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Introduction

For many years there was a prevailing conviction in
science that silicon compounds are biologically inert and
useless for medicinal purposes. This conviction was caused by
the fact that among orgenic derivatives of this element there
had been found no compounds displaying any physiological
effect which could be attributed to the presence of the
silicon atom. Moreover, organosilicon polymers, the silicones,
were believed to be sSo inert and harmless to the humen organ-—
ism that they were used widely in implantation surger, 1.

The discovery of the specific biological activity of 1-
arylsilatranes made in 19632 provoked exiensive studies of
this new (at this time) class of substances, and a search for
other types of biologically active organosilicon compounds.
Later on these investigations led to the birth of the problem
“"Silicon and Life" and 8 new branch of silicon chemistry -
"Bio-organogilicon Chemistry"1*. In 1963 also & new term
"gsilatranes" was coinedz’5 which is widely accepted now and
included in the international chemical nomenclature.

The particular structure and the unusual chemical pro-
pertiea of silatranes have also attracted the attention of
many scientists end, as a result, they have been studied in
detail by elmost all physical methods.

The biojogical activity of silatranes also has been
studied in detaii’*#24®, It has been established thet a
anumber of non-toxic silatranes effectively stimulate protein
biogynthesis in nucleic acids. Also, some silatranes which
display neurotropic, anti-sclerotic, insect-repellent and
other type of biological activity have been found,

During the latest years silatranes are being produced as
reegents in the United States and in pilot scale in the USSR',

Silatranes, 5-aza-2,8,9-trioxa-1-silabicyclo[3.3.3]-unde~

At present silicon is officially recognized as a vital .
essential element. A special Nobel Symposium,- Stockholm, 1977
wasg devoted to the problem of biochemistry of silicon and -
bioclogical activity of compounds of this element 3‘4'43.



canes, are cyclic organosilicon ethers of tris(2-oxyalkyl)-
amines and their derivatives. Their heterocyclic skeleton has
structure I (Fig.1)
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In the above cited nmumerastion of the gilatrane skeleton
atoms the siljcon atom is in position 1. This system is most
convenient as the majority of silatranes studied ere Si-sub-
stituted, in other words, they have the substituent in
position 1., Silatrane Itself, the simplest compound of this
class, has structure II where X = H (Fige.i)e.

However, there is another numeration system 29 according
to which the tertigry nitrogen atom is in position 1 and the
silicon atom has position 5.

At present some gilstrane analogs are also known. These
are substituted 2~carbasilatranes (III), 2,8,9-triazasil-
atranes (IV), 2,8,9-trithiasilatranes (V) and, finally, homo-
gilatranes (VI) also considered in this review (Fig.2).

The Pirst silatranes (II with X = CGH5 and 02H50) were
patented by Finestone in 1960 and even at that time the exis-~
tence of the Si=N transannmlaer coordinate bond in the sil-
atrane molecule was suggested,

Tn 1961, in a letter to editor, Frye, Vogel and Hall’
reported melting points for a number of new 1-substituted
silatranes IT (X = H, CHB’ n—C18H37, CGHS(CHB)CH’ CH2=CH,

Ci0 190 (menthoxy) and for 1,3-dimethyl- and 3-methyl-1-
rhenylgilatranes as well, They also gave more exmct melting
points for 1-ethoxy- and 1-phenylsilstranes (100-102° gnd
208-209°, respectively) and reported some dats which supported
the intramoleculmr transannular Si—N bond in silatranes.

Since 1964 (2.5) a series of more than 50 papers by
Voronkov end co-authors has begun to be published. These
invegtigations have dealt with the structure, methods of
preparetion, and the chemical, physical and biological pro-
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perties of silatranesg and their analogs.

It is now recognized that some of these compounds are
very promigsing for application in agriculture, medicine and
some branches of industry. The aim of this review is to sum-
merize all the numerous data on physicg and chemigtry of sil-
atranese.

The previously published reviews devoted to silatranes
(3,4,10-26) are not up-to-date and cannot give an exhaustive
consideration of all the data available in the liter-
ature.

Chapter I. Methods of Preparation
1.1. Transesterification of Si-Substituted Trialkoxysilanes.

Silatranes were first prepared by the American chemist
A.B. Finestone (8) by azeotropic distillation of triethanol-
amine and orgenyltriaslkoxysilanes with benzene:

X5i(0C,Hg) 5 + (HOCH,CH,) N —— XSi(OCH,CH,) N + 3C,H;0H (1)
X = C,H0, CgHo

2)3

The author failed to isolate pure 1-ethoxysilatrane
judging from the low melting point reported (35-37°C). The
seme method for the synthesis of silatrane was used in 1961
by Frye, Vogel and Hall (9).



Among earlier works dealing with the synthesis of sil-
atrenes by the transesterification method only Samour's
patent describes in detail the preparation conditions and
properties of some new and a number of already known sil-
atrenes (27).

Thus, for example, C-methyl-substituted (in the atrane
cycle) 1-vinyl- end 1-ethoxysilatrenes are described. Semour
was the first to propose the use of iron chlorides as
catalysts in reaction (1). Later Finestone described mainly
monocyclic silatrane analogs of type XZSi(OCHRCHz)ZNR' where
X = CHB’ C6H5’ CZHSO; R =H, CHB; R' = H, CHB’ 02H40H having,
as it was assigned, a coordination-bonded structure (28).

In their well-known handbook, V. BaZant a.0.(29) reporied
some unpublished data by Graham and Thompson who synthesized
gilatranes IT where X = CSH11’ CH2=CH—CH2 end 3,7,10-tri-
methyl-subatituted 1-vinyl- and 1-ethoxysilatranes.

Voronkov and Zelchan (30,31) used the transesterification
of lower tetraalkoxysilanes by an equimolar mixture of tri-
ethanoclamine and higher elcohol for the synthesis of higher

1-alkoxysilatranes:

Si(OR)4 + (HOCHZCHZ)BN + R'OH—e— R'0Si(OCH CH2)3N + 4ROH (2)

2
R = CH3, 02H5; R' = alkyl, cycloalkyl

Alkali hydroxides were used as catalysts. Some 1-alkoxysil-
atrenes [R' = (CHB)ZCH’ (CHj)Bc] do not form in the absence
of a base catalyst. The synthesis is carried out by heating a
mixture of the lower tetraalkoxysilane, triethanolamine and
an alkohol-catalyst solution in an inert solvent until distil-
lation of the lower alcohol formed is complete. In this case,
unlike the method proposed by Finestone (8,28) and Samour (27),
it is not necessafy to prepare the corresponding alkoxytri-
methoxy- or alkoxytriethoxysilanes separately, prior to the
cyclization reaction.

The method developed by Voronkov and Zelchan (30,31) for
preparetion of alkoxysilatranes was extended to l1-aroxysil-
atranes (32). The same method was used to prepare 1-(4%-carb-
alkoxyphenoxy)siletranes:

4-ROCOCGH4OSi(OCH20H2)3N where R = CH3, 02H5, n—CBH7 (33)
An attempt to use this method for preparing 1-(4%~amino-

phenoxy)silatrane and 1-(2',4',6'-trinitrophenoxy)silatrane
was not successful (32).



Trangesterification of lower tetraslkoxysilenes with a
mixkure of triethanolamine end a monocarboxylic acid, which
proceeds according to scheme (2), where R = CH CO and CGH co,
was used for the synthesis of the correspondlng 1-acyloxy-
silatranes (34). However, the synthetic possibilities of this
method are rather limited,

A modificetion of (1) is the direct reaction of an alkyl-
ene oxide, 2-aminophenol and the corresponding organyltrialk-
oxysilane (15)

06H 31(002 5)3 + 2Q§R;CH2 + 2~H006H4NH

CeHg sl(OCHRCF2)2(006H N + 3G, HgOH (3)
where R = alikyl, aryl

However, scheme (1) was found more favorable for the pre-~
peration of Si-substituted 3,7-dimethyl~10,11~benzosilatranes

of the type XSi[OCH(CH )CH2]2(006 )N where X = CH3, C1CH,,
CH,CHC1, C1,CH, Cl(CH2)3 {(34).

Transesterification of aminoalkyltrialkoxysilanes,
R N(CH ),Si(0R? )3, where R, = Hp, RO P (CH,),, (CHy)ss

RF 3, C h5’ n = 1,3 by trmethanolamlne maede possible the
synthesis of the corresponding 1-aminoalkylsilatranes and
their N-substitutes (27,35,36).

1~(Diethylaminomethyl )silatrene was obtained by heating
of an equimolar mixture of triethanolamine and (diethylamino-
methyl)triethoxysilane without solvent or catalyst. 1-(Piperi-
dinomethyl)silatrane was obtained in chloroform solution. 1-
(3'-Diethylamino-, 1-{(3'-pyrrolidino~ and 1-(3t-piperidino-
prop yl )silatrenes, as well as 1-(pyrrolidinomethyl)silatrane,
were isolated as thick o0ils and described only as the meth-
iodide derivatives (35).

1-{3t-Perfluoroacyloxyaminopropyl)silatranes of the type
GFB(CFZ)HG(O)NH(CHa)BSi(OCHZCHZ)BN, where n = 0-20, were pre-
pared by transesterification of 3-(perfluoroacylaminopropyl)-
trialkoxysilanes with triethanolamine in xylene in the pre-
sence of KOH (37).

Water-soluble N-pyrrolidino-, N-piperidino- and N-per-
hydroazepinoalkylsilatranes, éHZ(CHz)mﬁ(Cﬁz)nSi(OCHzcﬁz)3N,
where m = 3,4,5; n = 1,3, were obiained in 66-70% yields (38).

A large amount of different carbofunctional derivatives of
1-elkylgilatranes of the type X(CHz)mﬁi(OCHRfCH2%£OGHéC§Q3 o

where X = halogen, F,G, RO, RC00, ROCH,C00, HS, RS, NCS,
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(RO)ZP(O), etc.; R = a hydrocarbon group; R' = CH_, CP
n = 0~3, were synthesized by scheme (1) (39).

The first haloalkylsilatranes, 1-chloroalkylsilatranes,
were prepared by the interaction of (chlorocalkyl)trialkoxy—
silanes with the corresponding tris(2-oxyelkyl)amines in an
o-~dichlorobenzene solution (in 50-55% yield)(40).or without
solvent (in 60-94% yield) in the presence of KOH as a base
catalyst (41)., 1-Chlorovinylsilatranes were formed from the

3;

corresponding chlorovinyltrialkoxysilanes in higher yields
(85-93%) (42), An attempt to obtain 1-(irichloromethyl)sii-
atrane was unsuccessful due to the Si-C bond cleavage:

H. )

3C1 2H5) 3

3031(00 + 4(HOCH20H2)3N o

3 2OSi(0CH20H2)3N]3 + 9C,H-OH

However, 1-(dichloromethyl)siletranes were easy to prepare in
81~93% yields using scheme (1) (43).

1-TIodoalkyl- (44,45) and 1-bromoslkylsilatranes (46) can
be obtained in o-xylene using the same method (5,8,27), but
the yield of these and other difficultly accessible carbo-
functional 1-elkylsilatranes did not execeed 30-50%.

All the earlier described syntheses of siletranes were

3CHC1; + N[CH,CH

carried out by a prolonged heating (for 2-20 hours) at high
temperatures (100-200°C) with or without solvent and catalyst.
The reaction equilibrium (scheme 1) shifted to the right due
to removal of the alcohol formed from the reaction mixture.
Recently, a simple and convenient method for preparing
silatranes and their carbofunctional derivatives has been
proposed. According fto this method, the shift of the reaction
equilibrium to the right is achieved by removal of the sil-
atrane itself and not of the elcohol formed (39). Moreover,
the process is often carried out in alcohol medium, The
reaction cen occcur in other low boliling organic solvents such
as methanol, acetone, chloroform, dioxane, or n-hexane. In
the case of C-methylsubstituted silatranes it is better not
to use a solvent, The use of an alkoxide or hydroxide as a
catelyst is not necessary. However, it facilitates the pro-
cess and increases the main product yield., This method was
used for preparing many difficultly accessible carbofunct-
ional derivatives of 1-organylsilatrenes (39-47). C-methyl-
substituted 1-haloelkylsilatranes can be obteined in high
yields under more drastic conditions, i.e., without solvent
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end at higher temperatures (80-120°C).

The synthesis of 2-haloethylsilatrenes failed even under
miid conditions because on reaction with triethanolamine,
(2-haloethyl)trialkoxysilanes undergo elimination %o form
ethylene, triethanolemine hydrohalide and tris(1-silatranoxy-
ethyl)amine (43).

3XCH,C Sl(OR) + T(HOCH CH ) N

2 2

(5)

3CH,=CH, + 3(HOCH20H2)3H-HX + N{CH

where X = Cl1, Br; R = CH3, 02H5

3'-Fluorosubstituted 1-(propyl)siletranes asre formed in
high yield according to scheme (1) (47).

A method of preparation of carbofunctional t-methylsil-—
atranes of the type XCH Sl(OCHRCH ) N (X = halogen, HO, RO,
RCOO, HSO3’ HS, NC, F3C’ R'R"N, NCS R*NHCOO, (RO)ZP(O),
R'SOZNH where R = H, CHB; R' = glkyl, aryl or alkenyl)
according to scheme (I) has been patented (46,49), However,
neither the synthesis of most of these compounds, nor their
physical constants were reported (49). Moreover, it is
doubtful that derivatives with X = F, HO, HSO,, F3C, R'S0oNH,
etc. could be obtained as organyltr1ch10r0311anes, XCH 81013,
and organyltrialkoxysilesnes, XCH Sl(OR) s required as starting

H,0841(0CH, cH2)3N13

materials are not accessible so far. Halomethyltriehloro— and
trialkoxysilanes with X = Br, I (44,50), aroxymethyl- (51),
aroyloxymethyl- (52) and organylthiomethyltrialkoxysilanes
{(53) have been described only recently. No 1-fluoromethylsil-
atranes, FCHZSi(OCHRCHz)BN with R = H, CHB’ CFB have been
prepared as the initial fluoromethyltrihalo- or trialkoxysil-
anes are not available (54).

1-(0,0-Dialkylphosphonoalkyl)-, 1-thioccyanatoalkyle-, 1-
(aroxymethyl)—-, and 1-~(aroyloxymethyl)silatranes (55-59) have
been described recently.

The above method made it possible to obitain silatrane
derivatives of synthetic phytochormones (ezo-substitutea of
phenoxyacetic acids) of type xcén4ocnacoo(cnz)n31(ocn CH )3
where X = H, halogen, CHB’ CHBO; n = 1,3 and heteroauxine
{3-indolylacetic acid)

[::I:iD-CﬂecOOCHasi(OCHRCH2)3N

NH
where R = H, CH3 {39, 60-63).



Accorxrding to scheme (1) 1-acryloxyalkyl- and 1-methacryl-
oxyalkylsilatranes of the type CH2=C(R)COO(CH2)nSi(OCHZCH25N
where R = H, CH3; n = 1-4 also were obtained (48,49).

Transesterification of Si-substituted trialkoxysilanes
was used to prepare different types of sulfur-containing sil-
atrenes., Thus, for example, the synthesis of i1-mercaptoalkyl-
siletranes (39,64,65) and 1-(organylthioalky)silatranes (39,
66) of the series RS(CHZ)nSi(OCHZCHZ)m[OCH(CHB)CH2]3_
R = H, alkyl, alkenyl, aryl, aralkyl, alkaryl; n = 1,3; m =

mN where

0-3, have been described. They are readily prepared according
to scheme (1) without solvent and with a 5~10% methanol sol-
ution of sodium methoxide as & catalyst.

The synthesis of 3 -(oxyethylthiomethyl)irialkoxysilanes
from sodium _A-oxyethylmercaptide and (chloromethyl)trielkoxy-
silenes afforded the corresponding silacyclohexanes resulting
from intramoleculer transesterification:

//CHé——S
ClCHZSi(OR)3-PHOCHZQHZSNa—~—(RO)ZSi\\ //CHZ + ROH (6)
0—-CH2

These were converted into 1-(2'-oxyethylthiomethyl)silatrane,
HOCHZCstCsti(OCH20H2)3N, by transesterification with tri-
ethanolemine (67).

1-(2'~Thienyl)silatrane and its 5-substituted derivatives
of the type (5-XC4HZS)Si(OCH20H2)3N, where X = H, alkyl,
halogen, CN, were synthesized in high yield (75-90%) according
to scheme (1) in an xylene solution and without catalyst (68).

A series of organylsiletranes which are C-trifluoromethyl-
substituted in the atrane group was prepared by transesterifi-
cation of the corresponding organyltrialkoxysilanes with tris-
(2-oxyalkyl)amines having one, two or three trifluoromethyl
groups (60,61,70).

X5i(OR), + (HOCH,CH,) N[CH,CH(CF;)O0H],_,

(7
XS1(0CH,CH,) ,[0CH(CF;)CH,] ;_ N + 3ROH
X = CH5, CgHy, C1CH,, CH,CHCI, C1(CH,) 5, CF4(CH,),;
R = CHj, C,H

The reaction was carried out without solvent in the presence
of a 10% methanol solution of sodium fethoxide., 2-Trifluoro-

methyl-z-oxxalkylamines in turn were synthesized from +the
1,1, 1-trifluoro-2,3-epoxypropane with ammonia, mono- or 4i-
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ethanolemine in chloroform or agqueous medium,

- Pransesterification of hexmethoxydisiloxane by triisopro-
panolamine wag used to prepare 3,7,10,3,7,10~-hexamethyldisil-
atranoxane in 59% yield (15,71):

(CQHSO)BSiOSi(OczHS) 3+ 2 [HOCH(CHB)CHZ] N
lKOH, 240° (8)

N [CH20H( CHB)O] 331031[ OCH(CH, )CH2] aN + 6C,H;OH

An attempt to prepare this compound without the bage catalyst
was unsuccessful.

Polydimethylsiloxanes blocked by silatrane groups of the
type N(CH20HRO)BS:LO[SJ‘.(CH ),0] S1(OCHRCH,) ;N and
N [( CH,,CHRO) (CH,CHR'0 )1 810(s1( CH,) 0] 51 [(OCHRCH, ) (OCHR! CHZ)BI N
where R = H, CHB; R* = H, elkyl, alkenyl, cycloalkyl, aryl;

n = 10 000 were obtmined by transesterificetion of the corre-~
sponding o W.pis(trialkoxysilyl)polydimethylsiloxanes by
tris{2-oxyethyl)amines (71).

Transesterification of tetraethoxysilane with an excess
of triethasnoclamine gave tris(2-silatranyl-~1-oxyethyl)amine
(151):
3(C,H50),51 + 4(HOCH,CH,) N—N (cH,CH,0S1(0CH,CH,) 3N]3 (9)

Disilairanyl-~j-oxyalkenes of the type
N(CH20H2O)BSiORGSi(OCH2CHz)3N where R = -(Cﬂa)n-,

—CH(CHB)CH - ~CH20H200H20H2-, n = 2-6, were obtained accord-
ing to the general scheme (2) from tetraethoxysilane, tri-
ethanolamine and the corresponding slkanediol (72).

The reaction of bis(trialkoxysilylelkyl)sulfides with
triethanolamine according to scheme (1) in the presence of an
alkali alkoxide yielded bis(silatranylalkyl)sulfides of the
type N(CH,CH,0)351(CH,) S(CH,) Si(0CH,CH,) N where n = 1,3(73.

The reaction of 1,2,3,4-diepoxybutane with diethanolamine
and the corresponding triethoxysilane derivatives gave 1,1-
disubstituted 3,3-disilatranyls (to 60% yield) (15).

XSi\oc:HchZ)z(occha)N

XSi(OCHzcﬂz)z(OCHCHZ)N X = C,H50, CeHs

The first 1-substituted silatrane-3-omes were obtained by
transesterificaticn of trialkoxysilanea with N-bis(2-oxyethyl)-
aminoacetic acid (74,79).
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XSi(OR)3 + (HOCH20H2)2NCH2C00H—+—XSi(OCHQCH2)2(OCOCHZ)N {10)
X = CHB’ CZHS’ n—C4H9, CH2=CH, C6H5' 06H50H2, 4-ClCGH4CH2,
4-CF306H s 3-C1C.H,, 4-F06H4.

The reactions were carried out in & 1:3 mixture of benzene
and dimethylformamide, The yields are 30-75%. It was not
possible to prepare 1-substituted silatrane-3,7,10-triones
from aminotriacetic acid by this method.

. The Pirst sttempts to synthesize silatranes with an en-
larged atrane cycle by transesterification of phenyltri-
methoxysilane with tris(3-oxypropyl)amine or bis(2-oxyethyl)-
3-oxypropylamine were not successful (15)., This led to the
conclusion that the formation of a silatrane or a gimilar
gystem involved strigent structural requirements that heving
only two carbons between the oxygen and nitrogen sites was an
important determining factor.

However, in 1976, transesterification of organyltrialkoxy-
silanes with 3-oxypropyl-bis{2-oxypropyl)amine allowed the
synthesis in 70-90% yield of the corresponding 1-organylhomo-
siletranes, i.e., 1-substituted 2,8,9-trioxa-5-aza-1-silabi-
cyclo {4.3.3] dodecanes:

OCHZCHECHZ\\
X51i—O0CH(CH )CH%;N
\\OCH(CH3)0H2

X = CHy, CH,=CH, CgH., 3-C1CcH,, 4-BrCcH,, CH;0, C,H/0,
Celg0, 2-C,oH,0 (76,77).

The reaction was carried out in xylene in the presence of KOH,
1-Aroxyhomosilatranes (X = CGHSO' 2-C1OH7O) were prepared by
transesterification of 1-alkoxyhomosilatranes (X = CH 0,02H50)
with phenol or naphthol or according to scheme (2) from tetra-
ethoxysilene, phenol or naphthol and 3-oxypropyl-bis-2-oxy—
propyllamine, In both cases, the yield of the main product
amounted to 80%. However, the latter method is more favorable
as the reaction proceeds at a higher rate (77).

1.,2. Methods of Preparation from Other Compounds of Type RSiX3

An analog of transesterification of Si-gsubsgtituted trialk-
oxysilanes with tris(2-oxyelkyl)amines is the reaction of
organyltriacetoxysilanes with tris(2-oxyphenyl)emine which
leads to the formation of 1-organyl-3,4,6,7,10,11-tribenzo-
silatranes (78,79).
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X5i(0COCH
= CH

3)3 + (2-H006H4)3N——~—XSi(oc6H4)3N + 3CH,COO0H (11)

33 CH2=CH, CGHS
In this way, it was not possible to prepare the tribenzo-
gilatrane itself from triacetoxysilane because the former
reacts readily with the libveratad acetic acide. That is why
the reaction product is 1-acetoxytribenzosilatrane(X==OCOCH3).
Similarly, the reaction of tris(2-oxyphenyl)emine with +tri-
nethoxy- or trichlorogilane forms the corresponding Si-sub-
stituted derivetives instead of tribenzosilatrane (79) =

HSiX, + (2-H006H4)3N———a—XSi(OCGH4)3N + 2HX + H, (12)

X = C1, OCHB, OCOCH3
Pransesterification of phenylacetoxysilane with the corres-
ponding polyatomic aminophenol gave bis(1-phenyltribenzosil-

atranyl) of the type

g
i
L\):O -—*-“S:L—O N 0— ‘1 O

1—Organyltriben20311atranes can be prepared from the corre-
sponding organylchlorosilanes:

x31013 + (2-H006H ) N——++xsl(oc6 )3N + 3HC1L (13)

In this case, however, the reaction proceeds slower than
reaction (11). 1-Chlorotribenzosilatrane (X = Cl) forms from
HSiClj or SiCl, according to eq. (13).

1-Methylsilatrane was synthesized by the reaction of
methyltris(diethylamino)silane with triethanolamine (80):

CH,5i{N(C,Hg)p] 5 + (HOCH,CH,) 5N

CHBSi(OCHZCHZ)BN
+ 3(CHNE  (14)

The same method was used to prepare monocyclic enalogs of
gilatranes of the type (CHB)ZSi(OCHZCH2)2NR’ previously de-—
scribed by Finestone (8). The-reaction was carried out by
heating the reactent mixture until the diethylemine wes
completely distilled out of the system,

1-Organyl-2,8,9-triazaesilatranes (81,82) and 1-phenyl-
2,8,9~trithiasilatrane (82) were syhthgsized for the first
time from organyliris(dialkylamino)silanea:
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RS1[N(C H;) 5] 3 + (HNCH,CH, ) jN——RS1 (NHCHLCH,) 5N (15)
R = H, CH,, CyHy, CHy=CH, CgHg, C1CH,, CF3(CH,),

CHSi[N(C,H,), 15 + (HSCH,CH, N ——C H Si(SCH,0H, )N (16)

An original method for the synthesis of silatranes which,
unfortunately, is described only in one example CR=3—02N06H ”
96% yield involves the xeaction of an organyltrifluorosilane
with tris(2-trimethylsiloxyethyl)emine in aprotic solvent (15)
RSiF, + [(CHB)BSiOCHZCHz]BN—--——-RSi(OCHZCHZ)3N )
+ 3(CH3)BSiF

1¢3. Cleavage of Polyorgaenylsiloxanes

An original and convenient method of the synthesis of
1-organylsilatranes ﬁsing agents more readily available than
organyltrialkoxysilanes, such as polyorganylsilsesquioxanes,
(RSi01.5)n, and polyorganylsiloxanols RSiO1.5_m(OH)2m .
where m = 0-1,5, has been proposed by Voronkov and Zelchan
(5,10,83,84). and later used by Frye (15).

1/n[RS10, o _; (OH), ] + (HOCH,CH,) N— RSi(OCH,CH,) N

(18)
+ (1.5 + n)Hao

EOH is used as s catalyst and the water formed is removed
from the reection mixture by continuous azeotropic digtill-
ation with a suitable inert solvent (xylene) (15,85).
1-Fhenyl- and 1-(3*'-nitrophenyl)silatranes were obtained in
almost quantitative yield using this method, but without the
catalyst (15,84).

It is possible to synthesize 1-organylsilatranes using
polyorganylhydrosiloxanes, (RSiHO)n:

1/n(RSiHO)  + (HOCHacHE)BN—'—RSi(OCHaCHZ)BN + Hy0 + H, (19)
In thisz reaction, alcoholysis of the initial hydrosiloxane
and cleavage of the siloxane bond occur, Silicic acid dis-
gsolves at 200-250°C in an excess of triethanolamine and

reacts to form a mixiure of mono-, di- and trisilatranyl
ethers of the latter (15):

{ 3—n)S:1.02 + (4-n) (HOCHZCHZ)BN

(HOCH,CH, )N |[CH,CH,051(0CH,CH, ) jN] 5 _, + 2(3-n) H,0 (20)
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An attempt to carry out e similar reaction with tris(2-oxy-
propyl)emine was unsuccessful (15).

104. The Synthesis from Boratranes

The reactivity of the Si-H bond in trichloro-, triacet-
oxy- and trialkoxysilanes does not permit the preparation of
1-hydrosilatrane and its derivetives or it affords very low
yvields. Thus, the reaction of tris(2-oxyphenyl)amine with
compounds of type HSiX3 gives only the corresponding Si-sub-
stituted silatranes, XSi(OCGH4)3N (X = C1, OCOCHB, OCHB) (79).

An interesting method of preparing difficultly accessible
1=hydrosilatranes is the transesterification of trialkoxysil-
anes with the corresponding boratranes (85,86).

Al(OR")3
)3 + B(OCHRCHQ)BN HSi(OCHRCHQ)BN (21)

HS5i(OR*

R = H, CHB; R = CHB’ 02H5; R" = alkyl

The synthesis is carried out by heating a mixture of borat-
rane with a 1.5 molar excess of trislkoxysilene in xylene at
reflux in the presence of a catalytic quantity of an alumi-
nium elkoxide. The 1-hydrosilatranes produced precipitate
directly from solution or after removal of the solvent. The
yields are 64-94%. Thus, it was possible to obtain silatraene
itgelf and its C-substituted derivatives. These can be used
subsequently in different transformations of the Si-H bond.

However, the attempted synthesis of the as yet unknown
1-(2'-haloethyl)silatranes according to scheme (21) was not
successful (43).

1e5¢ Synthesis of 2-Carbasilatranes

2-Carbasilatranes were first prepared by Morehouse (87)
in 1961 end later by other workers (88,90) in accordance with
scheme (22);

R(CQHSG)zsiCHZCHZCHzNH2 + R'QE;QHZ

© (22)

RSi(OCHR'CHQ)z(CHQCH CH2)N + 2C,H_OH

2 275
R = CHB’ C2H50, CGHS; R* = H, CH3

2—-Carbasilatranes are formed also in the reaction of or-
ganyl(3-chloropropyl)dialkoxysilanes with diethenolamine
(89, 90) according to scheme (23): '



R(C2H50)2510H2CH2CH201 + (HOCH20H2)2NH
4-HCl (23)
RSi(OCH2CH2)2(CH20H20H2)N + 2C2H50H
The reaction is carried out in absolute ethanol)l in the
presence of trietheanolamine as an HCLl acceptor.

In both cases, the yield of Si-substituted 2-carbagil-
atrenes does not exceed 40-50%.

2. Synthesis from Silicon- and Carbofunctional Substituted
Siletranes

2s1. Transformgtions of 1-Alkoxy- and 1-Oxysilatranes

It was not possible to prepare 1-oxysilatrane (sile-
tranocl-1) by hydrolysis of 1-alkoxysilatrenes (15). This
compound was synthesized by selective hydrolysis of triz-(2-
silatranyl-1-oxyethyl)amine in chloroform (15):

N'&H2CH2051(OCHZCH2)3N]3 + 3H20-—~—3HOSi(OCH20Hé)3N
+ (HOCHZCHE)BN

(24)

The transesgterification of lower 1-~alkoxysilatranes by
higher slcohols, glycols and glycerine was firsi patented by
Semour (27):

nCaHSOSi(OCHQCHa)BN + R(OH)n
(25)

N(CHZCHZO)BSiOROSi(OCHZCHZ)BN + ncaH5OH

R = organo group of a higher alcohol, glycol, glycerine,

(04—020); n = 1-3

In this cese, the glycols may be condensed with tetraslkoxy-
silanes, (RO)4Si, where R = alkyl, C1~C4, and introduced into
the reaction with triethanolamine., A series of bis(1-sila-
tranyloxy)alkaenes was prepared in a similar way:

N(CHZCH20)3SiOROSi(OCHZCHZ)3N
R = -(CHz)n-, -CH(CHB)CH - —CH20H200H20H2—; n = 2-6 (72)

Transesterification of lower 1-alkoxyhomosilatranes of
type XSi[OCH(CHB)Cﬂa]Z(OCHZCHzcﬂa)N, where X = CH,0, C,Hj0,
by phenol or naphthol according to scheme (25) afforded the
corresponding 1-aroxyhomogilatranes (77).
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The reaction of 1-ethoxysilatrane with carboxylic acids
was used to prepare T-acyloxysilatranes (15):

. (CHBCO)ZO .
02H5081(00H20H2)3N + RCOOH-—-————-—R00051(OCH20H2)3N (26)
+ C2H50H

R = CHB’ CGHS

Transesterification of 1-ethoxysilatrane by triphenylsil-
anol leads to the formation of 1-(triphenylsiloxy)silatrane

CZHSOSi(OCHchz)BN + (CGHS)BSiOH
(CHBCOO)ZZH (27)
(c635)351051(0032032)3u + CZHSOH

These reactions were carried out in o-dichlorobenzene at
150-~200°GC,

The action of concentrated hydrofluoric acid converts the
ethoxy group in 1-ethoxysilatrane and its C-methyl-gubstituted
derivatives to the 1-fluorosilatranes (15). No cleavage was
observed.

