoxyacetic and 3-indolylacetic acids on the suspended cul-
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~ Table 26. The effect of 2-methylphenoxyacetic acid and its silatranylmethyl ester on the
growth of cultures of plant tissues

Weight of raw culture of tissue [mg/s.v.?] at phytohormone concentration [mol/l]

a): 2-CH3CHaOCH,COCH
b): 2-CH3C¢H40CH ,COOCH 2Si(OCH,CH ) 3N

Culture
of tissue 0 Standard® 10-6 10-5 10-4 10-3
Tobacco a) - - - - -~ -

b) 293 - 236 243 213 -
Soya a) 25 152 35 37 143 —

b) 44 - 46 52 224 41
Potatoes a) - — — — — -

b) 47 137 - 49 67 -

a4 Standard volume = 7.5 ml.
b Standard = 1-naphthylacetic acid (10™5 mol/l).

tures of tissues of tobacco, potatoes and soya®4~%). The corresponding aroxyacetic
acids and their esters of the type (2-Y-4-XCcH;)OCH, COOR where Y = H, CH,,Cl;
X=H, Cl, F;R =C;Hs were used as standards.

The auxin activities of the above phytohormones as well as their silatranyl-
methyl esters are listed in Tables 26—28.

Silatranylmethyl ester has a higher auxin activity with respect to the culture of soya
tissue than free 2-methylphenoxyacetic acid. At the same time, it has a low activity with
respect to tobacco and potato cultures. 1-Silatranylester of 4-chlorophenoxyacetic

Table 27. The stimulation of the growth of cultures of plant tissues under the action of 4-chloro-
phenoxyacetic acid and its silatranylmethyl ester

Weight of raw culture of tissue [mg/s.v.?] at phytohormone concentration
[mol/1]

a): 4-CIC¢H4OCH,COOH

b): 4-CIC¢H4OCH,COOCH 4Si(OCH ,CH,) 3N

Culture of tissue

0 Standard® 10-8 10-7 10-6 10-5 10-4
Tobacco (1:40)  a) 341 315 286 294 320 448 -
b) 341 315 277 326 469 340 -
(1:100) a) 155 345 116 130 248 423 —
b) 155 345 161 286 426 211 -
Soya a) 18 280 - 120 315 263 35
b) 138 280 - 157 297 164 55
Potatoes a) 84 246 - 94 132 376 49
b) 84 246 - 95 123 465 107

3 Standard volume = 7.5 ml

b Standard = 1-naphthylacetic acid (10_5 mol/1).
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Table 28. The influence of 3-indolylacetic acid (I) and its silatranylmethyl ester (II) on the
growth of cultures of plant tissues and wheat coleoptiles

Concent- Weight of raw culture of tissue
ration [mg per standard volume] Increase in growth
[mol/1} of coleoptiles [mm)
Soya Tobacco
I II I II I I
0 96 96 86 86 5.3 5.3
1-10-7 - - - - 5.9 5.7
1-10-6 86 341 113 156 76 7.4
3-10-6 130 327 118 234 - -
1-10°5 104 177 106 212 8.5 7.7
3-10°% 192 113 32 190 - -

acid and 3-indolylacetic acid (heteroauxin) display an even higher auxin activity
(Tables 27 and 28).

Heteroauxin silatranylmethyl ester stimulates the growth of the cultures of
tobacco and soya tissues more effectively than 3-indolylacetic acid and its ethylester.
At the same time, on wheat coleoptiles heteroauxin silatranylester and 3-indolyl-
acetic ester display almost similar effects.

In plants 3-indolylacetic acid is inactivated by 3-indolylacetic oxidase. A com-
parative study of the resistance of 3-indolylacetic acid and heteroauxin silatranyl-
methyl ester to crystalline peroxidase of horseradish (20 mkg/ml) has shown that
the first compound decomposes within 10 minutes whereas the second compound
does not decompose during the experiment (90 min) (Fig. 18).
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Fig. 18. Dynamics of oxidative decomposition of 3-indolylacetic acid (I) and its silatranemethyl
ester (2) by horse-radish crystalline peroxidase
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Table 29. The effect of 2-methyl-4-chlorophenoxyacetic acid (I) and its silatranylmethy] ester
(II) on the growth of cultures of plant tissues

Concent- Weight of raw culture of tissue
ration [mg per standard volume])
(mol/l] Tobacco Soya Potatoes

I 11 I { I 11
0 26 26 18 18 84 84
107 51 61 97 87 119 -
10-6 192 230 140 141 262 2635
10-5 94 121 107 73 735 841

These data show that the higher growth-stimulating activity of heteroauxin
silatranylmethyl ester in the cultures of plant tissues is due to the fact that the 3-indolyl-
acetic acid fragment is protected from rapid decomposition by the oxidase and is able
to influence growth for a longer time than free 3-indolylacetic acid®®.