C2H503i(OCHRCHng +—HF——*—FSi(OCHRCH2)3N + C2H
R = H, CH3

5OH (28)

A convenient method of preparation of 1-halosilatranes is
based on the reaction of 1-ethoxysilatrane with phosphoxrus
and sulfur halides (91):

2c2H5051(ocnacnz)3N + m(o)x2 -——2XSi(OCH2CH2)3N
+ M(O)(002H5)2

M=3S, X=01, Br; M=P?PCl, X=Cl; M= CH3

The synthesis is carried out at room temperature in DMP., The
yield of 1-fluorosilatrane was 92%.

Starting from silatranol-l, 1-~trimethylsiloxysilatrane
could be prepared:

(29)

P, X = F

HQSi(OCHecﬂz)BN'+ (CHB)BSiCI————(CHB)BSiOSi(OCHZCHa)BN {(30)

and o, w-bis(dilatrenyl-1i-oxy)oligodimethylailoxanes were
prepared by & similar reaction:
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2HOS1(0CH,CH,) 4N + €1 [(CH;),810]  51(CH,),C1 s
31

N(CH,CH,0),510 : 510] S1(CH,),0Si(0CH,CH,) N + 2HC1

322
In both cases the reaction was carried out in chloroform in
the presence of triethylaemine as an HC1l scceptor (15,71).

On reaction with acetyl chloride or acetic anhydride,
gilatranol-1 was converted into the unstable 1-acetoxysilat-
rane (15):

HOS1(OCH,CH,) ;N + CH
X = C1, OCOCH

COX ——»=CH coosﬁocazcnz) 3N (32)

3 3

3

2.2. Reactions of 1-Hydrosilatranes

The reamctivity of the Si-H bond in 1-hydrosilatranes
provides the basis for the gsynthesis of various Si-substi-~
tuted gilatranes,

1-Hydrosiiatrane reacts readily with alcohols and phenols
in boiling xylene in the presence of sodium alkoxide or phen-
oxide to form the corresponding 1-organoxygilatrenes (92):

. R 0~ .
HSl(OCH20H2)3N + ROH————»—ROS1(0CH,CH,) JN + Hy (33)

R = CHy, n-CsHy, 1i-G,Hy, t-C,Hy, CgHy, 4~CHyCcH,,

4-(CH3) ;CCH, , 4-CH;0C(H,, 4-C1CcH,, 4-O,NCcH,, CgFg, etc.

In the presence of ZnCl2 the reaction proceeds consider-
ably more slowly and is not complete, Without catelysts or in
the presence of H2Pt016 the reamction does not occur at all.
It is believed that the mechanism of the alkali-catalyzed re-
action of alcohols with silatrane.-involves an intermedisate
complex:

Heweoooll
X . -
N(CH20H20)381\0 (])L‘”"'"N(CHQCH2O) ,Si0R + H, + RO
{ N
R R

In the case of 1~hydrosilatrane the nucleophilic attack at
siliconis of the "flank" rather than the "backside" type.

The reaction of alkanediols with 1~hydrosilatrane was
found to be & convenient method of synthesis of bis(i1-silat-
ranyloxy)alkanes (72,93). It was possible to isolate an oint-
ment-like 1-(2'-oxyethoxy)silatrane, HOCHchZOSi(OCH2CH2)3N,
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from the reaction products of i-hydrosilatrane with an excess
of ethylene glycol (72).

1=-Hydrosilatrane undergoes the hydrocondensation reaction
with carboxylic acids in the presence of ZnCl, (94);

ZnCl,
HSi(OCH CH, ) N + RCOOH RCOOSi(OCH2 N + H, (34)

3
R = CHy, C HS, CeHgs 3~CgH,N, 2-C,H,0

A reaction time of 2-3 hours is required, and the yields of
1—acyloxysilafranes are 40-80%. Dehydrocondensation of t-
hydrosilatrane with glucose and mannose yielded silatrane
derivatives of carbohydrates of the following type(95,95a):

Me o o Me o o
:><:: M;>x<:
Me o i (o) ggKgé
OR G
Y OR
O«—}-Me

Me

R = Si{OCH,CH,) N
1-Halosilatranes were Tirst obtained in 71-81% yield by
the reaction of silatrane with free halogens in chloroform in

the presence of triethylamine as a hydrogen halide acceptor
(96)..

HSi(OCHZCHz)BN + Xé-~—»~XSi(OCH20H2)3N + HC1 (35)
X =¢1, Br, I

337,10~ITrimethylsilatrane may be converted into the cor-
responding chloro- and bromo derivetives by halogenation in
the absence of an HK acceptor., The hydrogen halide formed is
also involved into the reaction (15):

HSi [OCH(CH,4)CH,] N + X XSi[ocH(CH )CH ] gV + HX (36)

2
HSi [CCH(CH,)CH,] JN + BX ——XSi[OCH(CH,)CH,] N + H,  (37)
X = Cl, Br

The same compounds were obtained by the resction of 3,7,10~

trimethylsilatrane with the corresponding. N-halosucclnlmldes
(15): - ‘ '
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Bs1 [OCH(CH,)CH, )N + (CH2C0)2NX-—’—XSi[OCH(CHB)CH2]BN
+ (CH,CO),NH

(38)

X = Ci, Br

An attempt to obtain 3,7,10-trimethyl-1-iodosilatrane using
reactions (37) and (38) was unsuccessful (15).

2.3. Reactions of 1-Halo~ and 1-Haloalkylsilaetranes

The use of t1-halosilatranes for the preparation of Si-
derivatives has been described in only one example thus far,
ie€ay the conversion of 1-chlorotribenzosilatrane into the
1~phenoxyderivative (79):

ClSi(OCGH4)3N + CGHSOH-—a-06HEOSi(006H4)3N + HC1 (39)
1-Haloalkylsilatranes have a reactive halogen atom that should
allow the preparation of various exocarbofunctional deriva-
tives of 1-slkylsilatranes.

A convenient method for the synthesis of 1-(orgenylthio-
alkyl)silatranes in 60-85% yield is the reaction of 1~(halo-~
alkyl)silatranes with alkali mercaptldes or alksli salts of
thiolcarboxylic acids

X(CHa)nSi(OCR'Cﬂa)BN + RSM -~P"RS(CH2)nSi(OCI-IR'CH2)3N (40)
R = C,Hg, CHCH,, CHBC(O), G,H,0N,, NC
R' = H, CHB; M=K, Nay X = C1, Br, I; n = 1,3

Xylene, dimethylformamide or mixtures of these ‘solvents may
be used as the reaction medium (61,97).

The use of potassium thiocyanate in reection (40) permits
the preparation of 1-(thiocyanatoalkyl)silastranes.

1~(Silatranylalkyl)dialkylphosphonates were prepared by
the Arbuzov reaction of 1-(heloalkyl)siletranes with trislkyl
phosphites (55,98,99).

X(CHz)nSi(OCHR'CHZ)BN + (RO)BP )

(RO)ZP(O)(Cﬁa)nSi(OCHR'CH N + RX

223
R = CHy, CpHg, i~C4Hy; X = C1, Br, T; R = H, CHy; n = 1,3

This reaction proceeds smoothly upon heating 1-(haloslkyl)~
silatrenes with an excess of trialkyl phosphite which acts as
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a solvent at the same time, With X = I, the yields of the main
products of the Arbuzov reaction are 95%.

The reaction of 1-halomethylsilatranes with triorgenyl
phosphines gave the corresponding phosphonium salts (100):

+
XCH,Si(OCHR'CH,) ;N + R P-—-—[RBPCHZSi(OCHR'CH

2)3 3

R = CyHg, C4Hy, CgHg; X = Br, I; R' = H, CH,

2)5N1X” (42)

1-Chloromethylsiletrenes do not react with tertiary phosphines.
1=Silatranylmethyltriorganylphophonium iodides also are formed
in the absence of the solvents on melting the initiel resct-
ants (R = CGHB) or in alcohol medium (R = CZHS’ C3H7).

It was not possible to replace the chlorine stom in 1=
{chloroalkyl)silatranes by bromine by the reaction with NaBr,
KBr, AlBr3 and PBr3 (46).

P,4. Additions to 1~Vinylsilatranes

The double bond in 1~vinylsilatrenes is readily involved
in free-radical addition procesgses and this permits the syn-
thesis of 2 number of 2-substituted 1-~-ethylsilatranes of type
XCHQCHYSi(OCHZCHZ)n[OCH(CHB)CHZJB_nN.

The addition of perfluoroiocdoalkanes to 1-vinylsilatranes
gave the corresponding 1-(2'=perfiuorcorganyl-1t'-icdoethyl)-
gilatranes (101):

CH,=CHS1(0CH,CH,) [OCH(CH;)CH,} 3 /N + Rpl

2
(43)

R CH,CHIS1(OCH,CH, ) [OCH(CH;)CH,] 5 N
Ry = OFy, OgPy, CgFyg; m = 0-3

The reactions were carried out in CHCl., or CCl, at room tempe-
rature with or without UV-radiation. The yields of the adducts
were nearly quantitative.

The H2Pt016-catalyzed hydrogilylation of 1-vinylsilatrane
with methylfurylhydrogilanes afforded the corresponding
adducts (102)

cH2=CHSi(ocnchZ§N + Rn(CHBJB_n.SiH

‘H2Pt016 (44)
Rn(CHB)3_nsicH2qH231(oc32032)3N
R = 2-furyl, n = 1=-3
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The hydrosilane reactivity depends on the number of furyl
groups, Thus, tri{2-furyl)silatrane reacted with 1-vinylsil-
atrane &t room temperature whereas dimethyl{2-furyi)silane
reacted only on hesting. Hydrosilylation of 1-vinylasilatrane
with oligomethylhydrosiloxanes having terminal trimethylsilyl
corresponding oligome
2000 (103).

Photochemical addition of organic and organosilicon
compounds containing & thiol group to 1-vinylsilatranes
resulted in 1-(2'-organylthioethyl)silatranes in 60-95% yield
(60,61):

CH,=CHS3i(OCH,CH,) [OCH(CH;)CH,],_ N + RSH

(45)

RSCH,CH,S1(0CH,CH,) [ocH(cH )CH, )5 N

R = c2H5, N(CHZCHao)BSiCH CH (CHBO)BSiCHZ,

272
(CHBO)BSiCHZCHZ’ CHBOCOCH2; n = Q=3

The reactions proceed without any solvent, When the initisl
reactants were immiscible, chloroform or methanol can be
used as a solvent.

It was impossible to obtain 1-(silatranylethyl)dialkyl phos-
phonates by scheme (41). However, they were prepared by photo-

chemical addition of dielkyl phosphites to 1-vinylsilatranes
(61):

CH =CHSi(OCHR'CH2)

2 3N + (RO)EPHO

jnv (46)
(R0)2P(0)CH20H251(OCHR'CHZ)BN

R = CHB’ CQHS;‘ R = H, GH3

The process is performed by UV-radiation of the 1-vinyl-
gilatrane with an excess of dialkyl phosphite at the boiling
temperature of the latter. The reaction does not occur in the
presence of peroxide.

Compared to 1-vinylsilatranes, C~substituted (in the
atrane ring) t-vinylsilatranes undergo different addition
reactions (schemes 43-46) with feecility.

2.5, Reactions of Aminoalkylsilatranes

Reedily available 1-(3'-aminopropyl)silatrane was used
for preparation of a number of its N-derivatives. In this
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way, 1-~(3t-benzoylaminopropyl)silatrane (35) and the product

of condensation of the former with 2,3-dichlorobenzo b thio-
phene-1,1-dioxide were obtained (104):

(1
2H,, N(CH2)331(OCHZCT ) N + I o

50,
NH(CHz)BSi(OCH2CH2)3N
\
S0, ~c1
+ N(CH,CH,0) Sl(CHz)BNHZ HC1 (47)

The reaction of 1-~(3'~aminopropyl)silatrane with 3,6-di-
chloropyridazine and 1-chlorophthelazine afforded the cor-
responding derivatives in 20-30% jield (35a):

H2N(CH2)BSi(OCH2CHéBN + RC1

/N"'_N\ g
R —C
\

The reaction of N,N-substituted 1-aminoalkylsilatranes
with methyl iodide in toluene or ethanol gave crystalline
methiodides (35).

RNH(CHz)BSi(OCHZCHa)BN (48)

Chepter II. Structure and Physical Properties

Silatranes are a unique c¢lags of heterocyclie pentacoor-
dinate compounds, Their peculiar nature is due to the speci-
ficity of both the steric structure of the molecule and the
electron-density digtribution. All this influences spectro-
scopic and other physico-chemical properties of silatranes.

Some years ago 8ll questions on the structure of silat-
renes seemed to be solved. However, more comprehensive and
precise physico-chemical investigations carried out during
the last few years have shown thet the present ideas are only
approximate and put forward & numbexr of new theoretical prob-
lems which are not solved as yet,

I+ is not possible to overcome this situation using only
a limited number of physical methods. The theory of silairane
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gtructure may be successfully developed by complex physico-
chemical investigations. The results of such an approach are
reported in this chapter,

1. Crystel and Molecular Structure

The crystal and molecular structure of silatranes has been
studied by X-ray structural and conformation methods.

Crystallographic parameters and transliational groups in
the unit cells of 1-substituted silatranes have been deter-
mined, the cell volume and the number of molecules within
each cell, as well as the X-ray density and packing coeffi-
cients of the crystal lattice, have been calculated (Table 1)
(105-120, 120a). The unit cell of the silatrane crystal lat-
tice usuelly contains four or eight close-packed molecules.

Valency angles and bond lengths, including the distance
between the silicon and nitrogen, have been determined in
molecules of the silatrane series (105-120, 120a) (Figs. 3-5,
Table 2). This distance attracts special attention as it per-
mits & better understanding of the degree of transannular
interaction of the silicorn and nitrogen atoms, hybridization
of their valence orbitals and the influence of the substitu-
ents on the zeometry of the silatrane skeleton.

In molecules of almost 211 silatranes which have been
studied the Si—N distance is 2,0-2.4 3. This is significantly
shorter than the sum of van der Weals radii for the silicon
end nitrogen atoms, 3.5 R. This provides convincing evidence
for the hypothesis proposed earlier on the existence of a
+transannulaer interaction between thegse atoms (8-10). Although
e transannular intersction must take place, its nature is not
yet clear, Until recently it was beyond doubt that this inter-
action was aggociated with & partial transfer of an unshared
electron pair of the nitrogen atom to a vacant 3d§—orbita1 of
the silicon atom which had sp3d hybridizetion. However, the
participation of 3d-orbitals of the silicon atom is not nece-
ssary to explain this interaction. There is an opinion (121,
122) thet 3d-orbitels of the silicon satom are energetically
less advantageous {(aa their energy exceeds by more then 10 eV
that of the valence orbitals) and more diffuse then the 4s-
and 4p-orbitals. Due to this fact, one should not neglect =
possible participation of the silicon 4s- and 4p-orbitals in
the Si=N bond formation. '

The most adequate description of the electronic and steric
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structure of siletranes is presented by the model of "hyper-

valence bonds“(123, 124) which allows one to explain some phy-

sical and chemical features of the silatranes*. According to
this model, the silicon atom in the silatrane molecules uses

three spz-hybridized orbitels for its bonding with three
oxygen atoms. The interaction of this Si atom with the substi-
tuent and the N atom is effected by the formation of three-
centered, three orbital hypexrvalence X-Si-N bond by a p,-
electron of the Si atom, a valence electron of the X substi-
tuent and a lone peir of the N atom. The coordination diagram
of hypervalence bonding in silatrane molecules is given below

-7 ) » \FB
e ,"I\ 24 \\\
Yx )} " ‘\;_%%___v
[o] R%"\ -
~ N + ’\/V‘_ N

where‘PX:,‘pN.and 3pz are atomic orbitals of the substituent,'
N end Si§ respectively;'ﬁﬁ,\#é and VS are bonding, non-bond-
ing and anti-bonding molecular orbitaels, respectively. This
model (123,124) suggests, first of all, that the influence of
the 6-bound substituent X may be transfered only through the
3pz—orbital of the central Si atom.

The effect of Si—N bonding is defined by the following
expression in the first order of the disturbance theory:

2
Bsin

2
. B sjoxo
oL . =t s L
Sie + dSio - O(XO Ne

Si—N

where <« and 3 are Coulomb and resonance integrals, respecti-
vely, the index "“o" is related to the initial atomic levels
ﬁgﬁo
*gie ~ %xe
bonding due to X—S8Si interaction. If the electronegativity of
the X substituent is nearly equal to or higher than that of

and the relation shows a decrease in the Si—<+N

* The idea of the exigtence of hypervalence bonds in mole-

cules of elementoorganic compounds was developed by Musher
(125). Nagy (114) was the first to use the term "hypervalency"
for the explanation of the trans-influence of Si-substituents
in silatranes. However, in this interpretation hypervalency
wag coincident with general ideas of sp3-hybridization of the

'pentacoordinate‘Si—atom.
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Table 2
Silatranes, XSi(OCHZCHz) 3R
Parameters* 63— Group Parameters :
ASi, Refer.
Q
Angle Angle Angle A
0-5i1-0, N-C, C-N-C, C~C, N-~-C-~-C,
Q
deg. 2 deg. A deg.
120 1.45 113 1.43 T 112 0.08 116a
118 1.47 114 1.54 105 0.21 1208,
118 1.48 114 1.44 113 0.23
119 1.50 114 1.53 106 0.15 115
119 1.42 113 1.43 112 0.17 115a
119 147 114 1.50 107 0,20 ° 116
119 1.46 115 1.50 107 0.20 108
118 1.46 114 1.45 107 0.19 118
118 1.47 113 1.47 113 1¢43 114
119 1.46 113 1.51 107 0.17 110
110 143 119 1.50 111 0.58 120
117 1.47 114 1.50 107 0.29 111
117 219
0-31i-C _
116 147 114 150 108 0.28 117
119
0-3i-C
119 1,44(C,) 1,63 (C5C,) 0.17 118
1.57 (Cg) 1,39 (CgCp)

1.89 (c12) 1442 (C44C45)
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Structural Features of

Axial Parameters BEquatorial
X
Angle Angle
Si—N, Si-X, X-Si-N, Si-0, X-Si-0,
o [} (]
A A deg. A deg.
Ccl 2,02 2.15 1.65
CH3 2.17 1.87 179 1467 93
02115** 2.2% 1.88 1.66
C1CH, 2,12 1.91 180 1.67 96
ClCH?a 2,12 1.88 178 1.64 96
01(CH2)3 2.18 1.88 180 1.66
Ceﬂsot) 2.19 1.88 178 1.66 97
CeH (8) 2615 1491 177 1465 97
CGHS(y) 2.13 1.89 179 1.65 96
3—02NC6H4 2.12 1.91 180 1.66 96
[CeH5(CH,) ,P],PE(C1)  2.89  2.29 1465 108
CHBb 2.34 1.87 177 1.66 98
1.90 103
Si-C X-Si=C
cH3ob 2.22  1.67 180 1466
1.85
Si-¢
01032c 2.25 1.89 1.64

* Average values

*% After A.A. Kemme (217, 218)

® C1CH,Si(0CH,CH,)[0CH(CH;)CH, ] N

b o_Carbasilatrane derivatives, XSi(OCH20H2)Z(CHZCHZCHZ)N
Cc
ClCHéSi(OCHacHa)2(OCH20H2CH2)N
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the Si atom, the Si—+N interaction should decrease with in-
creasing the X—Si bond strength. The X—Si bonds 1in sila-
tranes are weaker, compared with normal covalent bonds of the
terahedral silicon atom,

If the silicon atom has a legss electronegative substituent
(l"C Xl < !O('Sil ) the X—Si bond weakening should decrease the
energy and, consequently, increase the Si—~N bond length.

The  Si—N bond energy is essentially dependent on the
electronegativity of both the Si and N atoms. Thus, for exam-
ple, & change in the character of C-C bond in the silatrane
skeleton which leads %o an increase oflaCNl should cause a
decreagse in the Si—N bond strength, other conditions being
equal.,

As the ionization potential of the central atom increases,
the energy of the bonding orbital decreases and the hyper-
valence structure becomes less stable. This explains why the
carbon analog of silatrane (“carbatrane%) is so difficult to
prepare and predicts an increase of the effect of X—M—N-
bonding (M = Si) when the silicon atom in silatranes is re-
placed by germenium or tin atoms. )

Degspite its approximate character, the hypervalence bond
model (123, 124) describes the electronic and steric structure
of silatrenes better than the wide-spread hypothesis of sp3d-
hybridization of the silicon atom., However, the nature of the
transannular Si—~N bond may be comprehensively understocod
only with further development of quantum chemistry.

The value of the Si atom displacement, A, from the equa-
torial plane of the trigonal bipyramid in the silatrane mol-~
ecule toward the X substitutent is related to the interatomic
S5i—N distance»by a simple dependence A = Tgi—N — d, where d
is the distance between the N atom and the equatorial plane.
Por all silatrsnes studied this distance is approximately
similar (d = 2.0 ¥ 0.05 K) (112, 120a). Thus, the interatomic
Si—N distance value is mainly determined by the silicon dis-
placement out of the plane of the three oxygen etoms, i.c..
by the Si atom hybridization.

The presence of an electron-withdrawing substituent at
the gilicon atom (C1, 3—02NC6H4, ClCHa) shortens the inter-
atomic Si—N distance (Table 2). Insertion of a CH, group
into the silatrane ring (3-homosilatranes) or replacement of
the oxygen atom by this group (2-carbasilatranes) produces a
more marked change in the heterocycle geometry and the inter-
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atomic Si—N distence then the nature of the substituent at
the silicon atom does. Thus, in the 1-methyl-2-~carbasilatrane
molecule the interstomic Si—N distance is longer by 0.10-
0,30 X than analogous bond for all 1-organylsiletranes studied.
In the 1-phenylsilatrane molecule (e(-form) (108) (Fig.3,
VII) the X-5i-0 angle is smaller (97.1°) than in the 1-phenyl-
benzosilatrane molecule (100°) {109} (Fig. 3, VIII).

VIT VIII

Fig. 3

When one of the oxygen atoms in the Si0, grouping is re-
placed by & more bulky CH2 group, the X-3i-C angle, which isg
103° in the 1-methyl-2-cerbagiletrane molecule (111), becomes
lerger than two othexr X-Si-O angles which retain their normal
value of 98° (Tsble 2).

The moleculer structure thus defined has confirmed the
previous suggestion that the atrane skeleton of silatranes is
Tormed by three Si—N transannularly bonded five-membered
heterocycles. The coordination polyhedron with the silicon
atom in the center represents a distorted trigonal bipyramid.

The three five-centered heterocycles composing the silat-
rane skeleton have an envelope form with 0, Si, N and ¢ (3,7,
10) atoms lying in the same plane, The C (4,6,11) atoms which
ere in thé«(—position to the nitrogen atom form the cormner of
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this envelope (108-110,112-114,115g). 1-(Chloromethyl)homo-
silatrane which skeleton consists of two five-membered and
one six-membered heterocycles displays g disordered structure
of the five-membered heterocycles. The carbon atoms attachéed
to the nitrogen stom are characterized by two peaks of elect-
ronic density which are 1.2 K distant. The six-membered
heterocycle has a planar structure (Fig. 5, XII).

The possible chenge in the silatresne cycle geometry (and,
first of all, in interatomic Si=-N and Si-X distances) due to
non-valence interaction of the chlorine, silicon or oXygen
etom attached to an alkyl substituent has been studied in the
examples of 1-(chloromethyl)- (115) and 1-(3'-chloropropyl)=
silatrane (116) (Pig. 4, IX,X, respectively). In molecule IX
the axial bond forms a 90° angle with the equatorial plane of
the bipyramid. The S5i-C-Cl plane is almost co-planar with the
N-Si-0(8) plane (the engle is 5.2°).

Pig. 4

Introduction of an electron-withdrawing substituent
(chilorine atom) into the methyl group of 1-methylsilatrane
does not affect the silatrane cycle geometry much., However,
the Si—~N bond shortens in this case by 0,06 K thus amounting
to 2.12 A, the Si~C bond (1.912 A) lengthening by 0.04 A
(Table 2). The intramolecular Si — Cl distance (3.1 X) in
1-{chloromethyl)silatrane may indicate an interaction
between the Cl and Si atoms {("~effect®").

In going from l1-chloromethylsilatrane to 3,7-dimethylei-
chloromethylsilatrane the geometxry of the Si coordination po-
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lyhedron and the length of the Si——N bond hardly change (1158).
In the 3,7-dimethyl-1-chloromethylsilatrane molecule (Tab le 2)
only larger valence angles of the carbon atoms in the sil-
atrane skeleton are observed: the N-C~C and C-C-0 angles are
112° and 114°, respectively, those in 17chloromethylsi1atrane
being 107° and 108°, respectively.Thus, the introduction of
methyl groups into positions 3 and 7 of the silatrane cycle
does not affect the degree of Si—N interaction considerably.

If the chlorine atom is separated from the silicon by
more than one methylene group (116,117), the influence of the
chlorine atom on the geometry of cyclic system is negligible
ag the inductive effect via the carbon cheain diminishes
quickly (Fige 4). Unlike 1-~chloromethylsilatrane, the inter-
atomic Si=-—N distance and the Si-C bond length in 1-(3'-
_chloropropyl)silatrane are close to those in 1-ethylsila-
trane, being 2.18 and 1.88 X, respectively.

In the 1-chloromethyl-3-homosilatrane molecule (Fig. 5,
XITI) the interatomic Si—N distance in considerably longer

Fige 5

(2.25 &), whereas the Si atom is displaced out of the equato-
rial plane of the three oxygen atom by O. 17 A. In this case,
the lengthening of the Si—~—N distance results from a flatten-
ing in the NC., group, i.e., from nitrogen atom displacement
by O.11 2 toward the equatoriasl plane defined by C(4), C(6)
and C(12) (118).
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In 1-silatranyl-trans-bis|(dimethylphenyl)phosphinol-—
chloroplatinum, 01[06H5(0H3)ZP]ZPtS%(OCHZCHz)BN (XIII), the
interatomic Si~N distance is 2.89 A, that is much longer
then in normal silatranes (119,120). The NC, group has, in
fact, a planar configuration and the Pt8103 group is tetra-
hedral., This seems to be caused by a strong +I-effect and a
more bulky substituent at the silicon atom. The bond lengths
and valence angle values in molecule XIITI are 1listed in
Table 2. The relationship Tgi =N -A =d = 2 0 X deduceg for
silatranes (112) is not observed (A = 0.53 A d = 2,36 A).
This is due to the absence of a transannular Si—~N inter-
action. The nitrogen atom, as compared to its normal position
in silatranes, is displaced by 0.36 2 to the c(4)-c(6)-Cc(11)
plane and only 0.07 A distant. In the three Si-0-C-C-N half-
rings, the B-carbon atoms lie out of the plane rather than
the «-carbon atoms as in normal silatrenes. Furthermore, the
valence angle values in compound (XIII) are slightly greater
than those in normsl silatranes. This is partially associated
with the fact that molecule (XIII) is a system composed of
eight-membered, rather than five-membered rings. Thus, com-
pound XIIJT is related, according to its structure, to 1-azo-
bicyclo[3.3.3]Jundecane hydrochloride, XIV (126) (Fig. 6)e

A

N

7 7

XIII " XIV
R = [06H5(0H3)2P]2Pt01
Fig, 6

However, a similar conformation of the simplest silatranes
does not occur in the crystalline state as studied by X-ray
diffraction. In these molecules it is the (-~ rather than the
B-carbon atoms that lie out of the five-membered half-ring
planes. This is likely to be due to the short interatomic
Si—N distance. In fact, with the Si—N distance longer than
2.3 X, the boat-chair conformation (Fig. 7, XV) typicdl for
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bicyclo [3.3.3)undecane system (XVI and XVII) is reelized in
2~carbasiletranes (126-129).

| /
N Cc
51— xv <\\:§§§;§;':':::X XV1
o |

N
XVIT
C

|

Fig, 7

Until recently many physico-chemical features of silatra-
nes were explaned by the pregence of the polar coordinate
Si~N bond (5-19, 23-34) without considering some stereo-
chemicael factors, particularly, the existence of YPrelog
strains® (134) in silatrane systems. These would cause the
steric configuration of silatranes to resemble those of bi-
eyclo[3.3.3]undecane systems, XVI and XVII (125-128) (Fig.T).
Molecules of the compounds of this type have axial 03-sym~
metry and may be considered as a system of three constituent
eight-membered rings in the boat-cheir conformstion.

Dreiding's molecular models (135) of silatrane and
related bicyclo[3.3.3]undecene systems show thet the boat-
boat conformation is not advantageous owing to intrsannular
repulsion of the circular hydrogen atoms, It might be sug-
gested that the H-H repulsion interactions do not permit the
silatrane molecules to occur in the exo-form. Thus, intro-
duction of an additional CH,-group into the silatrane skel-
eton produces strong Prelog strains in the enlarged helf-
ring, i.e., the N-C-C and C-C-C valence angles increase to
122° and the C-N, C-C and C-0 bond lengths decrease (118)
(TPable 2). However, before quantitative calculations were
carried out (130-133), the suggestion that conformational
factors were of great importence in understonding the stiruc-
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ture and some properties of silatranes (10,15,112) was not
confirmed.,

Calculations of the conformetionel energy (130, 131) of
the endo- and exo-forms of the 1-methylsilatrane molecule
(Fig. 8, XVIII and XIX) carried out by Westheimer's method
have shown that a chaenge in the type of silicon hybridization
in XVITIT from sp3 to sp3d is accompanied by a comformational
energy gein equal to 11.4 kcal/mol (130).

H\C JH
; \;
C H, JH H
/ \ \C/ \{\C/
,H

b\

) Jd__—o0
/ [ XVIII 31/
0 \
CHg
Fig. 8 CHB

The calculalion for XVIITI was done for a fixed Si—0N distance
of 2.19 K. The energy barrier between the endo- and exo-forms
does not exceed 1.6 kcal/mol. Without deformation of the
valence angle end bonds, the endo- end exo-structures exist
only within narrow limits of interatomic Si—N distance, 2.35-
2.45 and 2.9~3.0 K, respectively. According to the calculat-~
ions, the exo-form of the 1-methylsilatrane molecule is un-
stable and should transform spontaneocusly to the stable endo-
form (130). The conformational energy relations obtained for
these forms have been used to confirm the previous conclusion
that the nitrogen stom in silatranes cen be involved only
with difficulty in the intermolecular complexation interact-
ions (130). However, the lack of necessary data doesa not
allow one to consider the strain caused by the Si<~-N bond
(131)., Therefore, the conclusion that the formation of the
transannuler Si—~—N bond is accompanied by a decrease in the
conformational energy of the endo-form has turned out to be
erroneous.

Calculations undertaken with allowance for Si—N inter-
action have shown that the conformetional energy of the real
endo-form is higher by 1.4 kcal/mole than the mininmum energy
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of the exo-form, Thus, the more stable endo-structure of sil-
atranes may be only explained by a considerable contribution

from the energy of the transannular Si—<+N bond formation +to

the total energy of the molecule (131). At the same time, the
conclusion (132) on the sufficient conformetion energy gain

( 8.5 kcel/mole) when the silicon hybridization in the endo-

form changes from tetrshedtral to trigonal-bipyramidal helds

true.

The strain energy dependence on the interatomic Si—N
distance has been studied for 1-methyl-2-carbasilatrane (132).
The minimim conformational energy of its endo-form corres-
ponds to an Si—N distance equal to 2.31 & (19.4 kcal/mole)
and 2.41 A (32.4 kcal/mole) for the models with postulated
Si gatom coordination numbers of 5 and 4, respectively. The en
endo—form is most steble with the Si—N distance equal to
3.10 . 2 and is least strained (1.8 kcal/mole), As the 1-meth-
y1l-2-carbasilatrane molecule exists only in the endo-form,
it may be stable only when the energy of transannular inter=
action exceeds 17.6 kcal/mole.

The conformational calculations (130-132) describe well
even fine details of the steric structure of silatranes. In
particular, according to X-ray (112) and NMR studies, these
have proven the non-planar structure of five-membered rings
and a low inversion barrier. Moreover, they have shown that
asynchrorneous inversion of the three-fold cyclic skeleton of
the 1-methyl-2-carbasilatrane molecule is energetically dis-
advantageous owing to a high barrier of the latter and a
considerable increase (by 10 kcel/mole) in the strain energy
of the asymmetric configuration.

The optimized date on the steric structure of silatranes
(130,131) have been used for a quantum-chemical calculation
(CNDO/2) of total energies of the silatrane molecule (133).
The endo-form has turned out to be energetically more advan-
tageous than the exo-form. The bond energies of the silatrane
molecule do not change, in fact, in going from the endo- to
the exo-form, The Si—N bond energy, however, does change.
Its value for the endo-form isg close to 25 kcal/mole, that
for the exo-form is by one order of magnitude lower (1.6
kcal/mole). Thus, the conclusion (131,132) on the determining
contribution of the Si—N interaction to stabilization of the
endo-form is quantitetively confirmed. The quantum~-chemical
calculation (133) reveals also that the electronic density
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utrengfer" from the nitrogen atom is about 0.25¢ for the endo-
form of silatranes. Thus, the peculiar features of the sila-
trane structure are associmted with Si+N interaction. The
conformational effects, however, characteristic of bicyclo-
(3.3.31 undecane systems are essentislly affected by the Si<N
hybridizetion character determined by the transanmilar inter-
action of the two atoms.

2. Physico-chemical Parameters

Most silatranes known are colorless, crystaelline substan-
ces with high melting points (Tables 3-11). They usuelly show
high thermal stability which enables them to be sublimated
and distilled in vacuum without decomposition, sometimes et
atmospheric pressure. Nearly 211 silatranes are readily sole
uble in chloroform end dimethylformamide, Most of them are
almost insoluble in water, diethyl ether and n-hexane.

Table 3
1-Hydro- and 1-Halosilatranes,
XSi(OCHchZ)n£OCH(CHB)CHz]3_nN

X n M.p+’C Ref.
H 3 256-258 85,86
253-256 9,15
207208 85,86
1 158~160 85,86
0 115-116 85,86
175-183 15
P 3 ) subl. 15
> 200 91
0 212-214 15
cl 3 >200 decomp. 91,96
o 305-306 15
Br 3 >200 decomp. 91,96
0 233-237 15
Cl* - > 300 79

1-Chloro-3,4,6,7,10, 11-tribenzosilatrane
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Some silatranes are polymorphous. Thus, 1-methylsilatrane
exists in two erystalline modifications (5,136). At normasl
temperature the f-modification having a melting point of 142°
is stable. At 115.2° it converts into the «-modification with
a melting point of 1524.2°, Thus, 1-methylsilatrane has
a double melting temperature. After crystellization from
Xylene it melts at 142-~143° and at 151.5-152.5 after rapid

cooling of the melt (5). On crystallization of 1-methylsil-
atrane in some solvents poorly-shaped crystals having a melt-
ing point of 141.7° (B -modification) are formed (136). The
trensition from the f-crystalline form to the X-modification
is slow and occurs, according to thermographlcal data, within
the 117-140° range. However, the f3- and_ﬁ -crystalline
structures are identicel and differ from that of L-modificat-~
ion of 1-methylsiletrane (136).

1-Phenylsilatrane may exist in three crystalline modific-
etions, i.e., orthorhombic ((, ) and monoclinic ()0, with
melting points of 210.3-211.3, 208 and 207°C, respectively
(108,113,114). 3,7-Dimethyl-1-phenylsilatrane also has been
isolated as two modifications, needles with a melting point
of 90.4-91.,4° and scaly crystals, me.pe. 94.8-95.8°.

Some carbofunctionel 1-alkylsilatrane derivetives contain-
ing fluorine, sulfur and phosphorus atoms are viscous liquids
distilled easily in vacuum (Table 12). Among 2-carbasilatranes,
Xsi(OCHZCHZ)Z(CHZCHZCHZ)N’ there are some compounds which are
liquids (X = CZHS’ CZHSO) (Table 12). A1l liquid siletranes
dissolve easily in water even in diethyl ether, heptane and
carbon tetrachloride., The molecular refraction values for
liquid siletranes are consistent with the data celculated
from group increments within 0.1-1.0 ml/mole precision
(Table 12).

HSi(OCH CH ),.N and its C-methylsubstituted derivatives,
HS1(OCH,C ) fOCH(CH )CH ]3 N (Table 3) are white, fibrous,
crystall1ne comnounds resembling glass cotton. They are
soluble in polar organic solvents and weater, in which they
hydrolyze readily. 1-Helosilatranes (Table 3) have high melt-
ing points and are poorly solublé in polar solvents.

Some of them show rather high solvolytic stability. Thus,
1-chloro- and 1-bromo-3,7,10-trimethylsilatranes may be re-
crystallized from alcohols with a negligeble loss (15).

Among colorless, crystalline i1-organosilatranes (Teble 4),
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Table 4

1-Orgenoxysilatranes, ROSi(OCHECHa)n[OCH(CHB)CHZ]B_DN

R n M.p., °C Refer.
E 3 205=210 15,71
CH4 3 155-156 10,31
C Hg 3 102-103 10,31

35=37 8,28

100-102 ]

2 64-65
0 81+7=-82,2 27

n—03H7 3 79-80 10,31
(CH3)2GH 3 129.5-131 10,31
11—04_H9 3 113""113-5 10:30’31
(CH3)2CHCH2 3 99-100 10,30,31
(cH,).C 3 146.,5-147.5 10,30,31
CHBCHZ(CHB)CH 3 131-132 10,30,31
n~CoH, 3 102.5~103.5 10,30,31
(CH,),CHCH,CH,, 3 134.5-136 10,30,31
(CH3)300H2 3 178-180 10,30,31
n-CgH, 4 3 82-83 10,30, 31
CH3(CH2)13 3 80-81
HO(CH2)4 3 108-110 T2
CHBC(O) 3 173-174 94

172-175
CHBCHzc(O) 3 190-192 94
Cetlyq 3 193.5-195.5 10,30, 31
CgHgCH, 3 190.5-192 10, 30,31
CeHg 3 228-229.5 10,32
2-CH;CcH, 3 218-219.5 10,32
3-CH,CH, 3 162.5-163.5 10,32
4—CH306H4 3 188-189 10,32
4-((:}13)3006}{4 3 252-253 10,32
S-CH3~2-(GH3)2 3 217.5-218.5 10,32
CeFs 3 263-264 92
4-C1CgH 3 166-167 10,32
2,4,6-01306H2 3 230-230.5 10,32
4-CH;0CcH, 3 183-184 92
4~CH300CC¢H, 3 178-180 33
4-03H700006H4 3 141-145 33
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Table 4 (continued)

4-02H500006H4 3 162-164 33
CeH;C(0) 3 221-222.5 924
240 15
2-0,NCH, 3 233-234 10,32
3-0,NCcH, 3 197.5-198.5 10,32
4-O0,NC H, 3 182.5-184 10,32
2-Cy oHy 3 184.5-185.5 10,32
C1OH19 (menthoxy) 3 152-154 9
2-C,H,0 3 245-246 75
C.H N 3 171=-173 94
N, /3CH,CH,0* 3 260 15,43
(CH3)2HSi 3 98 15
(CHB)BSi 3 156 19
CH2=CH(CH3)251' 3 127 15
CGHS(CHB)HSi 3 108 15
(0H3)206H531 3 83 15
CH3(06H5)23i 3 130 15
(06H5)3Si 3 256 15

* N[CHZCHZOSi(OCHZCHz)BHJ3

only compounds with R = 02NC6H4 have a yellow color, 1-Alkoxy-
silatranes are readily soluble in water and most organic sol-
vents (CHClB, 0014, acetone, dioxane, venzene, ethyl acetate),
but unsoluble ib cold petroleum ether. Only 1-methoxysilatrane
and 1-n-tetradecoxysilatrane are soluble in the latter (31).

1-Aroxysilatranes are soluble only in chloroform, dimethyl-
formamide and acetonitrile. In other solvents, including water,
1-aroxysilatranes are much less soluble than 1-alkoxysiletranes
(32).

Unlike l1-organylsilatranes, 1-organoxy derivatives are de-—
composed comparatively fast by moiature of the air. 1-Acyloxy-
silatranes display the least hydrolytic stebility (15,94).

1-Alkyl- and 1-arylsilatranes, RSi(OCHR'CHZ)BN, are
soluble in halogenated hydrocarbons, nitrobenzene, dimethyl-
formamide and acetonitrile. The nature of the hydrocarbon
gubstituent R influences physical properties of such gilatra-
nes. Thus, 1-methylsilatrane is practieally insoluble in di-
ethyl ether, in contrest to its nearest homologg (R-= CHs,
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Table 5

1-Organylsilatranes, XSi(OCH,CH,), [OCH(CH,)CH,]; N

[5)

MaeDoey C

3

X n Refexr.
CH, (L) 3 151.5-152.5 5,10,83
3 151-153 9,125

152.2 9,125
CHBQﬁ) 3 123-125 9,125
141.7 9,125
142-143 5,10,83
139.5-142 28
CH3 2 95-97 9
0 132-133
134-135 27
o} 5245-53.5
CH3CHZCH2 3 84 74,75
(CH ) CcH 3 106.5-107.5 5,10,83
CHZCHZCH 3 143-144
CH2=CH 3 165-166.2 5,10,83
166.2-167.4 27
163-165 9
o] 103.3-104.5 27
CH=C 3 248-250
CeHC=C 3 275
C6HSCH=CH 3 238-240
06H50H20H2 3 107-108
06H50H2 3 256-257 176
4~FCH,CH, 2 225 176
3-FCH,CH, 3 210.,5-211 176
CGHS(CHB)CH 3 192-194 9
06H5 0 133-134 10
134-135 - 176
1 86.5‘89 5’10583
2 95-96 10
3 203,6-204.2 8
- 208-209 9
210.3=-211.3 5,10,83,84
209-210 176
4—01061—14 3 233-235
3-0106114 3 203-203.5 205
4-FCcH, 3 195-196.5 175
4-CH3c6H4 3 195-195.5 205
2-CH 06H4 3 162-164
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Table 5 (continued)

4-CH,QC¢H, 3 192-193 205

4-Cch 2C6H, 3 191.3-192.3

4-FCH,CcH, 3 181.5-182.5

4-CP4CeH, 3 172-173

3-0,NC_ H 3 161-161.5 110,205

(CH,);SiCH=CH 3 151

CeHg (CHB) SiCH=CH 3 119-120

CHBDSH ) 31CH_CH]2 3 123-124

(CH3)381C_C 3 240

HC=C(CH,), S1CH=CH 3 152

1 3—d1phenyl 2 165 15

1,4-diphenyl 2 270 15

CigHyy 3 85-86 9
o ¥ 3k

C,H 2 117 216
ok gk

CgHy . 2 119 216
E3 T

Cells * 2 108 216

*CgH5S51(0CH,CH,) o [0CH(C H- ) CH, ] N
**CHS1(0CH,CH,) [OCH CH(C H )]N
**+C, H 51(00H20H2) [OCH(CHzcl)CH N
****C6H Sl(OCH20H2)2[OCH(CH201)CH Ix
*****CGHBSi(OCHchE)z[OCH(CH =CH2)CH2]N
Here arnd in the following tables the data with no refer-
ences are reported by the present authors

iso~03H7). As a rTale, 1-arylsileiranes are less soluble in
most solvents than 1-alkylsilatranes. They both are rather
stable to moisture and oxygen of the air. Noticeeble hydro-
lytic decomposition of 1-methylsilatrane is observed only
after 28 days (when kept in the open vessel).

The solubility of 1-(haloalkyl)silatranes,
x(cnz)nsi(OCHRCHZ)BN, where X = F, Ci, Br, I; R = H, CH,, CRF
n 21 (Tables 6,7), in alcchols, arometic and chlorinated
hydrocarbons increases markedly with the number of methylene
groups in the hydrocarbon group. Thus, 3,7,10~trimethyl- and
3,7,10-trifluoromethyl=-1=(4*~chlorobutyl)-silatranes are
readily soluble in water, benzene end even in n-~hexane, where-
as 1;chloromethylsi1atrane is markedly soluble only in chloro-
form, Nearly all halomethylsilatranes have higher meltiing

3;
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Table 6
Exo-Halosubstituted 1-Alkylsiletranes,

XSi(OCHZCHZ)n OCH(CH3)0H2 3en¥
X n M.p., °C. Refer
C1CH, o] 102-103 39,41,43
1 22-123 41,43
2 86-87 41,43
3 215=-217 39,40,43
222-223 36a
C1l,CH o} 161-162 41,43
1 144-145 43
2 175-176 413
3 266-267 39,43
265-268 36a
BrCH, 3 200-201 39,46
Br2CH 3 260
ICH, 0 35-96
1 73-75 39,44,45
2 115-116 39,44,45
3 190-191 39,44,45
187-188 36a
CH,CHC1 0 79-80 43
1 85-86 43
2 92-93 43
3 156-157 368,39,43
F(CH2)3 o 60-61 47,70
154/2%*
3 T1-72 47,70
CF3(CH2)2 (o] 58-60 47,70
136/1*
1 32-35 47,70
150/4*
2 36-38 47,70
122/1*
3 107-108 39,47,70
c1(CH2)3 3 130-131 39,40
129-131 36a
C1(CH,) 4 o] 73-74 41,43
Br(CH2)3 3 141-142 35,42
wer)s S = %
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Table 6 {continued)

CFBCHQCHI 3 119.5-120.5

C 4P CH,CHI 3 137-138.5

CgFy 3CH,CHT 3 135-136

CH,=CC1 3 170-171 42
C1,C=CH 3 110-112 42
C1CH=CH 3 142-143 42
C1CH=CC1 3 185-186 42

* B,p., °C/p, mm

points than the corresponding 1-~(3'-halopropyl)-silatranes
{Table 6). The melting point of helomethylsilatrenes (n = 1)
falls as the etomic number of the halogen increases (Cl>Br>I)
and thet of 1-(3*'-halopropyl)silatranes (n = 3) rises in the
gsame order ( F:Cl<Br<i).

3t-Fluorosubstituted 1-propylsilatranes are soluble even
in lower alcohols and diethyl ether, wheress 2-polyfluorcor-
ganyl-1-iodoethylsilatranes are soluble only in chloroform,
acetone, dimethylformamide,

Introduction of methyl- and trifluoromethyl groups into
the silatrane skeleton considerable changes their physical
properties (70,213). A1l C-methyl- and C-trifluoromethyl sub-
stituted silatranes have higher melting points and better
solubility in halogenated and aromatic hydrocarbons than the
corresponding unsubstituted compounds (Tables 3-~8,12).

1-Mercaptoalkyl- (61), 1-acetylthioalkyl- (56) end 1-thi-
enylsilatrenes (64) have & specific unpleasant odor. They are
hardly soluble in water, benzene, heptane, 0014. Triorganyl‘
{silatranyl )phosphonium iodides are readily soluble in chloro-
form, alcohol, dimethylformamide,

1-Aroxyalkyl-, l1-organylthioalkyl- and 1-acyloxyalkylsil-
etranes are stable to air moisture, have higher melting poinis
and are more difficult to dissolve in alcohols, aromatic
hydrocarbons and heptane than i1-aroxy- and 1-acyloxysilatranes
{Table 8).

3,10-Dimethyl~3,4-benzosilatranes,
XSi[ocn(cn3)0H2]2(066H4)N, have been obtained as transparent
viscous oils which are easily distilled in vacuum (Table 9).
After storage for months, most of them are converted into
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low-melting, crystals which are readily soluble in organic
solvents such es CHClB, 2lcohols, aromatic hydrocarbons, etc.
Tribenzosiletranes have extremely high melting points (>250°)
and some of them (with X = 06H5, CHBCOO) do not melt on heat~
ing to 300°C.

2-Carbasilatranes (Table 10) have lower melting points
than the corresponding silatranes, Almost all of them are
easily soluble in diethyl ether, pentane, hexXane and water.

Table 7
Bzo~trifluoromethylsubstituted Silatranes,
X51(O0CH,CH, ), [OCH(CP;)CH, 5 N
X n M.p., ©°C BeDes nD20
oC/p, mm

CH3 0 108-109

1 T9-80

2 33-94
ClCH2 o 119-120

2 120-121
CHBCHCI 1 163-164

2 118-119
Cl(CH2)4 0 137-138/1 1.,4133
CFB(CH2)2 2 63-63.5 123/1 1.4218
CGHB 2 133~133.5

1-Substituted 2,8,9~-triazesiletranes (Table 10) are low-
melting, colorless, crystalline compounds which are rather
sensitive to moisture (81,82,137). They can be distilled in
high vacuum and are soluble in most organic solvents (81).

3-Homosilatranes (Table 10) are monomers, as ere other
described types of silatranes, They caen be distilled and sub-
limed in veacuum end dissolve reasdily in halogenated hydro-
carbons, ethanol and xylene. Meltihg points of 3-homosilat-
ranes are lower then those of the corresponding silatranes
and close to those of the corresponding 1-~substituted 3,7 -
dimethylgiletranes. .

In 211 the silatrenes investigsted the replacement of
hydrogen atoms in the atrane ring by methyl groups reduces
melting points and increases solubility.



Table 8

Exo-carbofunctional 1-Alkylsilatrane Derivatives,
5 { 3
X(CH,), Si(OCH,CH,), [OCH(CH;)CH,]; N
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X m n M.p., °C
HS t 3 134-134.5 64
2 3 133-134 64
2 2 162-163/1%
3 3 95-96 64
T0 65
NC 2 3 - 65
190-~-191 39,362
CH,0 1 3 118-119 58
CH,S 103 134-135
NCS 1 3 197-198 o7
170-171 39,56
3 3 96=97 56
C,H:S 103 166-168 66
12 72-73 66,97,214
183-185/1%
1 185-186/1.5%
0 78-79 66,97,214
156=-157/1*
2 3 81-82 66,214
2 2 37
195=-196/1.5*%
2 0 34-35 66
172=-173/1.5% ’
3 3 €8-69 39,97,124
C4H,S 103 149-150 66
2 3 73-T4
C,HgS 1 3 83-84 66,214
3 3 48-49
(CH;),CHCH,,S 1 3 126-127 66
(CH;),Cs 103 201-202 66,214
CH,=CHCH,,S 1 3 165-166 66,214
CgH50 1 3 167-168 39,58
3 3 108-109
4~CH,CcH,0 1 3 206-207
2-CH_C.H,0 1 3  159-160
37674
2-CH0CGH,0 1 3 142~143 39,58
3 3 95-.96 39,58
4-FCgH,0 1 3 167-168
1 3 150-151

4-C1CgH,0
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Table 8 (continued)

4-Br06H40 1 3 171-172
4~ICGH4O 1 3 197-198
1—C1OH7O(1—naphthoxy) 1 3 62 66
CeHgS 1 3 245-246 39,66
1 2 114-116 97
2 3 110-111
4~CH306H4S 1 3 199-200 66
1-C4 oHi,S 1 3 204~205 66
CgHg CH,S 1 3 150-151 66
1 2 116-117 66
1 1 99-100 66
C4H4S(5-thienyl) 0 3 221222 68,69
2-01C4H35 .0 3 232.5-233.5 68,69
2~BrC4HBS o 3 233-234 68,69
2-CH304H38 o 3 190-~192 68,69
2~NCC,H,S c 3 143-146 68,69
" HOCH,CH,S 1 3 168-169 67
CHBOOCCHZS 1 3 115-116
2 2 50-51.
225%
2 0 80-81
C,Hs00CCH,S 1 3 105-106
CHBC(O)S 1 3 210-211 39,97
2 3 125-127
3 3 70-T1
CH3000 2 3 150-151
CH2=CHCOO 1 3 - 148151 49
CHZ=C(CH3)000 3 3 54 65
CGHSCOO 1 3 185-186
4~CHCH,C00 1 3 150~151 59
4~CH3006H4COO 1 3 156=-157
2-CH30CH,C00 1 3 165-168
4~Fc6H4coo 1 3 190
4-CICGH4GOO 1 3 193-194 59
4~Br06H4COO 1 3 174-175 59
4—02NCGH4COO 1 3 193
2~CH306H4OCH2000 1 3 147.5-149
4~C1-2-CH,CgH,0CH,C00 1 3 123-125
4-F06H4OCH2000 1 3 140-141
2’4'CIZCGHBPCH2COO 1 3 155-157
1 3 197-~199 decomp.

3—08H6NCH2000
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3 3 147~149 decompe.
1 0 245-246

HN "3 3  8T.2-87.9 27
84-87 36
87.5-88,5 39
4 02H5 )2N 1 3 82-83 35
CgH NH 1 3 194.5-197 49
H,N(CH, ), NH 3 3 123-125 36
»&Hacnzﬁ 2 3 177 216
GHQ(CHZ)chéﬁ 1 3 128~130 38
3 3 101-103 38
CH2(CH2)BCHéﬁ 1 3 156-157 35,38
3 3 119-120 35
éHZ(CH2)4CH2ﬁ 1 3 82-84 38
3 3 9192 38
CgHCONH 3 3 178-179 35
CgH,0,C15NE 3 3 226-228 104
2-CH.C H,0,,SNH 1 3 144-145 49
[cr, (6 Hy ) N Tx* 1 3 218~220 35
3 3 215-217 35
[((;H3 )G, (CH,) 2cn;r]rm« 1 03 217-218 35
ﬁpHB)éﬁz(CHE)BCH;ﬁ]I** 1 3  227-229 35
NNC( C1)CHCHCNH 3 3 135 216
CHBCON( C 4H9 ) 1 3 136 216
CH,CONH 3 3 142 216
2-C,H,O0N,,S 1 3 265 97
(CH,0) ;5iCH,S 2 1 51=52 97
2 0 58-60 97
(C,H;0),P(0) 1 3 72-73 39,55,98,99
1 2 239-240/3%
1 © 200-201/1%
3 3 51-53 39,55,98,99
3 0 184-186/0.12* 55,99
{(c,),cH0L,P(0) 1 3 63-64 55,98
v 3 3 10-11 98
. 165-168/0,1*
({{A: BN fII- 1 3 167-168 100
[cesu) Bf] I~ 3 3 99-100 100
[(cgH5) 5P 13 36- 37 100
1 0 181-182 100

* B.p.. °c/p, mm

** Methiodides of siletranes having the nitrogen atom in the
. substituent
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Table 9
1-Substituted 3,4-Benzo- and 3:4,6,7,10,11-Tribenzosilatranes,
X51(0CgH,) (OCHRCH,) 5 _ N
X R n M.p., °C B.p.,°C/p, mm Refer,
cl1 3 >300 subl, 79
CH3 CH3 1 63-64 128-131/2
CH3 3 289-290 - 79
CH2=CH 3 273275 79
CH30 3 280-283 - 79
CICH2 CH3 1 T1-73 178=179 34
C1,CH CH3 1 ~ 222-223/4 34
CH30H01 CH3 1 - 163-164/1.5 34
01015(&12 )2 CH3 1 - 192-194/3 34
CHBCOO 3 >300 subl,. 79
CSHE H 1 145 15
06H5 3 >300 subl. 78,79
4-CH306H4 3 279280 166
06350 3 230-~232 79
Table 10
Silatrane Analogs
X R M.p., °C B.p., °C/p, mm Refer.
XSi(OCHRCHz)2(CH20HZCH2)N
CH, R 57-58 106-107/5 89,90
60-61 74-78/0.8 87
94/0.3 45
C,Hg H - 102/3 89,90
02H50 H 52.5=54,5 133-135/2 89,90
51-54 110-117/0.5 87
92350 CH, - 120/2 89,90
101-104/0.9 84
XSi(OCHTRCHZ) (OCHZCHZCHZ)N
CH4 H 101-102 138
CH3 CH. 115-116 T6,T7
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Table 10 (continued)

ClCH2
CH2=CH
CH2=CH
C6H5
06H5
3—ClC6H4
3-0106H4
4-0106H4
4—ClC6H4
4-BrC6H4
4-Br06H4
CHBO
CHBO
02H50
CGHSO

2-C10H70

CH3

C2H5

C4H9

CH2=CH
CGHSCHQ
4-0106H#CH2
CGH5
3—CH306H4
3—CF306H4
4~F06H4
3—C106H4

4—0106H4

CH

X3i(0OCH

120
66-67
47-48

55
99-100
65
60-61
110-112
101
132-134
92-93
83-85
75
37
88
139

2CH2)2(OCOCH2)N
197-202
130-132
135-136.5
121 decomp.
213-215
152-154
137-138
171-172
135-137
185-186
165-167
202-203

XSi(NHCHchz)BN

50-55
51-55
50-54
57-60
47-48
42-44
44-45
90-93

110/0.02

115/0.1

110/0.05

149/0.05

118,138
138
76,77
138
76,77
138
76,77
138
76477
138
76,77
138
76,77
76,77
76,77
76,77

5
75
75
75
(]
75
75
75
75
75
75
75

81

137

81

137

137

81

137
81,82,137
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Distortion of the symmetry of the silatrane skeleton
caused by the insertion of a methylene group (3-homosilatrane)
or by the replacement of one of the oxygen atoms by & methyl-
ene group (2-carbasilatrane) affects the solubility and the
physical state of the compound more strongly than the intro-
duction of substituents such as CH3, CFB’ into the skeleton
or the condensation of the latter with the benzene ring.

Disilatranoxanes (Table 11) are thermally stable and can
be distilled in vacuum. Bis(l-silatrenyloxy)alkanes,
N(CHZCHZO)3510R031(OCH20H2)3N, have high melting points
(Table 11). They sre soluble in water and hot dimethylform-
amide, from which they crystallize on cooling. Iike bis-(1-
silatranyloxy)polysiloxanes, these compounds show lower melt-
ing points and higher solubilities &as the distance between
two silatrane groups gets larger (Table 11).

Bis(1-phenyltribenzosilatraneL[N(06H40)2Si(06H5)006H4~]2,
sublimes without decomposition at 500°C.

The main physical constants of all known silatranes are
shown in Tables 3-12.

3. Dipole Moments

The existence of the Si——N donor-acceptor bonding in sil-
atrenes was first confirmed by dipole moment measurements (10,
12, 137, 144), However, the data of previous investigations
have been reviewed and critically analyzed (145-147,142,142a).
Dipole moments, p, of six silatranes, XSi(OCHZCHa)BN (X =
CH;, (CH;),CH, CHy=CH, CgHg, CoH;0, CcHi0), were first
measured in benzene solution at 25°C in 1965 (Table 13)(139)%*,
Tetrahedral values of C-N-C, Si-O0-C aend 0-Si-0 valence angles
and moments of 0.37, 0.45, 1.54 and 0.74D for the C-H, C-N,
Si-0 end C-0 bonds, respectively, were used in the celculat-
ions. The measured n vaelues for the silatranes studied (5.3-
T«1D) exceed those calculated from the vector scheme for their
exo-form (0.09~0,66D) (Fig.9, I). This exaltation cf the
dipole moments was atitributed to the transannular Si—N bond
(139).

The measured i value for the silatrane skeleton was 5.2%
0.2D, its vector being directed from nitrogen to silicon. The

* Total polarization was celculeted using the Hedestrand
method.



Table 11

Compounds Containing Two end Three Silatrene Groups
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Compound M.p.,°C Refer.