This may be confirmed by the fact that silatrane derivatives of synthetic auxins
resistant to [AA-oxidase are practically as active as auxins themselves (Table 29).

Thus, the presence of a silatrane group in the phytohormone molecule prolongs
its effect or facilitates the auxin transport through the biomembranes.

By extensive studies of the influence of a large number of silatrane derivatives
of different structure on cultures of plant tissues several very active compounds were
recognized and examined in their effects on seeds, seedlings of plants and various
cultivary such as tomatoes, cucumbers, grapes, flax, etc.

The influence of 2-methylphenylacetic silatranylmethyl ester, silatranylcholine
iodide and 1-(chloromethyl)silatrane on the growth and development of tomatoes
has been investigated in several greenhouses in East Siberia. Treatment of tomatoes
at flowering time with aqueous solutions of the above compounds has considerably
increased the amount of fruits and shortened ripening time. In spite of some decrease
in size the total amount and weight of tomatoes from one bush increases 1.5-3 fold.

The influence of silatranes on the growth and development of flax was investi-
gated using aqueous solutions of 1-(chloromethyl)-3,7,10-trimethylsilatrane®”. The
treatment of flax was carried out 10—15 days after the beginning of growth in the
period of intensive formation of fibre in stalks. The best results were obtained after
spraying of flax with 1% 1-ethoxysilatrane solution. The strength of hackled fibre
was 13 kg/mm? as compared to 11 kg/mm? in the control. The number of long fibre
indicating its quality was 13.1 for treated flax as compared to 11.5 for the control.
Even in regions of drought an increase in yield of both total fibre (by 0.2—2.2%)
and long fibre (by 0.4—2.8%) was observed.

The possibilities considered of application of some silatrane derivatives as specific
stimulators of the growth of plants suggest that these compounds influence, in some
direct or indirect way, the components of the nucleic structures (such as nucleic
acids, histones) constituting the genetic apparatus of the cell.
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12 Other Kinds of Biological Action

On investigation of the influence of 1-(chloromethyl)silatrane on the permeability
of cutaneous tissues of rats it has been found®® that this compound increases the
permeability and, consequently, the trophicity of skin. Intracutaneous administration
of 1-(chloromethyl)silatrane has proved to be more effective at a dose of 50 mg/kg
than 250 mg/kg.

The effect of intratracheal administration of 1-ethoxysilatrane and 1-(chloro-
methyl)silatrane on experimental silicosis has been studied®®. Far from inhibiting
silicosis, the former compound even stimulates it. 1-(Chloromethyl)silatrane has pro-
ved to be a more fibrogenous compound than crystabolite, which is considered to
be one of the most fibrogenic varieties of silica.

Intratracheal administration of 1-(chloromethyl)silatrane into the lungs increases
its weight due to fibrogenesis of the connective tissue, growth of lymph nodes and
an increase in the lipid and collagen contents of the lungs.

1-(Chloromethyl)silatrane does not produce any appreciable effect on the per-
meability of bilayered lipidic membranes. This preparation shows no mutagenic
activity, as it has been found using strains of microorganisms (Salmonella typhim-
urium TA 1535 and TA 1538) which are very sensitive to the action of mutagens.

The simplest silatranes, XSi{(OCH,; CH,);N where X = H, C¢H;, CICH, as well
as 1-(chloromethyl)-3,7,10-trimethylsilatrane display no radio-protective effect on
mice suffering from radiation sickness induced by 1000 r irradiation.

13 Conclusion

All the results of this survey show that silatranes are a new class of biologically active
compounds having a broad spectrum of action. They will undoubtedly find a wide
application in therapy, agriculture, fur-farming, poultry breeding, plant growing, cul-
tivation of useful insects and microorganisms.
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