[N(CH,CH,0) 331]20 185-190 78

{n [cE,CH(CH,)0] 331} 20 215/0.1* 15
[N(c H 20) 3s:L] 50 450 subl. 79

¢ CH,,CH,,0) BSiOCHZ] 2 >350 decomp. 72
N(CH,CH,0) ;510CH, 264-267 72
N(CH,CH,0) ;810CH(CH,)

[¥(CH,CH,0) 3510CH,] ,CH, 290 72
[N(CH,CH,0) ,510CH,CH, ], 243-247 72
[(CH,CH,0) ;S10CH,CH, 1 ,CH,, 255 72
[n(cH,cH,0) 3510(CH,) 51, 208-210 72
[N(CH,CH,0) ;510CH,CH,] ,0 210 72
(¢ CHZCHZO) 3SiCHE,] 25 284-285 73
{n(cn,cH,0), [CH,CH( CH, )o] SiCH,CH,},S  204-205

N(CH,CH,0) , [CH,CH(CH;)0] SiCH 208210

N(CH,CH,0) [CHZCH( CH3)0]28i0H20H2/

[N(CH,CH,0) 351(CH,) 51,8 163-164 73
¢ CH,CH,,0 )35101281( CHy), 240 15,71
[N(CH,CH,0) 3510S1(CH,4),],0 193-194 15,71
[¥(CH,CH,0) 351051(c:fi:,’)zo:lzsi(cn3 )y 139-140 15,71
{n[( cﬁzcnzo)z(cnaéno)]sﬂoczns )} 254 15
{v[¢ 01{20H2032(CH2<';H0)] si(CgHg)} 5 268 15
[w(ceH 40)2(CGH 40)8106115] o 500 78,79

* B.Pey °C/p mm



0668  ¥°0  <S96°0  zLbvel z2/0z1 i Co20%0) 2 CHo%H00) T80 K

06'G8  ¢8°0  BG60°L  096b°L €/201 n(%0%H0%0)% (Cuo%Ho0) T8 H
66 €00~  #€2leL  0GLyL  1°0/98L-b8L 8¢ [ %0 “ro)m00] 75% (Bh0) (038 (0%1%0)
€L°0-  008L°L  OLLY*l v/0¢2-622 8 {2Ho(“ro)H00) TsH0(0)a% (%K)
Lo*L  ougz'L  zeshrl ¢/ovz-662  N[%H0(“Ho)H00) S (PHo%H00) 50 (0)a®( %)
99 9€'0  L90L*L  GhOG°l 2/€LL~2LL i (2o uoym00] 758 Pu0)s5uo
L2°0~  OGL*L  0GLG*L  §°L/96L-S6L 8 {%uo 10 )100] 2 (o %u00 ) 168 (PHo)8%HE
1970 62€e°L  €6EbTL  L/GeLzl-lal [ %o “10)n00) ¢ %H0®H00) 15% (Pmo) Cao
‘Iazey Ty v owc omR ww‘d/pe ¢edeg punoduo)

52

8UBILVTTS PTNDTY

gl o1dsL



53

N
I IT l
\ o— 1 __}d
Si:
WY, A
X Fig, 9

calculated u value for the exo-form was 0.9D and its vector
was directed from silicon to nitrogen. The u value calculated
for the endo-form (Fig.9, II) without aliowance for the trans-—
ennuler Si—N bond was 1.1D, Starting from this, the dipole
moment of the coordinate Si~~N bond in the endo~form weas
estimated to be 6.3D. If the electron transfer for the distance
of N—35i (spd) teken to be 1.84 &, the dipole moment of the
true coordinate Si—N bond is approximately 8.6 D. Due to this,
the moment of the atrene skeleton Si(OCHchE)BN at the maximum
transannular donor-acceptor interaction between the silicon
end nitrogen etoms wes evaluated to be 8.6~1.1 = 7,5 D, The
lower measured dipole moment value for this group shows that
the nitrogen electron pair transfer to the silicon atom is not
complete (139).

Fairly high dipole moments are displayed also by silatrane
analogs such as homosilatranes (4.7-7.5 D), boratranes (6 D),
germatrenes (6-3 D), and titenatranes (3 D)(10,12,137,138,142).

The independence of n values on temperature has suggested
a stronger coordinate Si—N bond in silatranes.

The comparatively high measured dipole moments of 1-orga-
nyl-2-carbasilatrenes (4.2-4.9 D, Table 14) which exceed the
calculated ones (0.17-0.84 D) also were attributed to the
stable transannular Si—+N bond., This bond is wesker then in
silatrenes, resulting in a lower exaltation of the dipole
moments. The discrepancy between the measured (4.74-T7.48 D)
and the calculated (1.0-2,.7 D) dipole moments for homosila-
tranes is explained in & similer way {(Table 14).

In order to determine the infiuence of the replacement of
hydrogen by methyl groups in positions 3-, 7-, and 10, the
dipole moment of 3,7T-dimethyl-1-phenylsilatrane was measured
{(141). A comparison between the measured values for this



Table 13
Dipole #oments of Si- and C-methyl-substituted Silatranes,

XS1(OCH,CH,), [OCH(CH;)CH,], | W at 25°C

7,D

43,D Solvent  Refer.
obs.vect,
CH, 3 5.30 0.66  4.64 CHg 24,139
7.57 6.91 CHC1, 24,140
5,64% 5,420 140
5.46 4.08 1.38 CcHg 145
0 4,92 4.08 0.84 C.lic
C Hs 3  7.06 CHC1, 24,140
(CH,) ,CH 3 5,55 0.66 4,89 CgHg 24,139
CH,=CH 3  5.88 0.5 5.38 GCgHg 24,139
T.38 CHCl3 140
6.04*
6.31 4,12 2,19 CgH,
0 5,64 4,19 1,52 CHg
06H5 3 598 0,09 589 CgHg 139,24
7.52 CHC1, 24,140
6.43* 140
1 6.03 0,09 5,94 CH 141
C,H50 3 6.29 0.49 5.80 CgHg 24,139
8,31 CHC1, 139
CgHgO 3 7.13 CeHg 24,139
9.22 CHC1, 24,140
6.99* 24,140
3~CH,G¢H,0 3 9.01 CHC14 24,140
4-(CH;) 3CCcH,0 3 B.66 CHC1, 24,140
5-CH4-2-(CH,) ,CHCH,03  8.34 CHG1, 140
4-C1G H,0 3 10.09 CHC1, 24,140
3-0,NCcH,0 3 11,45 CHC1, 24,140
9.T1* 24,140
C1,CH 2  7.50 5.08 2.44 CgHg 145
1 7,93 5,08 2.88 CHc 145
0 8.19 5.08 3.14 CgHg 145
CH,CHC1 3 7.19 4.99 2.30 CgHg 145
2 5.95 4,939 1,02 C.H, 145
1 6.47 4.99 1.56 CgHg 145
0 6.69 4.99 1.78 CcHg 145
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Table 13 (continued)

ICH, 0 6.77 4,85 1,99 CCl, 145
C1(CH,) 4 3 6.99 6.34 2,03 CCl, 146
Br(CH,) 5 3 6.91 6.32  1.97 CCl, 146
1(01-12)3 3 6,99 6,21 2,16 cCl1, 146
C,HSSCH, 3 5.83 5.80 1.40 CgHg 146

0O  5.23 5.46 1.15 CH. 146
CoHsS(CHy) 5 3 6.66 6,28 1.76 CgHg 146

0 6431 5.75 1.94 CgHy 146
652 ( CH2 ) ZE‘ICH% 3 Sed C6H6 33
CH, (CH,) ;CH,NCH, 3 5456 Cellg 38
CH,(CH, ) ,CH,NCH, 3 5462 Cgllg 38
CH,(CH,) ,CH,N(CH,) 5 3 5.23 CeHe 38
CH,(CH,) jCH N(CHy) 5 3 5.28 CgHg 38
CH,(CH,) ,CH,N(CHy)3 3 5.08 CcHg 38

* measured in ethylacetate

compound end Jl-phenylsilatrane showed that in this case the
introduction cf methyl groups did not change the dipole moment,
Therefore, in the vector calculation of the dipole moments of
C-methyl-substituted 3-homosilatranes the moments of two CH3
groups were not taken into account (141). In the calculetion
of the dipole moments of Si- and C-substituted 3-homosilatrenes
the same values of the Si-0, C-0 and C-N moments were used

as in the case of siletranes (139,140). The moment of
the Si(NHCHZCH2)3N group in Si-substituted 2,8,9-triazasila-
trenes, calculated using the vector scheme, was found to bhe
2.0 D and directed from the silicon toward the nitrogen astom
(137). However, the measured dipole moment vector is directed
from the nitrogen toward the silicon atom. That is confirmed
by en increasedpu vslue for XS1(NHCH,CH,) ;N in going from X =CH,
to. X = GH2=CH and X = CGHS‘ From these deata the transannulasr
Si—+N bond moment was taken to be 4.3-4.9 D.

In determination of dipole moments of Si-substituted sil-
atranes, XSi(OCHéGHé)BN; where X = H, CHB’ CZHS' CH2=CH, C¢Hg»
CgH50, 3-CH,CgH,0, 4—(01-'{3)3(106}140, 5-c33-2(033)2cnc6330,
4-C1CgH,0, -3-0,NC.H,0, in chloroform and ethyl acetate (Tcble13)
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Table 14

Dipole Moments of Silatrane Analogs (at 25°C, benzene)

X R _TJEAE_T_—~ An,D Refer.
obs.vect. ”

XSi(OCHRCHZ)2(OCHZCHZCH2)N

CH3 H 4.74 1.0 3.74 138
CH3 c:—I3 4,48 1.0 3.48 1M
CH,=CH CH3 4.85 1.2 3.65 141
CH,0 i 5.8 2.0 3.80 138
CH30 CH3 5.43 2.0 3.43 141
02H50 H 4,71 0.8 391 24, 143
CeHg H 5.23 1.6 3.63 138
C6H5 CH3 5.17 1t6 3.57 141
3-0106H4 CH3 6.32 2,30 4,02 141
4—01061-14 CHB 6.85 2.5 4,35 141
4--Brc6H4 H TedB 2.7 5.78 138
4—Br061{4 CH3 6.70 2,7 4,00 141
CGHS* H 4,91 0.17 4.74 30
XSi(HHCHZCHz)BN
CHB** 3.0 1.7 4,7 137
Colg** 2.8 1.7 4,5 137
CHy=CH** 3.3 Te6 449 137
Celg** 3.2 1.1 4.3 137
CgH*** 5.10 3.34 1.76

* cGHSSi(OCHZCHE)2(cnch2CH2)u
** HMNeasured in dioxane
ok C6HSSi(SCH20H2)3N

it was attempted to explain the values obtained in terms of the
electronic effect of substituents on transanmular Si—=N inter-
action. Predominance of the -I-effect of organoxy-groups over
their +M-effect increasses the dipole moments of 1~alkoxy- and
1-aroxysilatranes as compared with those of 1=-alkylsilatranes
and results in a lerger moment of the Si—N bond (140).. In
general, changes in the silatrane dipole moments follow those
in the electronegativity of the substituents at the silicon
atom (140, 142,145).



Replacement of all oxygen atoms in 1-phenylsiletrane (n
5.98 D) by sulfur atoms or NH-groups gradually reduces the
measured dipole moments to 5.1 and 3.2 D, respectively.

The increase in the silatrane dipole moments in chloroform
solution is explained by the formation of & hydrogen bond with
the solvent and this was later confirmed by NMR end IR data (148)

A drawback of the first calculations of silatrane dipole
moments (80,139.140) cerried out before the X-ray structural
data were obtained was the use of an idealized molecular
geometiry end the arbitrary choice of some parameters such as
the Si-0, Si-C, C-H bond momens and the Si—N distance., More
recent calculgtions, however, were also based on the valence
angle and bond moment values characteristic of acyclic com~-

pounds having a tetrghedrel silicon atom.

The ideas of high polarity of the Si—N bond in siletrane
molecules were first revised in 1975 (147). The dipole moments
of the heterocyclic skeleton of silatranes, Si(OCH2CH2)3N,
celculated using the additive scheme aend with allowance for
X-ray structural (108,110) and conformational (130,131) ane-
lyais turned out to be aeppreciebly higher than those reported
previously (139). The dipole moment (with no account for the
Si—N value) is about 3 D, and the changes ceused by varia-
tions in the steric structure amount to 0.3 D. The dipole
moments of the transennular Si—N bond of 1-methyl- and 1-
phenylsilatrane are teken to be 2.2 D, which corresponds to
the N—Si charge transfer of 0.2e (147).

The use of dipole moments of the Si-0 (2.25 D) and Si-C
bonds (1.48 D) in 1,3-dioxe-2-silacycloalkanes'?> and those of
the H~C, C—+Cl, and C—~I bonds (0.28, 1.36, and 1.35 D,
respectively) (150,151) as well as X~ray structural data (113)
made it possible to evaluate the dipole moments of 1-halo-~
methylsiletranes (Table 13)(145,146). The u value for these
compounds (Table 13) is a projection of the vector difference
between meassured and calculated dipole moments related to the
aymmetry exis of the silatrane skeleton. When asymmetric sub-
stituents are attached to the silicon atom it is this value
rether than the scalar difference beitween the measured end
calculated dipole moments which characterizes the Si—+~N bond
polarity. In this case, the calculated dipole moment of the
sailatrane group is 2,88 D if its vector is directed toward
the silicon atom. Wnen calculated by the earlier used method,
this value is 3.95 D and not 1.1 D as it was thought before
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{(139). The use of the measured interatomic Si—N distance
(2.1-2.2 &) gives the ug;  y velue in 1-methylsilatrane equal
to 1.38 D which corresponds to an Si~~N charge transfer of
0.1 e (145). An enhanced electronegativity of the substituent
attached to the silicon atom leads to a greater ng; . value
(to 3.14 D, for example, when X = Cl,CH eand n = 0 (Teble 13))
and, consequently, to a greater cherge transfer (in the example
given it is 0.2 e).

Introduction of methyl groups into positions 3-, 7- and
10 results in a subsequent increase in the dipole moment

value (145)., The third methyl group produces a smaller in-
crease in the dipole moment than the other two. According to
the additive scheme, the replacement of the hydrogen atom by
the methyl group should not change the dipole moment. So the
observed higher n values for C-methyl-substituted silatranes
may be attributed to conformaetional distortions of the sila-
trane skeleton.

The dipole moment method was used to investigate rotati-
onal isomerism relative to simple bonds in the acyclic part
of the molecules of 1-(3'-halopropyl)silatranes,
X(’CH2)331(00H20H2)3H (X = C1, Br, I) and 1—(2'-ethy1thio-_
alkyl)silatranes, CZHBS(CHZ)ZSi(OCHRCHZ)BN’ with R = H, C!H3
(146). Five possible steric structures have been considered
(Pig. 10). The moments of -CH251(0<}12CH2)3N and
-CH,S1 [OCH(CH3)CH2] 3N have been taken to be equal to the
measured dipole moments of 1-methylsilatranes (5.46 D) end

>8i 258i
\CH i A\
y; 2 /CHZ-— Si< /CH2
/(!H2 /CH2 CHZ——X
X X
tt gt tg
/CHZ—-Sis /CHZ Si<
;i Re
CHZ*X CHZ— - X
gg gg'

Fig.10



1,3,7,10-tetramethylsilatrane (4.92 D). The moments of C-X
bonds (X = C1, Br, I) are calculated from the dipole moments
of the corresponding methyl helides and the S--CH2 and CZHBS-
moments are taken from the literature (150,151). The dipole
moments of 1-(3%-halopropyl)silatranes and 1-{2%'-ethylthio~
ethyl)silstrenes listed in Table 13 correspond to those
calculated for gg- and gt-conformers, respectively.

According to X-ray structursl dats, the 1-(3'-chloropro-
pyl)silatrene molecule exists in the ti'—conformation (Fig.190).
Comparison between the measured asnd calculated dipole moments
confirms that the energetically disadvantageous gg-~conformers
do not occur. The dipole moment method does not sllow one to
establish the existence of tt, tg, gt, and gg' conformations
due to their equael polarity. Therefore, Kerr's constent (1363)

-was determined for 1-{3'-chloropropyl)silatrene, which turned
out to be close to that calculated for the gg'-oonformation
(1338). The sgreement between the two values shows that
crystelline 1-(3'-chloropropyl)silaetrane exists as the +tt'-
conformer, while in CCl4 solution the gg'-conformation proves
to be energeticaelly most adventageous.

Thus, without rejecting the considergble influence of the
transannulaer Si—N bond on many properties of gilatranes
{including the dipole momentis), the above mentioned date (145-
147) demonstrate the error of previous ideass on the extremely
high polarity of the transannular Si—N bond.

4, Vibrational Spectra

Almost all vibrationel frequencies in the IR absorption
spectra of silatranes (9,10,152-154)(some of them are repre-
sented in Teble 6) do not differ much from those observed in
the spectra of usual organosilicon compounds {(156-158).

Phe Si-H atreiching frequency in the IR spectrum of sila-
trane (2137 em~' in CHCl3 solution, 2117 em™ ! in methanol) is
displaced from the region characteristic of orgsnosgilicon
compounds bearing a HSi(0),-grouping (2190-2220 cm™') (9).
This shift to the lower frequency is explained in terms of
the electron-donor effect of the transannular Si—~N bond (9,
152).

An important spectroscopie feature of the silatrane mole-
cule of HSi(OCHQCHz)BN’(R = H, CHB’ CFB) is the larger Si-H
range depending on the polarity of the solvent, which is not
common to other vibrations of the molecule and to the Si-H
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of triethoxysilane (Table 15)(154a,155).

The intremolecular interaction of silatranes with solvents
is of universal cheracter with predominant contribution from
the inductive-orientetional forces. The lower Vsi-H value

Table 15
The Solvent Effect on the VSi-H Frequency in the

IR Spectra of HSi(OCHRCHZ)BN and HSi(OCaHS)3
V Si-H, cm™!

Solvent

R =H R = CH3 R = CF3 HSi(062H5)3
CCl4 2175 2166 2192
CHCl3 2137 2132 2210 2197
CH,C1, 2127 2118 2196
CSHSCI 2143 2136 2206 2192
ClCHZCHZCl 2126 2118 2194 2194
CHBCN 2116 2106 2171 2195
Solid or 2092 2115 2172 2194 (1)
liquid (1)

with an increase in the solvent polarity in approximation of
the three-centered bond model localized at the H-Si— N bonds
explained by a greater Si—N interaction. The most probable
reason for this is the shorter Si-N distance. The =zbove sil-
atranes as well as other polyhedral structures are character-—
istic of higher conductivity of the inductive effect displayed
by the three-fold cyclic skeleton reflected by the following
linear expression:

VSi-H = 2201(¥12) - 199(341) g—‘—l-{ + 10(¥1)= 6
a

R = 0.991, ry, = 0.969, r, = 0.990, r, = 0.967

3

The Si-C frequency in the spectra of 1-alkylsilatranes
also is displaced to the lower frequency (152)., This indicates
a decreased electronegetivity of the silicon atom and, con~
sequently, a larger polarity of the Si-C bond. Absorption
bands Si—X (X = ¥, C1, Br) in the IR spectra of 1-halosil-
atrenes also are displaced to the longer wave length (15).

A broad, moderately intense bend previously assigned (10,
152,153) to stretching vibrations of the coordinate Si—~N bond

is observed in the 560-590 cmf1region in the IR spectra of
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1-organyl~ and 1-orgenoxysilatranes (10,152,154). In assigning
this band, methyliriethoxysilane and triethanolamine, whose
spectra display no absorption in this region, were used as
model compounds. However, this assignment was considered only
as tentative since the V. (Sl—O)frequency in the silatrane
spectras may be observed in the 560-590 rather than 620-67Scm
region (152). An ettempt wes made to characterize quantitati-
vely the Si N bond polerity on the basis of a spectroscopic
investigation of 1-organoxysilatranes, ROSi(OCHZCHz)BN (R =
CHj, C,Hg, n-C Hy, t-C,Hg, n-C.H,,, CH s(c CeHs »

4-CH 0634, 2-H H06H4, etc.) (153). For th1? purpose, spectral
characteristics of the band at 570-590 cm assigned to Si—<«N,
ihe apmrent coefficient of molecular extinction (molecular
absorption, & ) and the integral intensity, A, were determined.
The data obtained led to the conclusion that the nature of
the substituent R greatly affects the above parameters and,
consequently, the polarity of the Si—+N bond. However, a
methodical error was made in this work (153) as variations of
A, reverse to those of £, were obtained for the same sbsorp-
tion band.

A detailed study of frequencies and intensities of the
abgorption bands of Si~ and C-substituted siletranes in the
540-590 cm™! region in their IR and Raman spectra has shown
that these bands arise from skeletal vibrstions of the sil-
atranes (154). Measurements end an anslysis of the ebsorption
intensity vealues, A, for the silatrane skeleton of Si-subgti-
tuted silatranes, XSi(OCHacHz%p'(X = CHB’ (CHB) CH, CH2=CH,
c6H5’ Cl1CH,, 0120H, ICH,, 02H5SCH2, CéHSS(CHZ)Z’ 02H5 ),
C-methyl-gubstituted t-ethylthiomethylsilaetranes,

XSi(OC H ) [OCH(CH )CH ] N (X =¢C H5SCH ) and 2-carba-
silatranes, XSl(OCH CH2)2(CHéCH ) N (X = C Hso CGHS’
CHB)‘ led to the establishment of spectroscopic features of
the electronic effects of the substituents X and to the
assignment of some absorption bands in the IR spectra of sil-
atranes end their analogs (154). As model compounds, not only
the corresponding Si-substituted triethoxysilanes,XSi(OCZHS)3
(X = CHB’ ClCH CHZ-CH 02H50 CGHS)’ were spectroscopically
studied, but boratrane, 3~-homoboraetrane, B(OCHECHch ) N and
end phenylsilabicyclof[2.2.2]}~octene, CeHg Sl(OCHZ)BCCH as
well.

The gpectra of the silatranes and 2-carbasilatranes
studied show an absorption bend splitting in the region of
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1 and

the C-0 and Si-0 stretching modes with AWM= 30-35 cm”
10-15 cm'1, respectively. When silatranes and 2-carbasila-
tranes go from sclid state into solution, a rearrangement of
the absorption band intensities is ~bseved in the 1100 cm_1
region of the IR spectra. However, no changes are observed in
this region for the C-methyl-substituted silaetranes. Sensiti-
vity of the bands in the 1100 cm"1 region to the state of
aggregation suggests conformational changes in the silatrane
skeleton of unsubstituted silatranes. On going from crystal-
line state into solutions the band intensities of the silat-
rane spectrum chenge by less than 30 %. This makes it possitule
to compare the vibrational intensities of the Si-0-C group in
the spectra of crystalline silatranes and those of benzene
solutions for the corresponding Si-substituted triethoxysil-
enes. The Aé{g vilue in the XSi(OCHZCHB)3 spectra is linearly
related to the 6 value of the substituent X:

é{g = 22,3 - 48,16 (r = 0.978, 8 = 6.0).

For the silatranes of the XSi(OCHZCHZ)BN type with the except-
ion of the compounds with X = H, CHB’ the Aé{%
correlates well with the 6 value of X:

A

value also

Aé{g = 160 -~ 22.2(7* (r = 0.967, s = 4.0)

The ‘QC-N) intensity is scarcely sensitive to variations
in the substituents at the silicon atom. This indicates =&
relatively low transmission effect of the Si-<N bond.

Introduction of methyl groups into positions 3-, 7-, and
10 increases the intensity end halth-width of the 540-570 cmi |
band end produces its splitting. In this region, &bsorption
also is observed in the spectra of 2-carbasilatranes, 3-~homo-
gilatranes (138), 2,8,9-triazasilatranes (137). In the
general case, the 540-600 cm™? absorption band is always
observed in the IR spectra of bicyclo-{3.3.3]undecane
systems such as boratrane, B(OCHZCHZ)BN’ 2,8,9-tricarbabor-
atrane, B(CHZCHZCHZ)BN; (159), stannatiranes, XSn(OCHéCHZ)BN
(160), various metalloatrasne-3,7,10-triones, M(OCOCHakN(La=
Al, Ga, La, Bi, Cr, Pe, Ni, etc.)(163) and is usually
associated with the atrane skeletal vibrations (159).

These considerations mske it necessary to assign this
absorption band in the spectra of silatranes and their analogs
to deformetionel vibrations of the silatrane skeleton (154).
In spite of this, in later publications, the absorption band
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at 570-600 em~'in the spectra of 3-homosilatranes (138) and

2,8,9-triazasilatranes (137) was erroneously assigned to the
symmetricael Si—~N stretching vibrations. The above assignment
of the band at 540-600 cm'1 permitted the use of IR-spectro-
scopy to confirm the structure of silatrasne hydrochlorides
which ere, unlike azsbicyclo[3.3.3]undecane (129) very sense-
tive to atmogpheric moisture. So, the presence of the sbsorp-
tion band at 550 cm™! in the IR spectrum of the adduct of
143,7,10-tetremethylsilatrane with hydrogen chloride indicates
that the three-cyclic system does not change. The intense,
broadened Si-0-C stretching modes undergo a negligible ( by
10-20 cm~ ') shift towerd shorter wave length (164).

The bands at 2500-2800 cm™
iary amine complexes are obsexrved in the spectrum of both
triisopropanclamine hydrochloride {(2500-2700 cm71) and
1,3,7,10-tetramethylsilatrane hydrochloride (2560-2800 cm?1).
The order of the band arrangement mey be associated with an

characteristic for HCl-tert-

inerease in the degree of charge transfer in the R3N-H01
system.

Thus no significant influence of Si—N tramsennular
interaction in silatranes on their vibrational spectra has
been observed so far.

5. Ultraviclet Spectra

UV absorption spectra of gilatranes, XSi(OCHzcﬁz)BN; with
X = CEHS,»n-CBH7, CGHS' CGHSCHZ’ CaHSO and (CHB)ECHO, have
been studied in the 180-240 nm region (165). The mbsorption
band in the 170-240 nm region was assigned to the nitrogen
atom and its surroundings snd that in the ~ 170 nm region to
the XSi group. The UV absorption spectrum for triethylamine
was used for comparison. The long-wave length shift of the
absorption band of 1-alkylsilastresnes, X = C,Hg, (CH3)2CH,
relative to the absorption band of triethylamine is attributed
to the Si~N ifransannulsr bonde.

UV spectra of 3,4,6,7,10,11-<tribenzosilatranes, XSi(006H4)3N,
show two absorption peaks at 284 and 277 nm for X = Cl, and

at 285 and 277 nm for X = CHB, csﬂs, 4-0330634 {(166).

UV gpectra of the 1-aroxysilatrane series,
XCGH4OSi(OCHZCHZ)3N, (X = H, CH,, €1, CH,0, (CHB)BC) have
been studied in the 195-400 nm region (Table 16). The gpectrsa

of freshly prepared aqueous solutions of these compounds also
displey two aebsorption peaks at 212-225 nm and 270-288 nm.(167),
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In comparison with the 4—X06H4OCH3, the UV gpectra of sila-
tranes show a reduced intensity of the first band and a hypso-
chromic shift of the second band (Table 16).

Table 16
UV Absorption Spectra of XCGH4OY
Bend I  Bend II
X Y Solvent
Anm €.-1072 A,nm £, 1073
1-mo1 tem™? 1mo1~lem™?
H Si(OCHZCHz)BN H20 270 1.3 212 6,20
CH3 Si(OCHZCH2)3N HZO 270 1.4 213 8.07
(CHB)BC Si(OCHZCHZ)BN H,0 275 1.35 220 6.07
C1l Si(OCH2CH2)3N H20 280 1.71 225 11.97
CH30 Si(OCH2CH2)3N H20 288 2.87 223 8.52
H CH3 H20 267 1.6 217 4.3
H Si(CH3)3 C6H12 268 1,26 211 6.94
CH3 CH3 C2H50H 277 2.10 226 9.T*
CH, Si(CH3)3 C,H-OH 274 1.39
(ex} CH3 CZH5OH 281 1.85 227 11.70%*
.C1 Si(CH3)3 CZHSOH 277 1.18

* Tn cyclohexene solution

The use of Pariser-Parr-Pople (PPP) method for the ena-~
lysis of the UV long-wave bands permitted the electron-accep-
tor effect of the silicon atom to be rationslized in terms of
the participation of one of the lowest vacant orbitals. It
was eiso possible to characterize the disturbance from inter-
action of this orbital with an atomic orbital of oxygen which
affects the electronic spectra of molecules having a C6H505i-
group, In its electron withdrawing effect on the bound oxXygen
atom, the silatrane -Si(OCH2CH2)3N group is comparable with
the Si(CH3)3 group.

Comparison of the UV spectra of tetraphenoxysilane, tri-
methylaroxysilanes and 1-aroxysilatranes shows that for the
istter the Si~N coordination interaction does not affect the
abgorption in the 200-300 region.

6. NMR Spectres

NMR Spectra of silatrenes have been studied in detail
(10,13,70,75,137,168-187).



65

1H NMR spectra of eight 1-organyl- and 1-organoxysilai-
ranes, XSi(OCHZCHz)BN, where X = CH_, C2H5, i-03H7, CH,=CH,
CGHS’ CHBO, 02H50, n—CBH7Q, were obtaeined for the first time
in 1965 in chloroform medium using a 40 MHz spectrometer
(168). The methylene proton signals of the silatrene skeleton
appeared as two markedly broadened triplets forming the
(AA‘XX')3 spin system. The splitting of lines in these
spectra wes neerly constant for all the compounds (5-6 Hz),
but intensities are sglightly different from those expected
for the first order spectra. For the compounds studied, the
proton chemical shifts are weakly dependent on the inductive
effect of the substituent X (Table 17). This is explained in
terms of (p-d), interaction of the lone electron pair of the
oxygen atoms with the silicon stom which compensates for the
change in the chemical shifts of the O—CH2 protons caused by
veriations in fthe substituent X. The difference between the
proton chemical shifts of the OCHZ- and CHZN—groups in silat-
ranes and model compounds (organyltriethoxysilanes, triethanol-
emine and N,N-dimethylethenolemine) was attributed to the
Si—-N coordinetion bond.

In a further study of the 1H NMR spectra of a large
number of Si- and C-substituted silatranes the chemical shift
values for some previously examined compounds were revised
(Table 17) (169-171).

The SbH N values themselves cennot provide strong evidence
for coordination interaction since screening constants of the
CHZN proton in silatrane spectra are only slightly lower than
in those of acyclic and monocyclic silaetrane analogs which
display no coordinstion bond in the solvent (143). Thus, the
paramagnetic resonance shift of N-methylene protons in the

TH NMR spectra of 1-methylsilatrene in GC1,medium (Oycp. =
2.71 p.p.m.) is greater only by 0.18 p.p.m. than that Zof
1,1-dimethylsila-5-methylaza-2,3-dioxacyclooctane (ahCH =
2.54 p.p.m.)(169). At the seme time, if the nitrogen atfm
undergoes quarternization or participates with its unshared
electron pair in the coordination bond, the N-methylene
proton resonance usuelly shifts by 0.5-1 p.p.m. to lower
field. Consequently, higher & cu.y velues do not show complete
transfer of the nitrogen unshareﬁ electron pair to the vacant
3d22-orbita1 of silicon. It was pointed out for the first time
that lack of the basic properties of the nitrogen of silat-
ragnes is chiefly associated with the steric inaccessibility
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Proton Chemical Shifts
Silatranes, XSi(OCHZCHz)jﬂ ( in Chloroform Solution)

Table 17
in VH NMR Spectra of Si-Substituted

5 S" PePeia Refer.
OCH, CH,N X
H 3.86 2,88 3.94 10,168 169
3.81 2,85 3.87 160
CH, 3.78 2.79 -0.12 10,169
3.61 2.76 0.12 168 10
3.78 2.88 -0.12 160"
3.47* 1.98 0.66 136
3.59 2.64 -0.34 136
C,Hg 3.76 . 2.79 0.30(1), 0;97(3) 169
3.56 2.72 0.42(L). 0.98(58) 10,168
(CHj)ZCH 3.7 2,77 0.92 10,169
CeHyq 3,72  2.7T4 0.8-2.3 169
CH,,=CH 3,78 2.84 5,69 10,169
C1CH, 3.84 2.90 2:66 46
3.87 2.83 2,59 174
C1,CH 3.95 2.98 5,16 174
Cl(CH2)3 3.69 2.73 g 23%%%8 » 1.79(CH,C) 16
BrCH, 3.84 2.89 2,31 46
Br(CHg)3 3.75 2.78 0.60(CH,Si}, 1.95(CH20) 46
. 3e37(BrCH,)
ICH, 3.88 2,92 1.92 46
I(CHy) 4 3.88 2.83 0.46 (CH,8i), 1.96(CH,C) 45
. 3.22(ICH,)
CH23001 3-89 2-91 5.59,5.82 42
C1lCH=CH 3.82 2.87 5.96(H-gem),6.49(ll~-¢cis) 42
C1CH=CC1 3.89 2.93 6.79 42
Cl,C=CH 3.85 2.88 5.96 42
CH300H2 3.85 2.87 3.00(CH,51), 3.38(CH3) 58
CH,0 3.81 2.92 3.40 10, 169
C,Hg0 3,80  2.92 3.70(«), 1.13(8) 10, 169
C,H,0 3.83 2.86 8 58&;), 1.42(8) 10,169
(CH;) ,CHi0 3.80 2.88 1.18(p) 169
n-C, Hq0 3.82 2.88 3.66(L£), 1.44*,-1.42Qﬁﬂf) 10,169
CSHSO 3465 2,64 (in pyridine) 177
(CH_)_CHCH,O 3.80 2.88 3, 38(&3 1+45(5) 169
(CH;) 5C0 3.79 2.76 .48 , 169
(CHB%FCHZO 3.81 2.84 3.30(¢),0.86(}) 169
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Table 17 (continued)

CGH11O
n—C14H290
CGHSCHZO
HSCH

2
HS(CH2)2
HS(CH2)3

NCS (CH, )

CgHg
4-CH,CcH,
2-C1CgH,
4-~CH,CgH,0
3-CH,CGH,0
2-CH,C¢H,0
4-(CH;) ;CCcH
4-~C1C H,0
2,4,6-CLyCgH,0
4-0,NC¢H,0
3-0,NCgH,0
2-0,NC.H,0
CgHSOCH,
2-CH,0CH, 0CH,

GH2(0H2)3ﬁCH2

CHZ(CH2)4§CH2
5H2(0H2)5ﬁc32
CH,(CH,) 3N(CH,) 4

L e —

CH,(CH,) N(Cﬁz)j

ﬁﬁ2i0H2jS (CHE)B

40

3.55(«<),1.25(8)
0.84(CH,) ¢

2.5-0.8
3.52(CH20),1.20(CH2)
0.84(CH.,)
4.74(CH20).7.29(06H5)
1.54(SCH2)
0.81(CH,51),2.62(SCH,)
0.48(CH251),1.80(CH20)
2.54(SCH2)
0.49(CH231),1.88(0H2c)
2.96(SCH,)
7-46"’7-19
7.55(H3’5)!7004(H2,6)
2.25(033)
7.6-700
2.19(CH3),6.89(06H4)
2.26(CH3)
2.22(CH3),6.81(06H4)
1.23(CH3)
6'99(32,6)’ 7009(33’5)
Tel7
6'99(H2’6) ] 7-97(H3’5)

3.46
3.45(CH,51) ,3.80(CH,)

1.81(SiCH2)
1.65(SiCH2)
1.73(51032)

1.97(SiCH2)
0.38(SiCH2)

2,76 0.29 (SiCHa)

3.84 2.85
3.81 2.82
3.73  2.78
3.82 271
3.83 2.86
3.75 2.80
3.75 2.79
3.75 2.81
3.78  2.72
3.74 2.68
3.74 2.70
3.80 2.82
3.85 2.83
3.76  2.70
3.84 2.80
3.85 2.84
3.82 2.89
3.87  2.94
3.88 2292
2.88 2.84
3.89 2.91
3.82 282
3.74%* 2,78
3.69%%%2, T4
3.T5%* 2,77
3.77** 2,79
3.76%* 2,79
3.72%*

3.75%*

2.78 0.40 (SiCHz)

169

169

169
64
64

64

56
10,169
169

169
169
169
169
169
169
169
169
1699
169
58

38
38
38
38
38

38
38

* in CcH
** in CDCl3

*kE in 0014
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of its unshared electron pzir orxriented "inside™ the silatrane
skeleton, rather than with reduced electronic density (169).

An analysis of the 15 NMR apectra of g large number of
silatranes has shown {169) thet the screening constant velue
for OCHZ- and CHZN—protons depends on the neture of the sub~-
stituent on the silicon atom. In the NMR specirs the differ-
ence between OCH2 end NCH2 chemical shifts is nearly constant
amounting to approximately 1 pe.p.m. on the average (Table 17).

The invariability of this wvalue indicates that the
electronic effects of the substituent attached to the silicon
atom are itransmitted to the OCHZ~ and CHéN;fragments not only
through the 6-bonding system of the atrane half-rings,
Si-0-0~C-N, but also through the Si—-N iransennuler bond.

Por molecules of the series KSi(OCHchZ)BN with X = H,
CHB’ Czﬂs, (CHB)ZCH and CH2=CH, the chemical shifts of ring
protons are linearly related to the Taft inductive constants

of the substituent X:

0.97)

U]

*

0.98)

ﬁ

b 3
The peremeters of these equations later were made more
exact by inclusion of chemical shifts of 1-~diethylaminomethyl-
silstrane methiodide {(171):

U]

*

50320 = 3.76 - o.osw‘; (r = 0.97)

0.99)

Silatranes containing an aryl- or organoXy-group in
pogition 1 do not obey these relationships. This seems to be
due to an additionsl effect, their (p=-d);,-interaction with
the gilicon atom. The steric intersction of the substituent
at the silicon atom influences the electron density distri-
bution more strongly then the inductive effect of the sub-
stituent does (169). More bulky substituents decrease the
degree of Si-—-N interaction due to distortion of the S5iO.-
group configuration (a decrease in the planar character of
the SiOB-group).

] From an X~-ray structural analysis (106) it has been
established that the SiOCCN units of Si-substituted silat-
renes have an envelope shepe., As a rule, «(-caxrbon atoms come
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out of the plane of other atoms of the silatrane half-rings.
According to the g NMR data, the inversion rate of these
five-membered heterocycles is extremely high. Thus, for the
inversgion equilibrium,

c

Si———7%§ Si N
/ S /

o C 0

c

a decrease in the temperature of 1-ethoxysilatrane solution
in CH2012 to ~-80° does not "freeze" out these conformational
transitions.

In 'H NMR spectre of 3-methyl-substituted silatranes the
proton signals of the substituted atrane helf-rings are
characterized by 2 multipiet of the ABXM3 type with zero
spin-spin coupling (SSC) constant between the proton separated
by four bonds (170). These spectra show that the introduction
of the CHB-group "freezes" the conformational transitions (169)
of both. substituted (170) and unsubstituted (170,184) half-
rings. The proton spectrum of the latter is of the type
(ABXY)Z. The 3-substituent displays a pseudo-equatorial orien-
tation (170,184).

The geminel coupling constants of the protons of the sub-
stituted atrane ring in the PMR spectra of 1,3-dimethylsil-
atrane and 1-phenyl-3-methylsilatrane were used to confirm
that the molecules of these compounds exist in the endo-form
end have an Si—<N bond. A distinguishing character of the
'H NMR spectra of 3-methyl-substituted metalloatrenes is that
the 2JAB and.ASAB values of the geminal protons change in line
when the silicon atom is replaced by boron, germenium or
vanadium (170).

A decrease in the 2JAB and AASLB values shows that the
deviation of the considered fragments from the plaenar struc-
ture decreases in the following order B>RSi>V=0,

From the chemical shifts of CHZN protons of the unsub-
stituted rings it is seen that the introduction of the CH
group into the silatrane skeleton hardly affects the degree
of the Si~N trensanmular interaction. ’

Unlike the 1H NMR spectra of the atrane skeleton of Si-
substituted silatraenes (type AA'XX'), the spectra of C-sub-

stituted derivatives of type XSi(OCH20H2)3_n(OCHRCHe)nN,
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where X = GH3’ ClCHZ, CHBCH01; R = CH3' CFB; n = 1-3, are
extremely complicated. In the simplest case with n = 1, there
is overlapping of three groups of spin-systems, ABXMB,
A'B'X*Y* end AYB"X"Y" (179,184). In the Ty nMr spectra of
3,7,10-trimethyl-substituted gsilatranes the signeals of the
ring protons are represented by four spin multiplets of the
ABXM3 type and equal intensity (A and B correspcnd to CH2N
and X-OCH? and MB to the protons of methyl groups) (184). The
molecules of C-methyl-substituted silatranes,
XSi(OCH2CH2)3_n[OCH(CHB)CHZ]HN, where n = 2,3, are a mixture
of diastereoisomers (Fig. 11).

n=2
7
7<f// 3 \////A\\\/f
I IT III
N3
n=23
10 7
Iv v
Fig. 11

When statistical distribution is the case, the isomer
raetio should be a8 follows:. I:IX:IIT = 2:1:1 and IV:V = 1:3.
In the 'H NMR spectrum of 3,7,10-trimethyl-1-iodomethylsila-
trane (n = 3) the isomer ratio corresponds to the statistical
one, whereas in that of 3,7-dimethyl-1-iocdomethylsilatrsasne
(n = 2) a considerable deviation favoring the lesgss strained
form,I, is observed (184).

In disstereoisomers I and IV all exXxo-substituents are in
the pseudoequatorial position; in V two substituents are in
the pseudoequatorial position and one in pseudoaxial (184).
The conformational rigidity of molecules I, IV and V is caused
by a significant energy gein of the cycles with e-oriented C-
substituents.

Equivalence of 3,7-substituted rings (184) in each die-
stersoigomer, II and III, as well as the values of spin-gpin
coupling between the A, B, and X protons indicate a high con-
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Tormational lability of their molecules. Methyl groups of dia-
stereoisomers II and III undergo fast ea ——— me conformational
transitions., A temperature change from -80 to +200°C in 3,7-
dimethyl- and 3,7,10-trimethylsilatrane solutions does not
infiluence the line arrangement in the 1H NMR spectra. This is
the equatorial-axial orientation of 3,7-substituents in
isomers II and III rather than the equatorial-equatorial one.
This confirms thet the unconcerted inversion of three five-
membered rings of the type below is not allowed due to large
energy strains in structure I (184). This also is true for

<O\

N N

| A1 e
/ I 0 1T

(0]
conformations of unsubstituted silatrane half-rings (132) end
egrees well with the literature data for the relested bicyclo-
[3.3.3]undecane systems (manxane XVI and manxine XVII struc-
tures, Chapter II, Section 1) (126-129),

Thus, the conformationel transitions in silatrane mole-
cules are collective transitions which occur with retention
of the 03 symmetry (184).

1H NMR spectra of the ring protons of silatrane analogs
(Table 18) differ only slightly from the above described
spectra of Si- and C-substituted silatranes. The differences
between the proton chemical shifts of the NCHé and OCH2
groups in 3-homosilatrenes (independent of the nature of the
substituent X) are almost constant; amounting to epproxima-
tely 1 p.p.m., on the average (38,139). T8 wMr spectra of
2,8,5~triazasilatranes (except the protons of the substituent
X) contain an NH-proton singlet end two multiplets which are
the components of the AA'BB' system. In the spectrum of 1-
methyl-2,8,9-triezasilatrane en increase in proton screening
of the methyl group and a decrease in the spin-spin coupling
value,1JCH, as compared with those of methyl-tris-(dimethyl-
amino)silane, are observed (137,187).

In gpectra of gsilatrene-3-ones the signels due to the
OCHz—protons are triplets and the NCH2 proton resonance is a
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complex multiplet (75). As seen from Tables 17 and 18, the
nature of the solvent greatly affects the values of the proion
chemical shifts.

1H NMR spectra of 2-carbasilatranes are characterized by
markedly greater screening constants for the substituent X
protons and the protons of the OCHZCHZN—fragment than those
of the corresponding silatrenes, As with silatrenes, the
1H NMR spectra
of 2-carbasilatranes demonstrates their high conformational
lability. A comparison of the spectra of silatranes and the

splitting paettern of the resonance lines in the

corresponding 2-carbasilatranes reveals that in the latter
the N-methylene proton resonance is less sensitive to vari-
ations in the nature of the substituent X. Thus, the proton
chemical shift in 1-ethoxysilairane is lower by 0.13 p.p.m.
than thet in 1-methylsilatrane (in CHClB). A similar change
in the substituents in the series of Si-substituted 2-carbe-
silatranes shifts the resonence by 0.03 pepe.me (163). This
seems to be associated with the fact that the replacement of
the oxygen atom in the éilatrane molecule by a methylene group
having lower electronegativity and another sterie structure
reduces the electron-withdrawing properties of the silicon
atom in 2-carbasiletranes end, consequently, the Si—N trens-
annular interaction.

Recently Eu(DPM)B—induced chemical shifts of the proton
signals in the 1H NMR spectra of 1-methylsilatrane (CHCl3 and
CH013-032 mixture) (181) and 1-methyl-3-homosiletrane (0014)
(138) have been measured.

In order to 1nterpret the Eu(DPM) -induced paresmagnetic
shifts S in the H NMR spectrum of 1-methy131latrane, the &
values were compered (185) with the peramagnetic shifts, 5;,
calculated by meens of the following formula (183).

2
5& = K-E—EQ%—QZl , where 6 = the aengle between the main
r
magnetic axis of the paramagnetic complex and the direction

to the nucleus, r = the distance from the coordinating ion to
the rTesonance nucleus, and K = the constant for 1-methylsil-
atrene at given temperature.

The & and Sﬁ values were compared, with allowance for the
following conditions: 1) The silatrane molecule has four
electron-donating heteroatoms which may be considered es
possible coordinaetion centers, three of them (oxygen atoms)
being equivalent; 2) In accordance with the molecular geo-
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metry of siletrgnes and Eu(DPM)3 coordinstion to the oxygen,
the europium atom should be in the plane formed by the silicon,
oxygen, nitrogen and one of the carbon atoms of the silatrane
ring; 3) The calculation is checked by the conformity factor,R.

Under the condition that complexation occurs only via
the oxygen astoms, no agreement between the 0 and 5£_values
was achieved. Further interpretation of the paramegnetic
shifts observed was made on the basis of the suggestion of
N-coordination of 1-methylsilatrane with Eu(DPM)B. This sug-
gestion was based on the data that en HC1-1,3,7,10-tetra-
methylsilatrane complex formed via the N etom was obtained
(164) despite the existing ideas on inactivity of this sil-
atrane due to steric inaccessibility of the unshared electron
pair and the participation of the latter in transannular
interaction with the silicon atom (168). In calculetions of
the 5; vaelues for N-—Eu(DPM)3 coordination, the main magnetic
exis was taken to be coincident with the Si—N direction. The
anglysis carried out showed that the R velue which is
adequate within experimentasl accuracy was reached if it was
agsumed that the O-coordinated molecules amounted to 90%,
the other 10% having the nitrogen estom as the coordinestion
center., The Eu-0 distance was 2.69 K. The results obtained
may be explained in two ways: 1) N-coordination occurs in
the exo~conformation of the silatrane which is in equilibrium
with the endo-conformer; 2) N-coordination occurs without
inversion of the endo-form (or the form approaching the
latter). In this case, the association is due to rehybridiz-
ation of the unshared electron pair of the nitrogen electron
pair caused by the N(CHZ)B-flattening. The calculations
carried out confirm the second hypothesis., In the coordin-
ation without transition of the endo-form into the exo-form,
the Bu-N distance is 2.15 K. In the case of exo-conformation,
the agreement between the é end 5_ values requires the Eu-N
digtence to be 1.5 A whlch is con51derab1y less than the
normal Eu-N distance (2.65 A) (188).

The distortion of nitrogen sp3-hybridization in silatrane
molecules may be exXplained by speéific conformetion of bi-
cyclo[3.3.3]undecane systems which is observed, in particular,
in S—azabicyclo[3.3.3]undecane (XVIT) and its derivatives
(126,128,129).

C NMR spectra of silatranes have not been studied in
detail. The screening of 130 nuclei of the silatrene skeletam
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is higher than that in acyclic Si-substituted tris(2-amino-
ethoxy)silenes. This is due to the cyclization effect and,
possibly, to the intrasannular compression in the N(CH2)3
fragment of the silgtrane molecules (173). As a result of an
increase in the electronic density in the silatrane molecules
due to the transfer through the X-Si-N bonds, the 3¢ reson-—
ances of the carbon atoms (which are in the g-position or
even more distant from the silicon atom) are obsaerved at
higher field than that of the corresponding Si-substituted
triethoxysilanes. According to (178a), the deshielding of
the carbon atoms attached to silicon in phenyl- end vinyl-

silatranes end the shielding of the C in phenylsilatrane

with respect to the corresponding Si-ggigtituted triethoxy-
silanes were explained in terms of the changes in the elect-
ronic structure in the Si-Phbond and can be understcod in
terms of the loss of p_-d, bonding. Utilizetion of the 1-C
chemical shifts of 1-phenylsilatrane and phenyltriethoxy-
silane, as well as least-square correletion equations related
to inductive and resonance constants of the substituents in
the aromatic ring of monosubstituted benzene, C6H5X, with the
meta- and para carbon atom screening constants (61 =a, +

a&é + a0, ) made it possible to calculate the corresponding

5& constants for the silatranyl- and triethoxysilyl groups
(187b):
o + -
6% 6Rr 6" r 6g 0 r 6 *
Si(OCHZCHZ)BN -0.40 0,02 0.02 -0,09 0.17 -0.,89
Si(OCZHS)B -0.18 0.10 0.08 0.21 0.17 =0.19

Nearly the seme 6 ' values for the silatranyl- (-0,08) and
triethoxysilyl (0.17) groups were estimated from the relatim-
ship between 6% and 66P (178b). The enalysis of their values
proves that the extensfon of the heteroatom coordination
number in silatrane molecules considerably increases the
electron donor properties of the silicon atom.

Changes in a number of other spectral characteristics of
gilaetranes including a decrease in the coupling constant,

1J130H, (115.6 Hz) and an increase in 1J ,(106.9 Hz) for

29
Sic
methyl groups as compared with those observed for methyltri-
1J29 = 97.0 Hz) also are
SicC

connected with rehybridization of the silicon atom in sil-

ethoxysilane (1J13 = 118.,9 Hz,
CH
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atrane molecules. These results are similer for pentacoordi-
nate tin derivatives and seem to reflect general regulerities
related to the fact that the Group IVB elements extend their
coordination number,

1-(4'-Fluorophenyl)silatrane (175), 1-(4*'-fluorobenzyl)-
and 1-(3'-fluorobenzyl)silatranes (176) were investigated by
19F NMR., For comparison, 19F NMR spectra of the corresponding
Si-subsgstituted trialkyl- and trielkoxysilenes were studied
(Table 19). Correlation equations for compounds of these
series 3- and 4~X06H4F permitited the determination of the
inductive 05}: ~0.36) and resonance (6’ = ~0.21) constants
of the Cﬁasi(OCH CH )3N group. A hlgher 5- value for 1-(4'-
fluorophenyl)silatrane as compered with 4—f1uoropheny1tr1-
ethoxysilane was explained in terms of an Si—N coordination
interaction. A longe-range spin-spin coupling through space
between the fluorine atoms separated by eight valence bonds
in 1-methyl-3,7-bis(trifluoromethyl)silatrane and i-methyl-
3,7,10-tris{(trifluoromethyl)silatrene was observed (182).

Coupling constants between the fluorine nuclei of the
magnetically nonequivalent 3—120F - and 7—1301?3 groups isomer
(II) and of 3- and 7—CF3groups of isomer (V) (Pig. 11) of the
sbove molecules were determined to be BJFF = 1.6 Hz {(182).
This value corresaponds to an F-F distance of~4.2 Af182a).

Low gensitivity of the 14y isotope (0.001 of the proton
sensitivity at constant field) and the influence of quadru-
pole line broadening (spin numbsr, i, is 1) mske investig-
etions of organic and elementoorganic compounds by the 14N NMR
method very difficult, The 1 value for the 15N’isotope is 1/2.
However, its natural asbundance is extremely low. This is why
only one study (180) has been devoted to 14N NMR spectra of
silatranes. The 14N’resonances of 1-hydrosilatrane gnd 1-
methylsilatrene are at higher field relative to that of tri-
ethylemine (Table 20). A considersbly different 14N relax-
ation time in the silatranes studied indicates & substantial
influence of the substituent at the silicon etom on the
eletronic surroundings of the nitrogen atom., This affords
evidence for the interaction of the nitrogen unshared electrm
peir with the silicon stom, but not excluding the influence
of stereochemical fectors such as deviation of the N(CH

) -
273
valence angles from the tetrghedral value. In 1-methylsilae-
trene the '%N shift to lower field by 9 pe.p.m. relative to

that observed in alkylemines when the hydrogen stom of the
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Table 19
9F Chemicel Shifts of Compounds FCgH,X*

X 5}3" PeDoln 6‘I 6’3 Solvent Refer.
4-Si(OCH20H2)3N 2443 CCl,, CgHgF 175
4—CH28:|‘_( ocn2CH2) 31-1 9.32 -2.21 CDC1 3 176
3—CH281(OCH20H2)3N 3,15 -0,.36 CDcl3 176
4—CH2Si(CH3) 3 T7.06 -0.20 CCl, 176

—~CH_.Si ; o1,
3 2SJ.(CH3)3 1.14 2.08 CCl, 176
* Relative to fluorobenzene

Table 20

Chemical Shifts in the 14N NMR Spectra of Silatranes and
ilodel Compounds

Compound ErN’ D.D.m.* 4')1/2’ Hz
HS1(OCH,CH,) 3N -354.7 ¥ 4.4 638 fe8
CH 351 (OCH,CH,) 5N -346.2 ¥ 3.6 2211 ¥103
B(OCH,CH,) 5} -325.0 ¥ 4.9 543 ¥71
(C,Hg) N -327.0 ¥ 2 320 ¥10°

* YThe negative Sﬁ values show a higher field resonance shift
as compared to the CH3}102 standard (in CH,Cl,)

H-C-N group is replaced by a methyl group (189).

9Si NMR spectra of Si-substituted silatranes and tri-
ethoxysilene have been studied recently (Tables 21, 22).
It is known that the SSi value in the NMR spectra of silane
derivatives is determined by a whole complex of different
factoras including the inductive, resonance and steric effects
of substituents (186).

The S'i dependence on the nature of the substituent X for
triethoxysilane and substituted silatrane is nearly the same.
As the electronegativity of the substituent X increeses, the
2981 resonance of these compounds shifts to higher field.
This is, in principle, consistent with the theory of 2ISi
screening. When the substituent X in molecules of the
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Table 21

29Si Chemical Shifts in the NMR Spectra of Si-Substituted
Siletranes, XSi(OCHacHZ)BN

% 6291, X 6293,
PeDelle PoePelle

(CHB) oCH ~65.0 (CH3)20HCH20 -95,2
CH3(0H2)4 ~65.4 (CH3)300 ~-94.9
CSH.“ -65.4 CHB(CH2)4O -95.1
C1(CH,) 3 -68,2 CgHs0 -939,3
Br(CHZ) 3 ~-68.5 4-(CH3) 300611 40 -98.9
I(CH2) . -69.5 2-CH,CcH,0 -99.1
[CeH; ) cu Nlen, -84.7 3-CH,CgH,0 -99.5
CH, ( CH i}cn -84.1 4-CH306H 40 -99,.1
CH30 -95,4 4-C1C.H,0 -99.7
CHB( CH2) 30 -95.0 4-0,NCH 40 -99,6

XSl(OCH2CH2)-N'and XSl(OCHZCH )3 type changes, & linesr relg-
tionship between thes;s- values and the inductive aliphatic
Taft constants, €$X, of the substituent X holds:

(equetions 1 and 2, respectively) (187a)

SSi = -67.10(0.6) - 11.3(1.1X63; = = 0.992, s = 0.768 (1)
S Si = “"4’503(107) - 1103(1.8)6;; r = 0.998 8 = 1.28 (2)

Judging from equations (1) esnd (2), the indicator center
gsensitivity to the substituent effect in these two series is
neerly the same. The absgolute ééi values for the corresponding
Si-substituted silatranes snd triethoxysilenes with X = H,
Cn32n+10 RCGH o, R06H4, CH =CH are essentislly higher than
those calculated from equatlons 1 and 2. This deviation °
results from the non-linear character of the dependence of
85 on the electronegativity of the subastituents of the
silane derivatives (186), as well as from the influence of
conjugative contributions.

When the substituents change, both classes of the com-
pounds studied digplay the same order in the deviation of the
§g3 velues from those calculated from equations (1) and (2):
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Table 22

2955 Chemical Shifts in the NMR Spectra of Si-Substituted
Silatranes and Triethoxysilanes

X 82931’ P.p.m. Aééi, Refer.
XSi(OCH,CH,) N XSi(OCH,CHj),  PePem-

H -83.6 ~66.0 17.6 187a

-83.6 =595 24,1 178a
CHy -65.7 -44.0 21.7 187a

-64.8 -44.2 20.6 178a

-66,6 17%a
02H5 -67.1 -45.9 21.2 187a
C1CH, -77.2 -56.1 21.2 187a
C1,CH -83.2 "-68.4 14.8 187a
BrCH, =T7.T7 -56.2 21.5 187«
ICH, =77.0 -54.7 22.3 187a
CH,=CH -83.5 -60.3 23.2 187a

-81.6 178e
CgHgC=C -94.7 ~-69.5 25.2 187a
C,H0 -94.7 -82.6 12.3 187a
CeHy -80.5 ~59.4 21.1 187a

-B1.7 -58.4 23.3 1782
CgH;OCH, -75.9 -53.9 22.0 1872
CH,(CH,) ,NCH,, ~-72.8 -50.2 22.6 187a

anZn_HO~ GSHSCEC > CH2=CH'V H > 06H5. In the case of Si-sub-
stituted silstrenes the devietions are smaller than for the
corresponding triethoxysilane derivaetives. The similer iYSi
dependence on the substituent X in these two series shows

that the determining role in the 298i—screening of silatrenes
belongs to the total charge of the silicon atom.

Having studied 298i NMR spectira of four silatranes,
XSi(OCHéCHz)BN, (X = H, Me, Vi, gg), Hearris (178z2) suggested
that the substituent effects on Si chemicel shifts pointed
to a dependence on p,-dg interaction of three oxygen atoms
which is greater than that on the 5i—N coordination cherge
in ailatrane formation.

‘A specific feature of the Si-substituted silatranes is
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the considerable (14-25 p.p.m.) higher field shift of the
293i resonance in their NMR spectra as compared with that
observed for the corresponding triethoxysilesnea (Table 22).
This is not releted to the “cyclization effect" (186) lesding
vo a lower-field shift of signals., The effect of the nitrogen
atom may also be neglected as the 29Si screening in methyl-
trigs(2-aminoethoxy)silene is lower than in methyltriethoxysil-
ane by only 3 pr.p.m. The observed difference in the 551 values
.for the corresponding triethoxysilanes and silatranes is
caused by a change in the Si atom hybridization. It is
suggested that the extension of the coordination number of
the silicon stom in silstrene molecules and, consequently, its
rehybridization are accompanied by an aedditionsl positive
contribution,i?coord., to the 29si screening constant. The
greater the degree of Si—~—N intersction in silatranes, the
greater is the velue of thezgioord.
Si chemical shifts of the cor~
responding Si-substituted silatrenes and triethoxysilanes,
‘:‘Ss:i. =8’S§ —Ssi, reflects the mutual change in both the
total charge, ad q =‘5"g - 82, and the Si coordination number,

Scoord.‘ The ad andi;coord. values have opposite gigns and
depend in different ways on the substituent X electronegati-
vity. Their absolute velues should rise with an increase in
the electironegativity of X. According to the experimental
data, the absolutesad value is somewhat lower thanf?coord.
In the series studied theAETq varies in a greater range

then the® . .

Thead _ value for 1-hydrosilatrane and triethoxysilane is
evgluated to be +22 pe.p.m. (the plus sigh denotes a lower -
field resonance shift). As the experimentsl difference in the
295i screening of these compounds, =17.6 pe.psm., isAE;Si =
5%1 - 45& + 5 the 5;

contribution. Thus, the
observed difference in the

coord.? oord. should be ~39 p.p.m. If the
difference in the silicon atom charge in 1-ethoxysilatrane
and tetraethoxysilene is assumed to be 0.12 e, the Aﬁayvalue
attains + 34 p.p.m. On this assumption, the difference in the
551 values observed in the NMR spectra of the gbove compounds
corresponds to a 5;001, 4. Value of -46 p.p.m. '

In silatranes having a low degree of Si—~N interaction
the aéoord. contribution to the 2931 screening is signific-
ently lower.So a 1arger¢:5§i value with X = CgHC=C in
comparison with X = 02H50 (Teble 22) indicates a st:onger
trengsannular Si~N interaction in the 1-phenylethynylsila-
trene molecule.
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The 29Si chemical shifts in Si-substituted silatranes are
determined by the total charge on the silicon atom which
depends, in particular, upon the degree of Si—N transannular
interaction, and by the Si rehybridization. However, the
interaction of the two fectors, as well as their dependence
on the nature of the substituent at the silicon atom, are
rather compliceted. Therefore, without a thorough anslysis of
the theory of 29Si screening and quantum-chemicael calculations
it is not possible to obtain any quantitative information from
the 2951 NMR spectra.
1H, 130, and'ZSSi NMR spectra of ﬁethyl—2,8,9-
triazasilaetrane have been investigated (187). The Si—~N trans-
annular interaction in this compound results in en increased
screening of the 1H and 29Si nuclei in the CHB-Si fragment
(compered with CH;Si[N(CH;),]5). The difference in the 2751
chemicel shifts of these compounds alsoc is caused by the

Recently,

paramagnetic contribution (+16 p.p.m.) from the other three
"extra™ methyl groups at the silicon atom in the model
acyclic compounds. Thus, the contribution from the Si—N
transennular bond to the screening in 1-methyl-2,8,9-trisza-
silatrene is about 34 p.p.me. Since the difference in chemiceal
shifts of 1-methylsilatrane and methyltriethoxysilane is

22 p.p.m., it may be suggested that the Si—N traensannular
interaction is stronger in 2,8,9-triazasiletrane than in
silatranes (187).

7. NQR Spectre

Nucleer quadrupole resonance (NQR) spectra of siletranes
are considered in only one publicetion (174) where 35Cl NQR
frequences of some 1-(chloroalkyl)- and 1~(chlorovinyl)sil-
atranes are discussed (Table 23). These frequencies were used
for eveluation of the 6 * constants of the Si(OCH2CH2)3N group.

Spectra of 1-chloromethyl-,1-{3'chloropropyl)-, 1—-(«x-
chlorovinyl)-, 1-(o, f~dichlorovinyl)silatranes and of C-sub-
stituted 1-chloromethyl- and 1-(dichloromethyl)silatranes
show one signal with AV~ 0.1 MAz. The NQR spectra of 1-(di-
chloromethyl)- and 1-(dichlromethyl)-3-methylsiletranes
showed a doublet. The intensity and width (A V = 0.06 and
0.04 MHz, respectively) of both the lines were practically
the seme., No -NQR signals of 1-chlrosiletrane, 1-(1'-chloro-
ethyl)asilatrane and some C-methyl-substituted 1-(chloroaelkyl)-
silatrenes have been observed.
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A decrease in NQR frequencies of 1-{(chloroalkyl)sileirenes
in comparison with the corresponding {(chloroalkyl)triethoxy-
gilgnes is in agreement with the donor effect of the Si—N
transannular bond end the silatrane group as a whole.

In compounds of the geries X(CHZ)HCI the effect of the
substituent X on the ch orine atom with n » 3 is negligible.
The 3501 NQR frequency of compounds of this type is clese to
vI7 = 33,0 MHz, being 33.090 MHz for C1(CH,),8iCl,, 33.19 MHz
for Cl(CHZ)BSiCHBCla, 32.958 MHz for CI(CHE)BSi(CHB)B’ etc.
Nevertheless, the NQR frequency of 1-(3'-chloropropyl)sil-
atrene, V! = 31.552 MHz, is considerably lower than the
ebove velues. Previously, this was attributed to a coordin-
etion interaction between the chlorine and silicon or oxygen
atoms.

This suggestion was not confirmed, however, since X-ray
structural data (116), dipole moments and Kerr's constants
(146) for 1-(3'-chloropropyl)silatranes showed that the
Sl(CH ) Cl fragment in the crystalline state is a flat 21g-
zag chaln and that the chlorine atom is considerebly (by 5 A)
distant from the planer S:L(O)3 group. Therefore, this low
3561 NQR frequency of 1-(3'-chloropropyl)siletrane most
likely is due to the powerful +I-effect of the silatrane group.

A higher e NQR frequency of 1-(chloromethyl)silatrane
seems to be due to geminal interaction between the silicon
atom and the C-Cl bond (AL-effect).

As should be expected, the NQR frequencies of 1-{chloro-
methyl)- end 1-(chloromethyl)-3-methylsilatranes are lower
than those of the corresponding (dichloromethyl)silatranes
{Table 23). This agrees with the inductive effects of the
chlorine end hydrogen atoms,

NQR frequencies of compounds of the series CH —00151R3
gshow & linear correlation of 3561 NQR frequencies of
compounds of the series H,C=CClX with the 6* inductive cons-—
tants of substituents

V77 = 33.001 + 1.2356* (r = 0.989)

The 6 constant velue for the Si(OCHZCHa)BN group calc-
ulated using the above equetion from the 3501 NQR frequency
of 1-{({-chlorovinyl)silatrene is -~1.18. This is cloge to the

6* value of Sl(OCHacHz) N (-1.21) celculated from the 3Bm
NQR frequency of 1- (dlchloromethy1)511atrane by the following
equation:
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V77T = 35.215 + 0.959 6 (r = 0.932)

for compounds of the series XYZCCl.

The increase in NQR frequencies in C-methyl-substituted
1-(chloromethyl)silaetranes is essociaeted with a distortion of
the molecular geometry. This also is confirmed
by the considereble decrease in the 5BCH2 and 5&CH2 values in

the NMR spectra of C-methyl-substituted silatranes (170) and
2-carbasilatraenes (Table 1 ) as compared with unsubtituted
siletrenes (Table 17).

In the spectrum of 1,3,7,10-tetramethylsilatrane hydro-
chloride the >°Cl NQR signal (V7! = 17.93 MHz) is shifted to
the low-frequency region as compaered to the signal of triiso-
propanolemine (V7 = 22.6 MHz) (164).

8. Mass Spectra

A mass spectrometric investigation of silatranes was
first carried out with 1-methyl- and 1-phenylsilatranes (190).
lLater on, mass spectra of a larger number of Si- and C-sub-
stituted silatranes were examined with the aim of determining
their structure and molecular weight and the mechanism of

Table 23

3561 NQR Frequencies of 1-Chloroalkyl, 1-Chlorovinylsil-
atranes and Related Si-Substituted Triethoxysilenes at 77°K

XS1(OCH,CH,) ;N Vs Mz X51(0C,Hs) 5 Voogs MHz
X X
C1CH, 32.702 C1CH, 35.122
CLCH,* 33.380
Clch 34.649 0120H 36,231
34.394 36.114
35.784
C1,CH * 34.55
35.17
Cl,CH ** T 35,01
Cl(CH2)3 31.552
CH,=CC1 31.545 CH,=CC1 33.074
C1CH=CCl. 33.487

* 3-methylsilatrane derivative
*x 3 7-dimethylsilatrane derivative
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their electron impact-induced fregmentation (138,160,190-193%

The common feature of mass spectra of silatrane,
HSi(OCH20H2)3N, and its derivatives is the most intense ion
peak at m/e 174. This ion of the silatrane skeleton,
[Si(ocriecﬁz)BN]‘,’ is formed by dissociative ionization of the
H-Si# or C=-Si= bonds. It amounts for 1-alkylsilatranes from
5 to 12% of the total ion current.

The subsequent fragmentation of the gilatrane skeleton
proceeds step-wise and involves elimination of the (OCHECH2)+
groups and the formation of the following fragment ions:

m/e 130, [Si(OCHchz)zN]"', intensity 19-26%; m/e 86
[Si(OCHZCHz)N]"" 2.3-3.7%; m/e T2 [Sioc2H4]+, 5-19% which are
typical for 1-alkylsilatranes only (190-191). These ions are
likely to form by simple cleavage of the C-C, C-H and Si-0
bonds. However, every mass spectrum shows rearrangement ions
resulting from hydrogen migration (m/e 176, 5-12% of the
maximum ion). The intense ions observed in the mmss spectra
of slkylsilatranes, m/e 89, [8102H502]+(6—25%), m/e 102
[5102H402N]+ (5-24%) end m/e 132 [5iC,H,,0,N]*(3-88%), are
formed by consecutive and partial cleavage of the (OCH20H2)+
group of the silatrane skeleton (confirmed by metastable
trensitions).

The mechanism of dissociation ionization of 1-alkylsil-
atranes may be represented by the following simplified scheme:

. +o - o . T o
HS1(OCH,CH,) ;N CH,Si(O0CH,CH, ) N C,H;Si(0CH,CH,) SN
175 189 203
-H ~CH, ~C,Hs
4

. +
[51(0CH,CH,) BN]
174 ! -0C,H, (44)

- +
[51(0CH,CH, ) ,N]
130 1 ~0C,H,

. 2 .
[siCocH,cH,)N]* [siocE N]*

86 72
Scheme 1

As the molecular weights of the silatranes increase, the
stability to electron impect is reduced from 7.1% (1-hydro-
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silatrane) to 0.7% (1-ethylsilatrane)(191).

Together with the molecular ions, mass spectra of 1-aryl-,
1-alkenyl-, and 1-alkoxysilatrenes show fragment ions (over
92%), rearrangement ions and metastable species (132). The
second stage of the dissocistion process is common for all
the silatranes studied.

Mess spectra of 1-(chloromethyl)silatranes of general
formule ClCHZSi(OCHZCHz)n[OCH(CHB)CHZ]B_HN'made it possible
not only to study the mechanism of electron impact-induced
fregmentation but slso to follow the influence of the Si—N
transenmalar bond and CH3 groups in the 3, 7 end 10 positions
on the molecular stability (193). The mass spectrum of 1-
chloromethylsilatrane also shows the most intemse peak that
corresponds to ESi(OCH20H2)3N]+ (m/e 174). The relative
intensity,I, of the ion peek is 48.5% of the total ion
current. The presence of a metastable trensition of the m/e
174 ion to the m/e 130 ion (apperent mass 97.1) indicates
that the latter is formed by elimination of the OCH’ECH2 group.
Further fragmentation of the m/e 130 ion involves elimination
of the methylene groups and formation of characteristic frag-
ment ions (m/e 116, 102 and 89). The second route of 1-(chlo-
romethyl)silatrene fragmentation is conditioned by the
initiel elimination of the -OCHch group from the silatrane
ring with migration of the hydrogen atom to nitrogen. Relat-
ive intensity of the [01CHZS:’.(OCH.2C!H2)2NH]+ ion pesk is 4.5%
of the total ion current. Subsequent fragmentation leads to
the m/e 150, 136, 88 ions. Besides, doubly-charged 179",
175%%, 173%™ ana 1457 ions are observed in the mass spectrum
of silatrane, .

The presence of two methyl substituents in the 3- snd 7~
positions of the silatrane ring, 1-(chloromethyl)-3,7-di-
methylsilatrane, changes not only the mass of the most ions
formed, but reduces the fragmentation selectivity., The most
intense peak, [M-CH201]+, is 34.9% of the total ion current,
Metastable transition of the m/e 202 ion to m/e 158 (epparent
mass 123.6) indicates abstraction of the —OCH(CH3)CH2 group,
first of 211, from the silatrane ring., This shows that the
OCH(CHB)CH2 group is more weakly bound in the siletrane skele~
ton than OCHZCH2 group. 1-(Chloromethyl}-3,7,10~trimethylsil-
atrane fregments in a similar way. The most intense [M—CH2Gﬂ+
peak is 33.9% of the total ion current. The high intensity of
the [M-CH,C1]" ions (48.5-33.9%) formed from all the sila-
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tranes investigated gives evidence for the staebility of the
silatrane ring under electron impect. This seems to be
explaeined by the fact that abstraction of the CH201—substi—
tuent converts the weak Si—~N annular bond into the strong
covelent Si—N bond and thus stabilizes the silatrane
skeleton,

An increasse in the electron density of the silatrane ring
on introduction of methyl groups scercely affects the stabi-
1ity of the molecular ion (the molecular peak/total ion
current ratioc for 211 1-(chloromethyl)silatranes being 0.4,
0.2, 0.5, and 0.3%). This may be caused by localization of
the positive charge in the molecular ion. However, methyl
substituents in the silatrane ring greatly affect the relative
intensity of the [M.—CH201]+ ion. As the number of methyl
groups in the silatrane ring increases, the intensity <falls
lineerly (p= -4.98; z = 0.96, s, = 0.22; I = 48,5, 40.9,
34.9, 33.9%, respectively). This indicates the corresponding
increase in the Si-C bond strength due to the increasing
electron density at the silicon atom.

The decrease in selectivity of disscciative ionization of
the 1-(chloromethyl)silatranes studied is menifested in the
relative intensity of the total peaks of characteristic frag-
ment ions (Z = 205.8, 244.3, 286.9, 294.7, Trespectively).

The moleculer fragmentation with initisel elimination of
OCHRCH, (R = H, CH;) from the siletrane ring of the molecular
ion is expressed much wesker (I = 2.2, 3.0, 2.4, 1.3,
respectively). The intensity of [M-44]% ions for 1-(chloro-
methyl)-, 1-(chloromethyl)-3-methylsiletrenes and the [M-58]7%
ions for 1-(chloromethyl)-3,7,10-trimethylsilatrane may be
related to the rate of hydrolythic decomposition of these
compounds. :

The silatrenes whose mass spectra display a higher rela-
tive intensity of the above ions have grester constants of
acidic hydrolysis rate (194). It is more reasonable, however,
to relate these hydrolysis rate to the relative intensity of
the DM—CH201]+ ions since these values bear a fairly linear
reletionship described by the following equetion
I=61.84k5° - 5.44; © = 0.99, s_ = 0.13. The relative
intensity of these chracteristic ions may, undoubtedly, be
used for evaluating the reactivity of silatranes.

In mass spectra of exo-trifluoromethyl-substituted 1-
(chloroalkyl)silatranes the molecular ion peak is weak ( < 1%
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of the meximum). The main fragmentation route also is elimin-
ation of the chlorcelkyl .substituent, which leads to the form-
ation of the most stable and intense peesk of the silatrane
skeleton [M-X]*. Mass spectra of C-trifiluoromethyl-substi-
tuted 1-organylsilatranes show the predominance of the gil-
atrene skeleton ions, on one hand, and the absence of the
fragment ions, on the other hand. This points to a higher
stability of the silatrane skeleton of these compounds in
comparison with the corresponding C-methyl-substituted sil-
atranes (182a).

According to thermogravimetric data, the initiel decom-
position temperature of all these silatranes studied (in air)
exceeds 250°C., This excludes the possibility of thermal de-
composition of these compounds under mass-specirometric
infestigations.

Thus, the introduction of the CH_ - and CFB-groups into
the silatrane ring scarcely changes the molecular ion
stability. At the same time, these substituents do affect
the relative intensity of the [M—CH2C1]+ ion, and seems to be
connected with both the change in the geometry and stereo-
chemical factors stebilizing the silatrane molecules.

9. Studies by Other Physical Methods

SiK¢1'2 chemicgl shifts in X-ray emission spectra of sil-
atranes of type XSi(OCHZCHZ)BN where X = R, C,H CH,=CH,
CGHS’ etc., have been determined (195-198).

In all cases when the local symmetry of the silicon atom
in the molecule is lower than Td(CBVJCZV)t the contributions
from 3p atomic orbitals of silicon to molecular 6- and -
orbitals are comparable, Consequently, the stereochemically
peculier features of these molecules are caused predominantly
by pr-Ps interaction between the silicon atom and the nearest
neighboring atoms (198). The SiKB spectra of gilatranes and
[Sio4]4- groups are similar bothin shaepe and energy state,
which indicates the prevailing localization of silicon 3p-
electrons at the 6-5i-0 bonds. The SiK X-ray emission
spectra of silatranes are composed of three components, these
are KBrv, KB1 and KB, lines (Table 24). The presence of KB!
lines (transition from the aq + e 1eve1)give§ evidence for
3p(Si)-2s8(0) interaction. The role of (p-d);-bonding in sil-
atranes 1s suggested to beé extremely small. At the same time,
as the X-5i-0 angle approaches 90°, the 3p,(Si) -2p,(0)

59
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interaction grows stronger (197,198). The effective charge
of the silicon atom, q, in the silatranes studied points to
the existence of the Si—-N transannulsr bond.

Table 24

K-Spectrsl Data of 1-Organylsilatranes, XSi(OCH2CH2)3N

X AEad., AEobs., as EI(.B1’ EKB1~KB' 4 kB’ EI_(.@I

ev ev Hele ev ev IKB1 IKB1
H 0.47 0.375 0.65 1832.2 13.9 0.18 0.32
CH3 0.50 0.307 0453 183242 14.3 0.20 0,32
02H5 0.50 C.370 0.64 1832.3 14.2 0,20 0.38
(CHB)ZCH 0.50 0.346 0.60 1832.3 13.8 0.20 0.48
06H11 0.50 0.270 0.46 1832.0 13.8 0.20 0.35
CH2=CH 0.50 0.354 0.61 1832.2 14.1 0.21 0.50
C6H5 0,50 0.372 0.65 1832,0 14.0 0,20 0.50

The Si 2p and N 1s binding energies have been measured
for silatrenes, XSi(OCHZCHZ) N,end compared with Si 2p bind-
ing energies for other organosilicon compounds (199).
Chemical shifts of N and Si correlaete well with each other
providing evidence for a strong Si—~N interaction. Consider-
able transfer of charge from N to Si is observed when the Si
atom is bound to a very electronegative substituent X, If X
is an aliphatic group, the observed shifts can be explained
by the inductive effect of the substituent., In 1-arylsila-
trenes, the effect of the sibstituent in para-position is
transmitted to the nitrogen atom through s/~canjugation bet
ween the silicon atom and the sromatic ring.

Photoelecton spectra (PES) of boratrane and three sila-~
tranes, XSi(OCHacﬂé)BN, with X = H, CH3 and CZH5O have been
investigated. Triethanolamine, triethoxysilane and its cor-
responding derivatives were used as model compounds (200).
Two bands at 10.4 and 11.2 ev (X = H) and at 10.0 end 11.0 ev
(X = CZHSO) are observed in the spectra of silatranes. In the
FES of triethanolamine the band due to the nitrogen lone
electron pair appears st 8.7 ev. In the spectra of 1-ethoxy-
silatrane and bormtrane no bends below 9.5 ev were observed.
This indicates that the nitrogen lone pair is more tightly
bound in these compounds. The spectrum of 1-methylsilatrane
shows a broad band at 8.7 ev which seems to be caused by the
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methyl group inductive effect decreasing the positive charge
on the silicon atom and thus interfering the Si—N itrens-
annmular interaction. However, this band is most 1likely to be
caused by the triethanolamine impurity.

The spectra of triethoxXysilane and its derivatives show
a relatively sharp strong btand neer 10.8 ev which is probably
due to the oxygen 2p lone pair levels.

Comparison of chemical shifts of the oxygen lone pair in
the photoelectron spectra of XSi(OCH20H3)3 and XSi(OCHchsz
shows that inclusion of the Si-~0 bonds into the heterocyclic
silatrane system interferes in their aschieving the most
advantageous orientation rezlizable in triethoxysilane and
its Si-derivatives.

Utilization of Kerrts effect (together with the dipole
moment method) enabled us to determine conformation of the
Cl(CH2)3Si—fragment in the 1-(3'-chloropropyl)silatrane
molecule in CCl, solution (gg'). For this purpose, Kerr's
constant (Km = 1363) was compared with the calculated X,
values for conformetions tt (1208), tg {1136), gt (839),
geg (524) and gg' (1338) (146).

An attempt was made to determine Kerr's molar constent,
total polarization, and molecular anigotropy of 1-methylisii-
atrasne molecules (202). Anizotropy polarizability of oxygen-
contaeining organosilicon compounds had not been studied
before, therefore the Si-0 bond parameters were determined
firast of ell. Hexamethyldisiloxane and trimethylmethoxy-
silane were used as model compounds, The additive scheme can
be used only on assumption of both isotropy of the C-H bonds
()C—H = 0) and an ideslized silatrane structure. A consider-
able distortion of the tetrahedral arrangement of the bonds
and valence angles gives rise to & supplementary deviation
from additivity.

The possibility of using the additive scheme in determin-
ing anisotropy of the 1-methylsilatrane polarizability also
is conditioned by the choice of an arbitrary anisotropy for
one of the Si-0 or Si-~C bonds. Nevertheless, the new additive
scheme of polarizability of bonds (202) permitted the deter-
‘mination of the contribution of Si—=-N transannuler inter-
action to the polarizasbility ellipsoid of 1-methylsilatrane,
by = 2.78 &7, by = by = 0.11 A7. This indicates a significant
enigotropy of the nitrogen electron pair polarizability.
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Chapter III., Chemical Properties
3.1, Reactions Involving Cleavage of the Silatrane Ring.
3.1e1. Hydrolysis Reactions

The faeility with which organosilicon compounds which
have an Si-0 bond hydrolyze is well known and widely used in
practice (24). It was pointed out long ago that silatrenes
were Trelatively stable to the atmospheric moisture and more
difficult to hydrolyze than the corresponding derivatives of
triethoxysilene, XSi(OCzﬂS)B, and tris-(2-aminocethoxy)silaene,
XSi(OCHZCHZNHZ)B' Hydrolysis of 1-orgenyl- and l1-organoxysil-
atranes wes quantitatively studied for the first time in 1967.
The dependence of the rate of neutral hydrolysis of
XSi(OCHZCHZ)BN on the nature of the substituent X (X = H,
CH,=CH, CH,, CyHg, C3H,, CgHg, CH30, CyHg0, CgHoO, etc.) was
determined, Hydrolysis kinetics was investigated in aqueous
0.01 M solution of silatranes at 20°C. The hydrolysis, which
is a combination of a number of parallel-~successive reactions,
ig a first order reaction (203), The hydrolysis rate of sgil-
gtranes falls in the fellowing order of change in the substi-
tuent X:

I H> CH2=CH > CH3 > n-03H7 = 06H5 > 02H5 > (CHB)ZCH

II CHBO > 0'2H50 > n—C4H90 > n-03H70 > i—CBH.TO > (CH3)300

Thus, the silatrasnes studied are subdivided into two reasction
geries: I with X = R (alkyl) end II with X = RO (alkoxy)
where a good linear correlation between the logK and 6* is
observed, In series I, an increase in the inductive constant
of R makes the hydrolysis faster (P*:>O). This indicates that
the total rate of multi-stage hydrolysis of alkylsilatranes
is determined by nucleophilic attack at the reaction centexr
of the silatrane molecule by a water molecule (or by hydro-
oxide ion, HO™)

—_— Slow *
N(CHQCHZO)BSiX + H,0 l\I(CH‘?CH‘,ZO)BSi_~~ M
. o
faat H
X
HOCH20H2N(CHQCH20)ZSi\\
OH

The high sbsolute value of p* (+4.76) is indicative of a
congiderable degree of polarity in the transition state at
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the kinetic stage where the reaction center (the silicon atom
acquires a significant negative chearge.

The steric effect of the substituent on the hydrolysis
rate of 1-alkylsilatranes is not likely to be overly import-
ent., 1-Hydroxysilatrane (X = H) also belongs to reaction
series I, A devietion of the logK value from the correlation
line may be expleined in terms of the competitive hydrolysis
of the Si-H bond in addition to cleavage of the 5i-0-C group.
The logK values of 1-vinyl- and 1-phenylsilatranes markedly
devigate from the correlation line and the hydrolysis rate
proves to be much lower than expected. This seems to be due
to (p-d)s-interection of the above substituents with the
silicon atom, leading to & considereble reduction of the
electron-withdrawing effect (from6y = 0.40 and 0.60 to

= 0.1 end -0,05, respectively) (203).
The hydrolysis rate of 1-alkoxysilatrenes (series II) is
mach lower than expected. Such hydrolytic stebility may be
explained in terms of two factors. 1) The presence of an
Si~N transannuler interaction which decreases the effective
positive charge on the silicon atom and which thus hinders

E'3
eff

nucleophilic attack by the water molecule or the OH™ ion.
2) (p-d)ﬂ-interaction between the oxXygen and silicon atoms.

Of four Si-0 bonds the silatrane molecule, the siloxy
bonds of the ring are first to hydrolyze. This mey result
from a lesser steric hindrance and a greater length (1.65-
1,70 K) of the endo-cyclic Si-0 bonds as compared with the
exo—cyclic siloxy Si—OR bond (1.63-1.64 4)(24).

Unlike 1-alkoxysilatrenes, the hydrolysis rate of pera-
substituted 1-aroxyasilaitrsnes Tslls with an increase in
electron-withdrawing properties of the substituent in the
aromatic ring., The logK velues of these compounds are linearly
correlated to the 6; values, or, even better, with the 6
values of the aromatic group. The reaction constant in this
Series is negative which supports the nucleophilic mechanism
of 1-aroxysilatraene hydrolysis. The 1ow_p* value (-0.40)
shows that the effect of the substituent in the aromatic ring
on the reaction rate is small.

Unlike hydrolytic cleavage in neutral medium (203), acid
hydrolysis of 1-organoxysilatranes is described by a kinetic
equation of the second order, The hydrolysis was studied in
dilute aqueous solutions at 25°C in the presence of HC1l and
KCl, No salt effect was observed at KCl concentrations from
0.05 to 0.25 mole/1 (204).
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A1l the compounds studied are subdivided into two reaction
series. 1-Alkoxysilatranes are included in the first series.
and 1-aroxysilatranes and 1-benzyloxysilatrane are included in
the second. In series I, where_ff = =-1.,26 [R = CoHgs CaHo,
(CHB)ZCH’ (CH3)3C’ (CHB)BCCHZJ’ and in series II (R = C6H5’
2—CH306H4, 3-CH306H4, 4-CH306H ’ 4—CH3006H4, 4—0106H4,
CGHSCHZ)’ where p= 0.23, the reaction rate falls with an
increase in the inductive effect, EOR’ indicate thata positive
charge is generated at the reaction center in the trans-
ition state. The logK values for 1-tert-butoxysilatrane
deviate strongly from the correlation line (the hydrolysis
rate proves to be much lower than the expected one), and this
is caused by the substituent steric effect., The linear
dependence of the hydrolysis rate on pH shows that the rate
limiting step for both the series is electrophilic attack of
the reaction center by a hydroxonium ion. The subsequent
steps of cleavage of the endo-cyclic Si-O bonds proceed very
fast to form triethanolamine hydrochloride &s the main react-
icn product. It should be noted that a decrease in hydrolytic
stability of 1-aroxysilatranes reduces their toxicity.

The hydrolysis of 1-(chloroalkyl)silatranes of type
XSi(OCH20H2)n[OCH(CH3)CH2]3_nN where X = ClCHz, CIZCH,
CHBClCH; n = 1-3, has been studied in neutral, acidic and
aqueous-alcohol media (194). The rate of hydrolysis of 1-
(chloromethyl)silatrane in acidic medium is significantly
higher than in neutral showing a good linear dependence on pH
( with [HC1] = 1-1073, 1.5-1073 and 2.5-10 Hdled™ - ged, k37 =
0.44 * 0.01, 0.66 * 0.01 and 0.87 * 0.02 mole-1"1. sed h
respectively) (194). Such a large chenge in the xate in the
presence of HCl indicates that the limiting step of the
process is electrophilic attack of the reaction center by the
hydroxonium ion with simultaneous tranasfer of the hydration
shell to the silicon atom,

The hydrolysis of 1-(chloromethyl)siletrane using 32180 shows
that this process involves cleavage of the Si-0 rather than
of the 0-C bond (194).
' The presence of methyl groups in positions 3,7,10 of the
silatrane skeleton decreases the hydrolysis rate considerably
(194). This appeers to result from decreased steric accesgi-
bility of the oxygen atom, As the electronegativity of the
substituent at the silicon atom increeses, the hydrolysis
rate constant of 1-(chloroalkyl)silatranes also decreases
markedly.
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+ slow 7
- . —_— I
N(CH20H20)381X + H30 (H20)n —EEI——.N(CH20H20)§1 Qg
] CH2—0H20: -
fast 'H..._.(oHZ)n

HOCHZCHZNH(CHZCHZO)ZSi c1

l \OH
+
A
CHZ)ZNHCH20H2051 Cl

i Q>(OH)2

(HOCH2

+ = .
[HN( CH,,CH,,0H) 3] €17 + (HO);SiX

In the acid-catalyzed hydrolysis of 1-orgenyliribenzo-
silatranes, XSi(006H4%£I(X = CH3, CGHS’ 4-CH306H4) and
[N(06H4O)351]20, the rate-determining step also involves
rapid protonation of an oxygen etom followed by breakage of
the S5i-O0 bond., Protonatiom of the nitrogen atom is rejected
as a mechanistic path since the nitrogen has been shown to be
non-basic and such protonation is not expected to promote
Si-0 bond cleavage (166).

- -+ I ~ +t‘
N(06H40)331X + H N(CGH4O)2(UGH4OH)b1X

+slow
' b+
HOCGH,N(CeH,0),51 — X
lfast
(HOC6H4)3N

When X is Cl, the reaction proceeds via the ion pair stabil-
ized by (p-d4),- bonding in the siliconium ion (166).

A kinetic study of the acid-catalyzed hydrolysis of
1-bengylsilatrane as well as 4- and 3-substituted 1-
Phenylsilatranes using D20 as solvent suggested that
the rate-determining step involves slow protonation of the
nitrogen atom concerted with fission of the Si—-N bond (205)
rather than breekage of an endocyclic Si-O bond as proposed
previously (166).
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3.1.2. Other Reactions

Cleavage of 1-orgenylsilatranes by aqueous solutions of
heavy metal salts containing fluoride ion leads to the form-
ation of the eorresponding organometallic compounds (190,
206-208).

RSi(OCHZCHz)BN + HgCl, + NH,F —=RHgCl + Si0, +

(49)
+ [nocm,cHy) gwu|F 4+ Wm 01
RSi(OCHzcﬁz)BN + HgyPy + 2H0 —RHgF + Hg + Si0, +
(50)
+ [(mocu,cn,) | B
R = CH,, CH,=CH, CgHs
3RS1(OCH,CH,) ;N + Pb(OCOCH,), + NH,F + 6H,0
4 (51)
R,PbF + 3510, + 3 [(HOCH,CH,) ;NH|0OCCH, + NH,OCOCH,
2RS1(0CH,CH,) ;N + PD(OCOCH) + NH,F + 4H,0
(52)
R,PbF, + 2510, + 2[(HOCH,CH,) ;NH] 00CCH, + NH,OCOCH,
2RSI(OCH,CHy) ;¥ + SbFy + BHF + 4NHP
) (53)
R,SDF + 2(NH,),SiF + 2[(HOCH20H2)3NH]F
3RS1(OCH,CH,) ;N + Bi(OH), + 6NH,F + 12HF o0

BiR, + 3|(HOCH,CH,) NE[F + 3(NH,),SiFg + 3H,0

Thege reactions are based on the initisl hydrolytic fission
of a Si-0 bond of the silatrane skeleton according to the
fTollowing scheme:

CH3Si(OCH20H2)3N + 3H20 ———*CHBSi(OH)B + N(CHZCHZOH)3 (55)

. —_ 1
CH,S1(OH) 4 + SNH,F (NH:4)2[CH351F5j + 3NH,OH

(NH,),[CH,S1F;] + HgCly;—— CH;HgC1 + (NH,),[51Fc1]

HH4F

(5H,),[517¢ ]
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The reaction of 1-organylsilatranes with aqueouns solutions
of antimony trifluoride gives predominantly diorganylifluoro-
stibines (scheme 53), but in the absence of water, stibatrane
"end the corresponding organyltrifluorosilsne are formed (208).

XSi(ocH
X = CH

2CH2)3N + SbF3 XSiF3 + Sb(OCHZCHZ)BN (56)
30 CH2=CH

The primary product of the reaction of 1-ethoxysilatrane
with AgF seems to be 1-fluorosilatrane (190)

2C¢. H_.0Si(0OCH

oHg CHZ)BN + 2AgF

24g0C,Hg + 2FSi(OCH,CH,) N

2 275

leEO

Ag20 + 202H50H

2Ag + 1/2 0,

In the presence of HCl, 1-organylsilatranes are decomposed
by slcohols to give the corresponding orgenyltrislkoxysilenes

(209).
HC1

XSi(OCHZCHa%F’+ ROH XSi(OR)3 + (HOCH20H2)3N~H01 (58)

CH-y X = CH

R = CHB’ ols s CGHS’ CH2=CH, CHBCOOCHz

3’

3.2. Reactions with Retention of the Silatrane Ring
3.2.1. Complexation Reactions

The peculiar character of the molecular siructure of
silatranes sccounts for their lack of clearly distinguished
basic properties. This may be explained in terms of steric
inaccessibility of the nitrogen lone electron pair involved,
in gddition, the Si~N transanmalsr intersetion. In faect,
gilaetranes are not neutralized immedigtely by glacial =scetic
acid and are only titrated slowly at 100°C in the same
medium (9,15).

The steric factors in the silatrane molecule are so
important that despite considerably lesser 6Zelectron
release from nitrogen than in boratranes, silatranes do not
form complexes with methyl iodide (143) (unlike boratranes
(200), stennstranes (160), and S—azabicyclo[3.3.3]undecane
(manxine) (128, 129).
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Nevertheless, recently it has been found that the
nitrogen atom in silatranes ig eble to form ammonium salts.
This sppears to be due to isomerization of the endo-form of
the silatrane into the exo-form having a nearly planar
N(CH2)3 group (164). This isomerization is confirmed by
anhydrous potentiometric titrations of some 1-orgenylsil-
atranes in acetonitrile and dimethyl sulfoxide (164). As the
hydrolysis of the silatranes ismuch slower then these titra-
tions, it was suggested that silatranes react with acids to
give nitrogen complexes (164), The observed similarity in
the semi-neutralizaetion potentials of HClO4—silatrane comp-
lexes and the analogous tri(2-oxyaslkyl)amine salts shows =a
negligible effect of the silicon atom on the atom-base pro-
perties of nitrogen in the exo-form. The limiting stage of
salt~-formation is the endo/exo-form conversion. The sila-
trane/HClO4 adduct is consistent with 1:1 composition.

A comparison of the dipole moments of silatranes measured
in benzene, chloroform, and ethyl acetate indicates that
silatranes form hydrogen bonds with chloroform (139-142).
This also is confirmed by IR and NMR data (149,169) and by
the dielectric loss method as well (210). Isotherms of di-
electric loss of the systems benzene-chloroform-silatrane,
XSi(OCHQCHz)BN, (X = C2H5, 02H5O, C6H5) show that chloroform
forms en intermolecular hydrogen bond with silatranes
involving the oxygen atoms (210).

Silatranes, XSi(OCHZCHa)BN, where X = 02H5, C,H_O, C6H

275 5?
3-CH306H4) form complexes with Lewis acids (1:1 complexes
with A1Bry and TiCl, and 1:2 with TiCl, (211). The donor

o N Cl
- 0 Cl
\\\\:-//// \\\\ |////
////51 ////Ti
o : \01 \01
X
a
0 ¥ N
: o c1 : 0
\éi/ \T./ \Si/
i
O/////E ‘R\~c ~ \\\\ /////5 ™~
: 1 0 : 0
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centers of the complexes considered are thought to be the
oxygen atoms. The helogen atoms are arranged in the plane of
three oxygen atoms, thus changing the trigongl pyramidal
configuration to octahedral.,

Such complexation shifts the Vas(Si-O) band to the
shorter wave length by approximately 10 cm-1. The unchanged
band at 568-590 cm™! suggests that there is no participation
of the nitrogen atom in the donor-acceptor interaction with
Lewis acid (211). However, these date do not allow one to
meke a unique conclusion concerning the structure of the
complex,

Recently, it has been possible to isolate 1-organyl-3,7,-
10-trimethylsilatrane hydrochlorides of the type
XSi[OCH(CHB)CHz]BN-H01 (X = CHB’ CH2=CH, ClCHQ) which are
formed when dry hydrogen chloride is passed through chloro-
form solutions of the corresponding silatranes at room
temperature or below (164). These are white powdery sub-
stances, insoluble in non-polar and weskly polar organic
solvents, All the hydrochlorides are soluble in acetonitrile
and water. The latter hydrolyzes them to give immediately
tris(2-oxypropyl)amine hydrochloride and polyorgenylsesqui-
oXxane, RSiO1.5. These hydrochlorides melt with decomposition,
HCl being evolved. When heated in vacuum, they sublime,
decomposing into the initiasl components.

According to NMR data, 1-methylsilatrane is capable of
coordination with europium tris(dipivaloylmethanate),

Eu(DPM) 5 (181,185).

1-Phenyl- and 1-benzylsilatranes form charge-transfer
complexes with tetracyancethylene (176). In these complexes
coordination is effected via the benzene ring of the aromatic
substituent, A study of UV spectra of dichlorocethane solu-
tions of silatranes (1-methyl- and 1-chioromethylsilatrane and
their 3,7,10-substituted derivatives) containing tetracyano-
ethylene suggested complexing between the components (164).
The donor center of silatrane was believed to be the nitrogen
atom whose lone elctron pair might be involved in complexing
with tetracyancethylene via the endo-exo transfer of the
silatrane skeleton., ILater it was established (220) thet
the UV gbsorption in the 20000-25000 cm—1 region belonged to
the tetracyanocethylene anion-radical rather then to the sil-
atfane—tetracyanoethylene complex, as the EPR and UV spectra
of the former were consistent with those reported in the
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literature. The formation of the anion-radical is due to
electron~-transfer from the nitrogen atom of triethanolamine
molecule and the products of uncompleted silylation of the
latter contained as trace impurities. The nitrogen atom of
the silatrane does not react with tetracyanoethylene., Thaet is
confirmed by the absence of an EPR signal and characteristic
colour of saturated solutions of the above silatranes and
tetracyanoethylene thoroughly purified by multiple recrystal-
lization in benzene followed by sublimation in vacuum. The
results obtained are in agreement with chemical data on the
inertness of the silatrane nitrogen atom (10) and with
quantum-chemical calculation of the Si—N bond energy as well.

J3.2+.2. Other Reactions

Most chemical transformstions of silatranes which involve
no cleavage of the silatrane skeleton have been described
glreaedy in subsections 2.1-2.5, Section 1, Therefore, the
above reactions are only briefly considered here.

Although the classical SNZ mechanism of nucleophilic
substitution is not applicable to silatranes since back-gide
attack at the silicon atom is impossible, silicon-functional
gilatranes are readily involved into different resctions of
nnucleophilic substitution, Thus 1-alkoxysilatranes undergo
exchange reactions by higher alcohels, glycols and glycerine
according to scheme 25 (27,72), by phenols (73,77), tri-
ethanoclemine (15), triphenylsilandl (scheme 27)(15) and some
carboxylic acids according to scheme 26 (15).

The alkoxy group in 1-alkoxysilatranes snd hydrogen atom
in 1-hydrosilatranes are easily replaeced by helogen atoms in
reactions with hydrogen halides HX (X = F, Cl, Br) (15).
(schemes 28 and 37), with phosphorus aend sulfur haglides,
M(O)Xa, where M = P,S, CH_P; X = Br, Cl1, F (91); with free
halogens {schemes 35,36) (15,96; and N-halosuccinimides
(scheme 38) (15).

The dehydrocondensation reactions of hydrosilatrasne and
its C-substituted derivatives with alcohols, phenols (94),
alkanediols (72,93), acids (94), carbohydrates (95,95a) and
cholesterine (95b) proceed reedily according to schemes 33
end 34, The high reactivity of the Si-H bond in the silatrane
a2llowed it to be used as e reducing agent for benzyl bromide,
benzoyl chloride, acetone, some erldehydes, and azo- and
nitrocompounds of the aromatic series (212).
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1-Hydroxysilatrane enters characteristic reactions for
normel silatrenes (30) and {(31) (15,71).

Chemical transformations of 1-halosilatranes have not
been studied in detagil., Only the reaction of 1-chlorotri-
benzosilatrene with phenol has been described (79).

1-Vinylsilatrene can be hydrogilylated in the presence
of chloroplatinic acid as catalyst (102, 103). 3-Methylsub-
stituted 1-vinylsilatrane displays a higher reactivity in
reactions with perfluorcorganyl iodides according to scheme 44
(101,213), various mercaeptans (scheme 46) (60,61,214,215),
thioacetic and thiobenzoic acids than unsubstituted vinyl-
silatrane.

1-(Haloalkylliletranes react rather easily with elkeli
methal mercaptides according to scheme 40 (61,97,214) and
with sodium iodide. They also form phosphonic salts in react-
ions with triorganylphosphines {42) end undergo the arbuzov
reaction with trialkyl phosphites (scheme 41) (55,94,98). The
iodo derivatives have proved to be most reactive din these
reactionse.

1-Aminoalkylgilatranes easily form methiodides (35).

The smine group in 1-{(3'-aminopropyl)silatrene is reedily
acylated and alkylated (35,104) and enters the condensation
reaction with aldehydes as well (35a).

(Mercaptoalkyl)silatranes of type HS(CHz)nSi(OCHZCHZ)BN
{(n = 2-6), when heated with sulfur, form the corresponding
bissilatranylelkylpolysulfides, [N( CH,CH,0 ) 351( CH, )n] >5m
where m = 2-6 (215).

The data of the first authort's investigations in the
field of chemisiry of siletranes were reported at numerous
international symposia and conferences ( 221-244), The results
on biological activity of silatranes are summarized in
several reviews and monogrephs (1, 4,10,11,16,21,245,246).

We thank Dr., V.,A., Pestunovich for several interesting
digcussions and valuable interpretation of physical data.
We also are grateful to Drs. Yu.L, Frolov and E.I. Brodskaya
for their kind help in writing the spectroscopic sections of
the present review,
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APPENDIX

Since the publication of the present review was somewhat
delayed and the investigations in the field of chemistry,
physics end biology of silatranes have developed rather exten—
sively, the authors consider it desirable to complement this
work with up- dated 1literature date which has appeared until
the end of 1980.

Recently a monograph "Silatranes" and a review by M.G.Vo-
ronkov and V.M.Dyakov (247,248), a review by V.F.Sidoxrkin, V.A.
Pestunovich and K. G.Voronkov (249) devoted to the physical
chemistry of silatranes heve been published in the USSR. The
biological activity of silatranes has been elucidated in detail
in a review by I.G.Voronkov (4a, 250).

The up-to-date material is presented in the Appendix in
the same order as in the main text of the review, the numerat-
ion of the list of references continuing that in the main text.

Chapter I. HETHODS OF PREFPARATION
T.1.Transesterification of Si;Substituted Trislkoxysilanes

Transesterification of unsaturated organ&ltrialkoxysilanes
by triethanolemine without a catalyst leads to the l-organyl-
silatranes, XPSi(OCHZCHz)BH having a double or triple bond or,
in some cases, a triorganyl- or diorganylsilyl group in a hyd-
rocarbon radical at the silicon atom (X = HC=C, HZC=CCEC,
CGHBCEC’ 06H50H=CH, (CHB)BSiCEC, (CHB)BSiCH=CH, CGHB(CHB)ZSi'
CH=CH, HCEC(CH3)2310H=CH, (CHB)BSiCH=CHSi(CH3)ZCEC, (CH3) 381~
CH:CHSi(CH3)20H=CH). The reaction was carried out in enisole
on cooling or under slight heating (251).

The reactiocn of 4-alkeryliriethoxysilanes with triethanol-
amine in the presence of its sodium alkoxide has given the
corresponding 1-(4'-alkaryl)silatranes, 4-R-06H4Si(OCH20H2)3N
(R = Colls, (CH3)2CH) in 90% yield (252). The same method has
been used for the synthesis of 1=-(4'=vinylphenyl)silatrane
(253).

A number of 3-substituted silatranes have been obitained by
the reaction of orgenyltrieslkoxysilanes with trialkenolamines
(254).

XSi(OR)B + (HOCHZCHZ)Z(HOCHR'CHZ)N-—»XSi(OCHZCHZ)Z(OCHR'CHZ)N

X = CH3, R' = 06H5; X = 02H5, R' = ClCH2, C6H5;
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X = CH,=CH, R' = ClCH,, CGHS; X= ClCHz; R* = CH2=CH, ClCHZ;

2
X= CHBO, R' = C6H5; X = C6H5’ R*' = CH,=CH, CGHS’ C1lCH,;
X = C6H5CH2, R' = chS

A series of 1-organylsilatranes which are adamantyl substi-
tuted was prepared by treating the corresponding organyl-
trialkoxysilanes with triethanolamine (255).

AdR'Si(OCZHS)3

R' = -CH2CH2-, -C6H4—, —C4H28— {(thienyl)

e

myreatment of tetraethoxysilane with triethanolamine and
substituted phenols has afforded phenoxysilatranes of general
formula R-C6H4OSi(OCH2CH2)3N (R = 02H5000, 03H7OOC (256), R =
CH3, CZHS’ (CHB)ZCH’ CH2=CHCH2, Ccl, Br, CHBO, N02, HHZ (257)
or 2,4,6-R306H251(OCH20H2)3N R = CH3) (258).

3~Methyl-, 3,7-dimethyl- and 3,7, 10=-trimethyl derivatives
of 1-(iodomethyl)silatrane have been prepared by transesteri-
tication of iodomethyltrimethoxysilane with the corresponding
trialkanolamines (259).

The alkali hydroxide-catalyzed reaction of dichloromethyl-
trialkoxysilanes or dichloromethylalkyldiethoxysilanes with
triethanolamine involves loss of a Cl,CH group leading to the
formation of 1-alkoxy- or l-alkylsilatranes, respectively, in
guantitative yield (260, 261).

+ (HOCHZCHZ)BH-———*—AdR'Si(OCHZCHZ)BN

Ad

C120HSi(OR)3 + (HOGH2CH2)3N ——————a—ROSi(OCH2CH2)3N + CH2012
0120HRSi(OR')2 + (HOCHZCHZ)BH —————*-RSi(OCHZCHz)BH + CH2012
The reaction of triethanolamine with 1-cyanoethyltrimethoxy-

silane and i-carbomethoxyethyltrimethoxysilane proceeds ano-
malously to give l-methoxysilatrane (262).

+ (HOCH20H N-—-CH OSi(OCHZCHz)BN + 02H5X

3CHXSi(OCHB)3

X = CN, CH;0C0

This reaction is another example of the formation of & sil-
atrane ring due to loss of the electronegative organic group
from silicon by cleavage of the Si-C bond., Especially interest-—
ing is the fact that the Si~C bond breaks more easily than the
Si-0 bond. : :
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An attempt to synthesize 1-organylsilylmethylsilatrane,
RBSiCH2Si(OCH2CH2)3H, having a methylene group between two
silicon atoms, was unsuccesiul due to Si~-C bond cleavage in
the presence of an alkali catelyst (263). The main reaction

CH3(C2H50)2SiCH2$i(002H5)3 + (HOCH2CH2)3H5—>CH351(OCHZCHZ)BH

1-(2'-0,0-Dialkylphosphonmethyl)silatranes have been
obtained by treatment of 2-(0,0-dialkylphosphonmethyl)trialk-
oXysilanes with tris(2-oxyalkyl)amine in the presence of alkalil
alkoxide as a catalyst (264).

(RO)ZPKO)CH20H231(OA1K)3 + (HOCHR'CHZ)BN

!

(RO)ZP(O)CHZCHasi(OCHR'CHZ)BN
5» RT = CHj

Unlike the corresponding organylthiomethyltrialkoxysilanes,
transesterification of alkyl(methyl)trialkoxysilylmethylsulf-
onium iodides by triethanolamine requires no catalyst and
leads to sulfonium salts of the silatrane series (243,265,266).

R = CZH

-IR(CH3)§CH251(OR')3 + (HOCH20H2)3N**TIR(CH3)§CH281(OCH2CH2)3E
R = CH3, C2H5; R' = CH3

A side-product of the reaction is alkyldimethylsulfonium
iodide, -IR(CH3)28+. The formation of this substance seems to
be due to decomposition of the silatrane sulfonium salts
obtained under the action of triethanolamine or the alcohol
evolved during the reactiorn.

Treatment of ethylthiocethyltrimethoxysilane methiodide by
triethanolamine in an alcohol medium resulted in only S-
cleavage and formation of triethanolamine iodchydride (265).

Bissilatranylalkylpolysulfides, [N(CH,CH,0)551(CHp), ]S,
can be obtained from the corresponding trialkoxy derivatives
and triethenolamine (267).

Fuaryl- and thienylsilatranes, X;Si(OCHZCHZ)BN (X = furyl,
S-methylfuryl, 2-furylethyl, thienyl) were prepared by trans-
esterification of cbrresponding hetexyltrialkoxysilanes with
triethanolamine (268).

Heating of carbofunctional organyltriethoxysilanes,
X(CHz)n_Si(OczHS)3 (n = 1-3, X = N-heterocyclic substituent or
acetamido group) with triethanolamine in benzene or xylole



has led to the corresponding organylsilatranes (35a).

X(CHz)nSi(OCZHS)B + (HOCH20H2)3H-—*—X(CHa)nSi(OCHECHZ)BH

X = aziridinyl, n = 2; X = morpholinyl, n = 1,3; X=pyridazinyl,
n = 3; X = phthalazinyl, n = 3; X = CAHQ(CHBCO)II, n=1;
X = CH3CONH, - = 3

Glycosyl silatrane acetates have beenr prepared by trang-
esterification of corresponding triethoxysilyl derivatives of
glucose, galactose and xylose acetates with triethanolamine

(269).

1.2. From Other Compounds of Type RSiX3

A series of C-substituted l-organylsilatranes can be readi-
ly obtained from the corresponding organyltrichlorosilanes
and tris(2-oxyelkyl)amines or their hydrochlorides (270).

RSiC1ly + EHOCH(CHB)CHz]n(HOCH20H2)3_ﬁFmH°1

RSi [OCH(CH,)CHy| | (OCH,CHp) 5_ W+ (3+m)HCL
R = CHy, CpHg, C1CH,, CL(CHp)j; n = 1-3, m = O-1

When m = O the reaction is catalyzed by the compounds
capable to generate hydrogen chloride (alcohols, alkenolamine
hydrochlorides) while reszcting with chlorosilanes. This
recaction proceeds mainly at 140—180°C or at the boiling point
of the initial organyltrichlorosilane, However, when m = 1
the reaction proceeds without a catalyst even at room tempera-
ture and completes by heating the reaction mixture in vacuum.
If an organic group at silicon is readily cleaved by HC1l the
reaction of RSiCl3 with tris(2-oxyalkyl)amines or their hydro-
chlorides affords the corresponding C-methylsubstituted 1-
chlorosilatranes (270).

RSiCl, + EHOCH(CHB)CH2]n(HOCH2CH2)3_ﬁNmH01

¥
c1si [0CH(CH,)CH,]  (OCH,CH,);_ N+ RH + (2+m)HCL
R = CH2=CH, CGHS
The above compounds are also the products of the reaction

of tris(2-oxyalkyl)amine hydrochlorides with 2-chloroethyl-
trichlorosilane due tolﬁ—elimination of the initial silane,
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C1CH,CHS1C1, +[HOGH(CH,)CH, |, (HOCH,CH,) 4 NRHCL

|

¢151 [OCH(CH,)CH, | (OCH,CH,)5_ ¥ + CHp=CH,

A new synthetic route to l1-organylsilatranes is the hydro-
condensation of organylsilanes with triethanolamine in the
absence or presence of transition metals, for example, cobalt
tetracarbonyl (271).

RSiH3 + (HOCH20H2)3E ——*—RSi(OCHZCHz)BH + 3H2
R = CH3’ n~C8H17, C6H5’ C6H50H2, 4—C1C6H4’ 4-CH3006H s
4—(CH3)2H06H4, 3-F3006H4, 4—CH306H4CH2
However, this method is mainly of theoretical interest.
PTreatment of organyltrifluorosilanes by tris(2-trimethyl-
siloxyethyl)emine has led to the corresponding orgenylsil-
atranes (272-274).

s 5 L T — 3 7 5
RSIFy + [(CHB)BS-OCHRCHZ]B. RS1(OCHRCH,) 5N + 3(CH;);SiF

15, 3CGH4COOCH2, FC6H4COOCH2; R* = H, CH3

A gimilar reaction of 3-perfluorocacyloxypropyltrifluoro-
silanes with tris(2-trimethylsiloxyalkyl)amines has been used
for the preparation of 1-(3'-perfluorcacyloxypropyl)silatranes

(275).
R;COO(CHy) 5SiF; + [ﬁ0f3)3SiOCHRCH2]3H

RFCOO(CH2)BSi(OCHRCH2)3N + 3(CH3)BSiF

R = C6H5COOCH CH

Rp = CFB’ C3F7; R =84, CH3
These compounds could not be synthesized according
to the classical scheme from the corresponding organyltrialk-
oxysilanes and tris(2-oxyethyl)amines.
Treatment of organylitris(dimethylamino)silanes with the
corresponding trialkanolamines has afforded 3-substituted

silatranes (254).
XSi H(CH3)2]3 + (HOCH2CH2)2(HOCHRCH2)N

XSi(OCHZCHa)a(OCHRCHZ)H
X = CH3’ R = CGHB; X=R= CGHB

Silatranes with a germatranyl group in the A -~positiorn to
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silicon have been prepared according to scheme (263):

lcomy) u] gsicH,Ge [1(CH,) ] 5 + (HOCH,CH,) M

N(CHchZO)BSiCHZGe(0CH20H2)3N

The low yield (30%) of the above compound seems to be due to
steric hindrance, The steric factors are likely to be respon-
sible for failure in attempts to synthesize bis(silatranyl)-
methane by the same method (263).

2.1, Transformations of 1-Alkoxy- and 1-Oxysilatranes

Transesterification of 1-ethoxysilatrane by ethanolamine
and its N-alkyl derivatives, R,NCH,CH,O0H R = H, CH3, C2H5)
as well as by aminophenol affords the corresponding 1-(2'-
aminoorganoxy)silatranes (276).

CZHSOSi(OCH20H2)3N + ROH —~——>~ROSi(OCHZCH2)3N

R = (CH3)2NCH20H2’ (C2H -NCH,CH,, H,NCH,CH,, 2-H,NC H

5) 4

The reaction occurs without solvent in the presence oxf
sodium ethoxide as the catalyst. Use of 2-oxypyridine in this
reaction has made it possible to obtain 1-(2'-pyridonyl)sil-
atrane, the first compound of the silatrane series with the
silicon atom directly bound to the nitrogen atom (276).

OF

- i
CN:*- H, S+ C,H.0Si(0CH,CH,).N
\_7# _ 2% vHatta/3
<\ SNS1i(0CH,CH,) 4N

fl
0]

2.2. Reactions of 1-Hydrosilatrane

The exchange reaction of 1-hydrosilatrane with triphenyl-
helomethanes provides a2 convenient method for the synthesis
of 1-halosilatranes (116a, 277).

HS1(0CH,CH,) ;N + (CgH X —X5i(0CH,CH,) N + (CgHg)3CH
X =¢1, Br

5)3C

At room temp rature and in CH Xz, the reaction proceeds
via an ionic m chanlsm and is of second order, With X = Br
the exchange- rate of (C6H5)30X with hydrosilatrene is higher
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then with X=Cl thet.is consistent with different dissociating
ability of these halides. A radicel mechanism is suggested
for the above reaction in benszene at 80°C. The EPR spectrum
displays & (CGH5)BC' gignal only in the presence of l-hydro-
silatrene. The latter shows the reaction to involve a sil-
atranyl radical (278).

HSi(OCHZCHZ)BH > 'Si(OCHaCHZ)BN + H*
’Si(OCHQCHQ)BN + (06H5)3cx——XSi(00'52032)3N + (CGH5)3-C°
HS1(0CH,CH,) W + (06115)30’ — "S1(0CH,CH,) W + (06H5)30H
1-Hydrosilatrene reacits with polyhalomethanes (CH2012,
CHClB, CHBrB) in the presence of tert-butyl or benzoyl per-
oxide to give the corresponding i1-~halosiletranes (278,279).
The latter are 2lso obtained by treatment of 1-hydrosilaetrene
with trimethylchloro-~ or trimethylbromosilane in the presence
of quinoline (277).
HSi(OCHZCHz)Bﬂ + (CH3)3SiX-—ﬂ—XSi(OCHZCHZ)BH + (CHB)BSiH
X =201, Br

2+.3. Reactions of Halo-~ and Haloalkylsilatranes

The exchange of halogen atoms between l-chlorosilatranes
and potassium fluoride occurs in HLPT a2t 100°C (277).

c15i|OCH(CH;)CH, | (OCH,CH,) 5 W + KB

psifocH(cH;)C0H, | (OCH,CH,) 5 W + KoL

n = Q=3
The reaction of l1-iodomethylsilatrane with tertiary amines
hes given the corresponding quartenary ammonium salts (280).

+
ICHZSi(OCHZCHZ)BN + B — 'IBCsti(OCHZCHZ)BN
B = (CH3 )BN’ (CH3)2I-ICH20H2N(CH3)2, CH, (CH2)4I\T, o (CHZCHZ) SNH,
CgHzN (pyridine), CgH M (quinoline), C gH5MH,

The action of dimethylethenolamine on 1-iodomethylsilatrane
causes cleavage of the Si-C bond and formation of 1-(2'-di-
methylaminoethoxy)silatrane methiodide (280).

(CH3)2NCH20H20H + ICHZSi(OCHECHZ)BN

}

+
I (CHB )2NCH2052031 (0CH2CH2)3N
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In contrast to this, treatment of l-iodomethylsilatrane with
acetylcholine yields the corresponding quartenary ammonium
salt, ‘ICHBCOOCH2CH2(CH3)ZNCHZ,i(OCHZCHZ)BN (280).

Treatment of 1-(haloelkyl)silatranes with thiourea has led
to the corresponding isothiuronium salts of silatranes (281).

2.4e Addition to 1-Vinylsilatranes

Furyl- and thienylsilatranes containing e second silicon
atom between the silatranyl group and the heterocycle have
been prepered by hydrosilylation of 1-vinylsilatrene with the
corresponding heterylhydrosilanes (268). The reaction were
carried out in benzene in the presence of H,PtCl, as catalyst.

(CHy), R SIiH + CT2=CHSi(OCHZCH2)3N
(CHB)B_anCHZCHZSi(OCH20H2)3H
R = 2-furyl, 2-thienyl, n = 1-2

Addition of 2,5-bis(dimethylsilyl)thiophene t0 1-vinylsil-
atrane leads to the compound heving two silatranyl groups (268).
H(CHB)ZSi-RpSi(CHB)zﬁ + ZCH2=CHSi(OCH20H2)3N

H(CH2CH20)BSiCHZCHZSi(CHB)2—R~Si(CH3)ZCHZCHZSi(OCH20H2)3N
R = C4HZS (2,5~%thienyl)

The addition of &£, W—~alkanedithiols to vinylsiletranes is
initiated fecily by not only UV irradiation, but also by
exposure to diffused daylight (in the latter case the reaction
proceeds much slower) (281, 282). Diadducts are formed when
the initial reagent molar ratio is 1 : 2 (281, 282).

HS(CH,)  SH + 2CH,=CHS1 [0CH(CH,)CH,] 4N

N{szcH(CHB)O]BSiCHECst(CHE)nSCHECHZSi[OCH(CHB)CHEJBN
n = 1=2

Phosphorus-containing l-ethylsilatrane derivatives have
been obtained by the addition of diphenylphosphine to l1-vinyl-
silatranes in the presence of radical initiators (264). With
R = CHj, the reaction may occur without initiators.

(CGHS)ZPH + CH2=CHSi(OCHRCH2)3N-—*—(C6H5)2PCH20H23i(OCHRCH2)3N

R =H, CH3
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2.5. Reactions of Aminoalkylsilatranes

1-(3'-Aminopropyl)silatrane was used as starting maeterial
for the synthesis of 1-gé'-(arylidenamino)propyl]silatranes(BSa).

HyN(CH,) 351 (0CH,CHy) 3N + RCHO —— RCH=N(CH,,) 551 (OCH,CH,) 31
R = 4-CH;O0CH,, 4-0,NCcH,, 4-C1CgH,, 4-HOCGH,, 4-(CoHS) NCGH,
Aminoalkylsilatranes, H,N(CH,) Si(OCH,CH,),N (n = 1,3),

react with hydrochlorides of 2-, 3-, and 4-guinoline carboxylic
ecids to form the corresponding amides (283):

7 ] CONH(CHZ)DSi(OCHQCH2)3H

> /\\I/

1-(3'=~Aminopropyl)silatranes are involved in the addition-
cyclization reaction with divinylsuifoxide (284). The reaction
occurs in ethanol at 40-60°C in 92% yield.

Hzﬁ(CH2)3Si(OCHZCH2)n(OCHRCH2)3~nH + CH2=CHS(O)CH=CH2
H

l

O:S(CH20H2)2K(CH2)BSi(OCHacHz)n(OCHRCHz)B_nE

R= H, CH3

Chapter 2. STRUCTURE AND PHYSICAL PROPERTIES
2.1. HNolecular Structure

Rew deta on the effect of Si-~ and C -substituents on the
siletrane structure have been obtained by X-ray diffraction.

The Si-} bond length and the extent of transannular inter-
ection are not affected much by the substituents in position
3,7,10 of the atrane skeleton. Thus, the Tgi 1 value in 1-
(chloromethyl)~3, T-dimethyl- and 1—(chloromethyl)-B,?,10—tri-
methylsilatrane is the same (2.12A) as that in the unsubsti-
tuted analog (1152, 285). In the molecule of 1-(chloromethyl)-
3,7-dimethylsilatrane the conformation of the silicon atom is
trigonal bipyramidal. The NC, group displays & flattened tetra-
hedron with the C~-N-C and Si-E-C angles being 113° and 105°,
regpectively (115a2). The average velues of valence angie at the
cerbon atoms exceed those of tetrahedrel angles (the N-C-C and
C-C-0 values are 112° and 114°, respectively). The average
velue of the Si-0 bond length in 3,7-dimethyl derivative sil-
atrane is slightly smaller than that in unsubstituted 1-(chloro—
methyl)silatrane (1.64 and 1.66&, respectively).
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A significant difference of the C-C bond length (especially
endocyclic)from normal values and the analysis of anisotropic
temperature factors suggest that most 0 and C atoms are in-
volved in vibrations with large amplitudes and high enhsarmoni-
city.

In the molecule of 3,7,10-trimethylsiletrane the Si - I
distence is 2.146 &, i.e., it is within the limits of normal
values for gsilatranes(286). The gilicon atom is in the centre
of a slightly distorted trigonel bipyramid. The mean values of
H~-8ji-0, W-Si-0 and 0-Si«0 angles are 96.0, 84.0 and 118.9°,
respectively. The atoms of silicon and nitrogen are displaced
from the plane of the three oxygen atoms by 0.167 end 1.973 A
respectively., The nitrogen atom lies by 0.369 & out of the
plane of the attached carbon atoms. The Si-0 bonds in the mo-
lecule are shorier (1.594 A‘ than in other silatranes siudied
by the X-ray method. Five-membered half-rings have a clearly

displayed C s—envelope configuration. The A -carbon atoms are
displaced from the half-ring plene by in average 0,51 A. The
“envelope" character is determined by He...H repulsion of hydro-
gen atoms in different half-rings. The G -envelope is energeti-
cally most favourable for the silatranes having no substituents
a2t endocyclic carbon atoms., With endocyclic methyl grbups, the
distance between the hydrogen stoms at ~{-carbon atoms and
those of the methyl groups is too short for such a conforma-
tion. Owing to this, the qp-envelope conformation is energeti-
cally more advantegeous.

The molecular structurc of two silatranone derivatives,
X~51 (0CH,CH,) 5, (0COCH, )T (X = 4-P-CcH,, 3—CF3—06H4) have been
investigated to reveal the effect of the carbonyl group upon
the geometry of the silatrane skeleton (287, 288). The C=0
group does not affect muchthe Si - N distance. The lengths of
+he Sl — N transenmler bond are 2.106 (X = CF306H4) and
2.129 & (X = FCgHy)e The silicon atom dev1ates from the plane
of the three equatorial oxygen atoms by 0.186 R X = CFBC H, )
end 0.196 2 (X = F06H4) in opposite direction to the nitrogen.
The distances of nitrogen atom from the plane of the adjacent
carbon atoms are 0.385 end 0.386 A for X = CP;CgH, and FCeH,,
respectively. In both compounds the Si-0 bond in the Si-0-CO
moiety is longer than the other two. The carbonyl group seems
to reduce the interaction between the gsilicon and oxygen atoms
end also gtrengthen the 0=-C bond in the S5i-0-CO unit. The 0-C



112

bond is nearly 0.1 K shorier than the other two . llevertheless
the C=0 double bond 1s well localized. The trifluoromethyl-
phenyl derivative contains a disordered CF3 group.

The Si - ¥ bond length is rather sensitive to the electronic
effect of the substituent X at silicon (116a, 287-289). The
dependence of the Si — N bond length (rSi-N) in silatranes on
the 6f; constants is described by the following equation (1162):

rg; ;= 2.20(30.01) - 0.063(30.006)65; r = 0.947

A shoriter Si -~ T distance (2.02 K) has been found in the
1-chlorosilatrane molecule where the S%OB group is ngarly
planar (116a). The Si-Cl length (2.15 A} is by 0.13 A grester
than in molecules with a tetrahedral silicon atom. These data
agree with the theory of the hypervalent X-Si-N bond in the
siletrane molecule,

The Si-¥ bond length in l-phenyl-3,7-dimethylhomosilatrane
ettains 2.42 & (290).

The structure of l-methylsilatrane has been investigated by
gas—phase electron diffraction at 185°C (291). The resulis is
quite different from the solid-state resultis. The most drastic
difference is the distance betwecen the Si and N atoms. It
appears that the gas-phase molecule exhibits weaker inter-
action between the silicon and nitrogen atoms. The Si-N¥ bond
length is much longer compared with the solid-state structure
(2.45 and 2.17 K, respectively). The other distance parameters,
with the single exzception of the C-C distance, are systemeti-
celly smeller than the comparable parameters obtained by X-
ray. The geometry at the nitrogen atom is remarkebly similar
to the structure of trimethylamine. The geometry at the silicon
atom is more nearly tetrahedrel in the gas phase than the pro-
posed trigonal bipyramidel geometry associated with penta-
coordinate silicon.

A model for the mechanism of a hypothetic nucleophilic
displacement reaction at the tetrahedral silicon atom with a
stable trigonal-bipyramidal intermediate has been obtained
from X-ray data of Si-substituted silatrenes (292). It is
shovm thet the order of the hypervalent X~-Si~-N bond in the
silatrane molecule is a constant value and the substituent
X influences the valent state of silicon and nitrogen to the
same extent.

IRDO computations of the l-methylsilatrane molecule with or
without 3d orbitals of the silicon atom have confirmed the
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presence of the transannular Si«H bond (293).
2.3. Dipole HMoments

Dipole moments of a number of silatranes, X—Si(OCHZCHZ)BH
(X = CHB, CZHBO’CGHS’CGHSO’ 4-0106H4O) have been measured in
benzene at 25°C (289, 294). The dipole moment of the silatrane
molecule increases with increasing electronegativity of the
substituent X.

The temperature dependence of dipole moments for three of
these silatranes (X = CHB’ CGHSO’ 4—ClC6H4O) has been inves—
tigated within the 20-7T0°C range. When the temperature rises
the dipole moment of l-methylsilatrane decreases slightly,
that of 1-(4'-chlorophenoxzy)silatrane increases, and that of
1-phenoxysilatrane apparently does not change. This enables
one to suggest that the increase in temperasture resulis in
lengthening of the Si-!¥ bond in 1-methylsilatrene; however,

a more significant effect is produced by a decrease of 'point"
charge. On the other hand, in 1-(4'-chlorophenoxy)silatrane,
the Si-—XN bond length is shoriter and the "point" charges are
higher than in l-methylsilatrane and the lengthening of this
bond due to temperature increase is not sufficient to reduce
the dipole moment. In the case of 1-phenoxysilatrane, the
influences of the two opposite effects are cancelled.

From the dipole moments and X-ray structural data of sil-
atranes, XSi(OCHZCH2)3H, it was possible to calculate the
dipole moments of the silatrane skeleton (3.0, 2.7, 2.7 and
3,0 D for X = CH3, CH5=CH, Cglg, C1CH,, respectively) and the
trangsanmular Si<H bond (1.4, 2.3, 2.4 and 3.0 D for the same
X, respectively) (295, 296). As the electronegetivity of the
substituent X at the silicon atom increases, the dipole moment
of the Si--N bond increases and is indicative of an increasing
charge-transfer from nitrogen to silicon.

The dipole moments of 1-(ethylthioalkyl)silatranes,
CZHSS(CHz)nSi(OCHRCHz)mH (n = 1-2, R = H, CH3), have been
measured (297). The dipole moments of C-methyl substututed
silatranes are slightly higher than those of the corresponding
unsubstituted analogse.

The calculeted dipole moments of the Si--¥N bond in 2-homo-
silatranes, XSi(OCHchZ)2(OCH20H26H2)H (X = CH3, CH,=CH, C6H5,
ClCHZ) show that the polarity of this bond is appoximately
by 1D lower than that in the corresponding silatranes (296).

The above dipole moment values of the Si<-N bond for the
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same organylsilatranes and 2-homosilatranes were used in the
estimation of the heats of the formation (-AH) of this bond.
Depending on the nature of the substituent attached to the
silicon etom, the heat of formation values are 5-15 kcal/mol
for silatranes and 3-11 kcal/mol for homosilatranes (296). The
lower Si<N heat of formation for 2-homosilatranes is likely
to be releted to a Si-~-N bond lengthening (i.e.., a lower
charge transfer as compared to that in silatranes) due to
steric repulsion of the nitrogen atom on insertion of e CH2-
group in one of the half-rings ofthe gilatrane skeleton.

The dipole moment of the Si-N trenssnmmulsr bond in l-organyl-
silatranes has been estimaeted to be 2.3 D, which is consistent
with a charge transfer from nitrogen to silicon of 0.27%0.05 e
(298, 299).

204, Vibrational Spectra

The IR spectra of furylsilatrenes, R(CHZ)nSi(OCHZCHZ)BH
(R = 2-fuxyl, S-methylfuryl, n = 0-2), have been discussed in
terms of Si--IN interaction and, in the case of corresponding
2-furylalkoxy- and 2-furyl(aminoalkoxy)silanes, (p-d); inter-
actions (300).

The IR end Raman spectra of silatranes do not change in
going from the crystalline to the liquid state (301).

It has been concluded that VSi—H stretching vibrations in
silatranes should be in a region lower 400 cm™ | (301-302).
However, even the simplest spectrum of 1-hydrosilatrane dis-
pleys no well-defined bends. Therefore, the asgignment of band
cen be a rather approximested one. Although calculations give
a VSi-H value of 334 cm71, it is not possible to assign eny
certain fregquency in the low~frequency region to the VSi~N
stretching.

A comparison of IR spectra of silatranes, XSi(OCHZCHZ)BH
end analogous 5I-I--labelled compounds has enabled & band in
the 320-390 cm."'1 region to be assigned to absorption of the
Si=N bond (with X = CHB’ CH2=CH, CG?S’ ClCHZ, CH30, the,VSi_N
value is 351, 386, 359, 320, 377 cm ', respectively) (296).

The Si=-N vibraetionael frequency is e linear function of the
bond length. However, the asgignment of the bahd using its
isotopic shift is not sufficiently reliable if the mode of
vibration is unknown and no complete calculation of the
vibration is available. Therefore, the conclusion drawn in
(296) needs further confirmation. '
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Si<1I force constants and bond energies have been estimated
to be 0.565-0.790 dyne/cm and 23.5-27.4 kcal/mol, respectively
(296). On the basis of IR data the force constant (0.5dyne/cm)
and energy of the transammular Si— bond in T-organylsil-
atranes (2212 kcal/mol) have been calculated (298, 299). These
data are in good agreement with a previous quantum-chemical
calculation (133).

IR spectra of compounds of the type Z-ArOCHQCOOCH2Si-
(OCH20H2)3H (Zz = 4-C1, 2,4,5—013) have been studied and the
carbonyl group stretching intensity has been measured (303,304).

2.5. Ultraviolet Spectra

According to the data of electronic spectroscopy, silatranes,
XSi[bCH(CHB)CHZ]BH with X = CHB’ CH,=CH, NCCH,CH, form hydro-
gen bonds with phenol (305). The associates are consistent with
a 1 : 1 composition, Equilibrium constants, free emncrgies,
enthalpies (6.0-7.5 kcal/mol) and the entropy of hydrogen bond
formation have been determined. The data obtained do not solve
unambiguously the question concerning the centre of phenoli-
silatrane coordination, although it is almost certein that it
is the oxygen atoms.

The electronic spectra of tetrecyanoethylene complexes with
1-(organylthioalkyl)silatranes, RS(CH,),Si(0CH,CH,),  [0CH(CH;)-
CH2]3_n€ (R = CH3, CpHg, C3H,, n~C,Hg, t-C,Hg, CH,=CHCI,,
m=1, n=3; R = C6H50112, m=1, n=1,2; R = C6H5, m= 2,

n = 3) were compared with the spectra of TCEE-RS(CHz)mSi(OR')3
R' = CHB’ 02H5) complexes (306). The charge-transfer bands

of the former appear at longer wave-lengths than those of the
latter. This has been explained by the Si-~-I interaction. The
ionization potentials of the donor were calculated from the
charge-transfer band frequencies and were correlated with
inductive and steric constants of substituents at silicon.

The UV spectra of silatranylmethyl esters of aroxyacetic
acid have been studied and compared with those of the corres-
ponding trialkoxysilyl derivatives (304).

2.6, MMR Spectra

The linear dependence between the CHyN chemical shifts
and the Si-<-N bond length in the molecule of silatranes,
XS1i(OCH,CH,) 3N (X = CH5, GoHg, CgHg, CICH,, C1(CHy)5) is
observed (307).
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For a series of silatrenes, XSi(OCHZCHZ)BH (X = H, CH3,
CZHS’ ¢l, Br, HO, CHBO, CZH5O, C6H50) the rilation between the
ring proton chemical shifts and the.5& andigR constants is
described by the following eguations (307):

Ooci. = 3-823 + 0.46567 + 0.2615;; r = 0.989, s = 0,014

= 2.866 + 0.4336, + 0.3425°: r = 0.989, s = 0.015

The above correletions show that both the inductive and
resonance effects of the substituent at silicon do affect the
extent of Si+—1I transannular bonding.

The chemicel shifts in the H FER spectra of a series of
gulfur~containing l-organylsilatranes, YCH2Si(OCH2CH2)3N
ly = CH3S, Cszs, t—C4H95, CGHSCHZS’ CH3S(0), CGHscHZS(O)],
and the corresponding sulfonium salts heave been shown to be
determined by steric hindrance oif the substituent at silicon
and sulfur valency (184a, 307, 308).

The KMR shifts induced in 1-chloro-, l-methyl-, and 1-
(chloromethyl)silatrane by complexes of 1-ethylimidazole with
HiCl2 or 00012 indicate that coordination of the silatranes
to the metal jions involved the niirogen atom (309, 310).

The basicity of oxygen atoms in l1-methylsilatrane and 1-
methylhomosilatrane has been determined using a peramagnetic
Eu(DPEI)3 shifting reagent and shown to increase in the follow-
ing order: methylitriethoxysilane < T-methylhomosilatrane <
T-methylsilatrane (138).

9F Chemical shifts to higher field relative to CFCl3 are
observed in HiR spectra of 1-fluoro- and 1-fluoro-3,7,10-tri-
methylsilatranes et 142.8 and, respectively, 141.1 (asymmetri-
cal diastereomer) and 140.2 (symmetrical diastereomer) p.Pel.
(178). A lower 'Jg,  value for 1-fluoro-3,7,10-trimethylsil-
etrane (131.2 Hz) as compared with that for fluorotriethoxy-
silane (199.1 Hz) is due to a decreased s-character oi the
Si- bond of the former.

1H, 130, 15H and 295i NER spectra of 15H-labelled silatranes,
X.Si(OCHQCHZ)BH (X = CHB, CH,=CH, C6H5, C1CH,, CH30, 02}150)
con{irm the presence of the Si~—N transennular bond (295, 311,

312, 313). The 5}5 chemical shifts correlate with the Tait
jel

inductive constants of substituents X =2t the silicon atom
(295, 311) and the calculated Si+N dipole moments (295). This
shHows that the change in the nitrogen nucleus shielding is
mainly explained by chaerge transfer from nitrogen to silicon.
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Yeasurement of the direct 15H—295i spin-spin coupling constant
in 1-chloromethylsilatrane (1.5 Hz) is the most reliable
experimental confirmation of the donor-withdrawing Si-—1 bond
in siletranes (311). Evidently, this constant reflects trans-
mission of the spin information through the Si<~H bond since
it is unlikely that the interaction of such a value can be
trausmitted through a system of 15H—C—C-O~295i bonds.

The solvent effects on the chemical shifts in '°N and 275i
HMR spectra of Si-substituted silatranes, XSi(OCH2CH2)3K (X =
CHB’ CH2=CH, ClCHa, CaHSO) have been investigated in detail
(311, 312, 314, 315). It has been showvm that the linear

relationship between o and 5_ measured in various
155 2951

solvents exists not only for the t-methylsilatrazne (314) but
also for 1-vinyl-, l-chloromethyl and l1-ethoxy derivatives of
silatrane (315). The nitrogen-15 chemical shifts of these sil-
atranes depend on the polarity and electrophilic affinity of
the solvent (313, 315). The investigation of the 22Si NIR
spectra of polycrystalline siletranes, XSi(OCHZCHZ)BH (X =
CHB’ CZHS’ CH2=CH, C6H5, CZHSO’ ClCHZ, C1l,CH, ICHz,F) shows
that the influence of the crystalline field on the extent of
transannular interaction, peculiar to silatranes in the solid
state, does not exceed the effect of & highly polar solvent
(Diso, HZO) (316). At the same time, the increase in the Si-K
bond strength under the substituent effect is accompaniced by
the decrease in the solvent effect.on the '2¥ and 27Si FIR
chemical shifts of silatranes (315, 316). These data were
explained by the lowering of itransammular Si~—1I interaction
in going from the solid to the solution state. Such a
weakening of the Si<~—K bond has been found to be greater the
less strong is this bond and the less is the polar and
electrophilic ability of the solvent used (315).

Investigation of the '°C, '”N and 27Si WMR spectra of C-
substituted silatranes, C6HSSi(OCHRCH2)(0CH2CH2)2H (R = CH3’
CH2=CH, C6H5, ClCHz) has shown that endocyclic substituents
enhance the Si<«H transannular bond due to hindered conformat-
ion transitions (317).

Investigation of silatrames, XSi(OCH20H2)3H (X = CH}’C6H5’
C2H50, C6H50’ 4—ClC6H4O, 4-02N06H4) has been performed (289,
318). The data for aryloxysilatranes indicate that the effect
of the substituent in para position on the 2931 chemical
shifts can be practically neglected.
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According to 130, 15E and 29Si ¥R data. for homosilatranes
Xui(OCHZCHZCHZ)(OCHZCHZ)ZJ X = CH3, CH2=CH, CGHS’ CHzcl,
4—Br06H4) and carbasilatranes XSi(CH2CH20H2)(OCH20H2)2H (X =
CHB’ CGHS),the expansion of one of the rings or substitution
of oxygen in the silatrene skeleton make the Si<H¥ bond weaker

(317).

2.8. llass Spectra

llass spectrael fragmentetion of Si-substituted silatranes,
XSi(OCHZCHZ)BII (X = CH,=CH, CH,=CCl, HC=C, CsHsczC, 06H5,06F5),
depends on the nature of the substituent X and may proceed in
two directions: 1) loss of the substituent X to give an ion of
the silatrane skeleton: 2)cleavage of the silatrane ring with
reteniion of the X-Si bond (319). The first route is more
characteristic for silatranes with X = CH2=CH, CH2=001, CGHB’
C6F5. The molecular ion intensity is very low. The second route
is observed in silatranes with a C=C bond.

In the mass spectra of Si-substituted homosilatranes,
XSi(OCHRCH2)2(OCH20H20H2)H (R = H, CHB’ X = CHB’ CH2=CH,_06H5,
OCHB) and 2,8,9-triazasilatrenes, XSi(HHCHZCHZ)BH,(K = CH3,
CH2=CH, C6H5), the molecular ion peak is low intensé (320,
321). In spectra of most compounds (exept homosilatrane with
R=H, X = CH2=CH and OCH3 and 2,3,9-triazasilgiranes with X =
CH2=CH) the =X ¥ peak is most intense. Further fragmentation
of this ion proceeds stepwise, in several parallel routes
involving elimination of neutral molecules of ethylene,ethylene
oxide and propylene oxide.

The fragmentation of Si-substituted homosilatranes with R =
CH3 proceeds in a similar way. The first step also is a break-
age of the substituent X from the silicon atom. This is fol-
lowed by cleavage of the silatrane ring occurring in several
directions. Prior to fragmentetion, the molecular ion of homo-
silatrane dexrivatives with R = CH3 is likely to undergo iso-~
merization with the S5-membered ring being enlarged by inclusion
of the methyl group.

Along with above cleavage of the X-Si bond, methoxyhomo-
silatranes with R = H and CH3 undergo loss of neutral CQHBO‘
and CBHSO‘ species without previous abstraction of the CHBO
group from silicon.

Loss of the substituent X in the triazasilatrane molecule
is followed by cleavage of silatvane skeleton with a consecu-
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tive elimination of two ethylenimine molecules (320).

2.9. Studies by Other Physical llethods

K, -spectra of Si- and C-substituted silatranes,
KSi\OCHRCHZ)BN (X =H, CH,, R=H; X =R = CH3) as well as
thoge of a number of model compounds, i.e., organyliriethoxy-
silanes and monocyclic compounds, (CH3)2Si(OCH20H2)2Y ¥ = 0,
NCH,), have been obtained using the X-ray fluorescence method
(322). The change in hybridization of the central silicon atom
from sp3 in orgenyltriethoxysilanes to trigonal-bipyramidal in
silatranes and the formation of transannular Si-=H bond are
accompenied by a considerable increase (by 25%) in the positive
charge on the silicon atome. Introduction of three methyl groups
in the position 3, 7, 10 of the siletrane skeleton causes no
additional change in the charge on the silicon atom.

Z-ray fluorescence K - and K _-spectra of the sulfur atom
in l-organylthiomethylsilatranes and their sulfonium salis
have been studied (323). Silatranyl carbohydrates have been
analyzed using gel chromeatography (324). The applicability of
gas chromatography to the resolution of silatranes at 200-250°C
has been demonstrated (325-328). Retention indices were
measured for 48 compounds of this class. The relationship
between the observed retention characteristics and silatrane
structure has been examined. The retention values observed
correlate well with both the inductive constants of substituents
at the silicon atom and the dipole moments of silatremnes. The
extremely strong interaction of silatrane molecules with the
stationary phase has been attributed to the influence of the
transannular Si=HN bond (327).
3,7-Dimethyl~, 3,7,10-trimethyl-, and 3,7-diphenylsilatrane
diastereomers were resolved by gas chromatography on medium-
polarity columns (326). Individual diastereomers of l1-methyl-
3,7,10-tris(trifluoromethyl)silatrane have been separated by
GILC (329). The symmetrical isomer, m.p. 90°C was the first to
eluate. The unsymmetrical isomer has a melting point of 157°C.

Chepter IIX. CHEMICAL PROPERTIES

3.1. Reactions Involving Cleavage of the Silatrane Ring

The investigation of the effect of substituent nature in
the aromatic ring, temperazture, solvent and pH of the medium
on the hydrolysis rate of 1—aryloxysilatranes,RC6H4OSi(OCH2-
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—CHZ)BN, has enabled one to suggest that the reaction conforms
to a mechanism of the SHZ-type (330, 331). The hydrolysis
kinetics of 2,4,6—(CH3)306HZOSi(OCH2CH2)3H has been examined
by spectrophotometry (258).

t is remarkable that the reaction of l-chloromethylsil-
atrane with sodium or potassium alkoxides of primary, secon-~
dary and tertiary slcohols does not lead to the corresponding
1-alkoxymethylsilatranes (332). The reaction products are
found to be l1-alkoxy-2-homosilatranes.

RQ\ 4(0CH20H2)2\
—_— Si AN

{C1CH

RONa + C1CH

"2Si(OCH

CH N

o 2)3H

~ e
2 HaOCHZCH2

|

ROSi(OCHZCHZ)Z(CHZOCHZCHZ)N

The intermediste seems to result from cleavage of a sil-
oxane bond of the silatrane cycle by the alkoxide ion. The
above reaction was used to obtain a series of monosaccharide
homosilatrane derivatives such as glucose, fructose, sorbose,
ete. (332).

Pyrolysis of l-aroxysilatranes at 220-350°C has been studied
using differential thermel analysis (333).

3.2. Reactions with Retention of the Silatrane Ring

1-Hydrosilatrane reacts with triphenylhalomethanes(116a,
277-279), polyhalomethanes (278) and trimethylhalosilames (277)
to give the corresponding 1-halosilatranes. The dehydroconden-
sation of l1-hydrosilatrane with carbohydraies proceeds readily
(334, 335).

The exchange reaction of l1-chlorosilatrane with KF affords
i-fluorosilatrane (277).

1-Vinylsilatrane adds dialkylphosphites more readily in the
presence of sodium alkoxide than under UV-irradiation (264).
Introduction of methyl groups into the 3, 7 and 10 positions
of the silatrane skeleton markedly activates the double bond,
thus increasing the yield of adducts (264).So, 1-vinylsil-
atrane fails to react with dipropylphosphite upon UV-irradiat-
ion. Under similar conditions, 3,7,10-trimethyl-1-vinylsil-
atrane easily adds dipropylphosphite in 68% yield. With or
without radical iﬁitiators, diphenylphosphine forms g-adduct
with 1-vinylsilatrane and its C-methyl derivatives (264).
1-(41'_Vinyl)phenylisilatrane is polymerized by trifluoroboron
etherate to afford a viscous, non-melting polymer. The sil-
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atrane skeleton is likely to remain in the course oif polymeri-
zation (253).

The reaction of 1-(2'«aminoethoxy)silatranes with methyl
iodide gives the quartermary salits (276). 1-(Aminoalkyl)sil-
atrenes ere involved in reactions with aldehydes (35a), hydro-
chlorides of quinoline carboxylic acids (283) and divinylsulf-
oxide (284).

Alkxylthioalkylsilatranes, RS(CHz)nSi(OCHZCHZ)BH are oxidized
by hydrogen peroxide to the corresponding S-oxides or S-di-
oxides (266). The reaction of 1-(organylthioalkyl)silatranes
with alkylhelides yields sulfonium salts (267).

Chapter IV. BIOLOGICAI ACTIVITY

Silatranes are compounds having high and specific biological
activity. They are of great interest in biology, physioclogy,
pharmacology, medicine and agriculture.

) The data on the biological activity of silatranes have been
published in two English reviews by Li.G.Voronkov (4&, 250) and
in the Russian edition of the monograph "Silatranes"™ (247).

To avoid duplication of these earlier reviews, we have there-
fore restricted our attention, in the main, to a consideration
of recent publications dealing with the biological activity of
silatranes,

The toxicity of new 1-(4'-alkaryl)silatranes, 4-R-06H4-
Si(OCHZCHZ)BH R = CZHS’ i-03H7) has been determined (252).

The compounds were intravenously administrated to white male
mices as a solution in DiSO. The LDSO values for these com-
pounds are much lower (100 and 15.2 mg/kg, respectively) then
for 1-phenyl- and 1-(4'-methylphenyl)silatrane (0.1 and 0.3
mg/kg, respectively) (4a, 247, 250). Thus, the substitution of
a methyl group in 1-(4'-methylphenyl)silatrene by a longer
ethyl or more branched isopropyl one only decreases the toxici-
ty (252). An analogous effect is produced by the substitution
of the silicon atom in silatranes by other heteroaistoms (P, As,
Ge) ( 252, 336, 337).

A more detailed investigation of the toxicity of sulfur-
containing silatranes has shown that the LDSO values for 1-
(organylthioalkyl)silatranes, RS(CH,) Si(OCH,CH,) [ocy.(czﬂ:3 )-
CH2]3_m§, vary greatly depending on R, n, and m: from 6 mg/kg
for 1-(2'=ethylthicethyl)siletrane to 3000 mg/kg for 1-(benzyl-
thiomethyl)-3-methylsilatrane and more than 3000 mg/kg for
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1-(naphthylthiomethyl)- and 1-(carbomethoxymethylthiomethyl)-
silatranes (297). For the LD;, values of 1-(alkylthioalkyl)-
silatranes of the series H(CH2)XSCH281(OCH20H2)3N, en alter-
nation phenomenon is observed. The members of this series
having an even x value are less toxic than the subsequent
member with en odd x value. An analogous phenomenon takes

place if the n-alkyl chain contains a side methyl group.Accord-
ingly, the toxicity of silatranes with R = (CHé)BC and
CH3(CH2)3 is sinilar and fairly high (LD5O = 310 and 400mg/kg,
respectively) whereas the compound with R = (CHB)ZCHCH2 has

low toxicity (LD50 2000 mg/kg). In general, the lengthening

of the alkyl radical attached to the sulfur atom, i.e.,
increase in the x value, decreases the toxicity. A similar
periodic relationship between the ID 0 and n values is obsexrved
in the series RS(CHz)nSi(OCHZCHZ)BN. Thus, when R = CZHS’ the
compound with an even n value (n = 1) is less toxic than the
homologue with n = 2. The toxicity of C-methyl substituted
silatranes is usually lower than that of their unsubstituted
analogues (338).

All the 1-(alkylthioalkyl)silatranes studied cause death of
animals in "the pose of prayer", In the case of highly toxic
silatranes, the animals die 3-7 minutes after administration
of the highest dose. The less toxic 1-(propylthiomethyl)sil-
atrane, when introduced at% the highest dose, causes death in
only 50% of a2l1ll the mice. In this case the animals displey
depression, strong convulsion, retainment of all reflexes. As
a rule, the highest doses of the highly toxic 1-~(alkylthio-
2lkyl)siletranes bring about stimulation, convulsion attack
and death. Low doses of these compounds (120 and 24 mg/kg)
cause depression.

The toxicity of diorganyl(silatran-l-yl-methyl)sulfonium
halides may be higher or lower than that of the initial 1-
(organylthioalkyl)silatranes (297). Thus, for exemple, in
going from 1-(benzylthiomethyl)silatrene and its methiodide
the LD50 values falls from 2000 to 24 mg/kg.On the conitrary,
the LDSO values for 1-(ethylthiomethyl)silatrane and its meth-~
iodide are 30 and 267 mg/kg, respectively. The toxicity of
iodo derivetives is commonly somewhat higher thean that of the
corresponding sulfonium bromides.

The influence of 1-organylsilatrenes, XSi(OCH20H2)3H X =

CH3’ CHBO, CZHSO’ (CHB)ZCHO’ (CH3)3CO’ ClCHz, 03F7COO(CH2)3,
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(02H50)2P(0)GH2, CEHSS<O)CH2’ YRZS+CH2) on the proliferative-~
reparative function of commective tissue, healing of wounds and
histamine~induced ulcers, inflamation processes (339-347), the
pylotropic activity of silatranes with X = CH,, CZHS’ ClCHz,
CyHgs Golig0, (CH4)oCHO (348-349), the effect of 1-propoxysil-
atrane on the biosynthesis of collagen and noncollagen proteins
in granulative fibrous tissue (350) have been studied in detail.
The influence of l-ethoxysilatrane on the external secretion of
liver as well as the activity of some blood enzymes of rats in
normel conditions and with bepatitis have been examined (351,
352). The change in the functional activity of thrombocytes and
biophysical properties of erythrocytes under the action of 2
series of siletremes has been extensively investigated (353-358).
1~{(Todomethyl)silatrane inhibits growth of Geren carcinoma
and sarcoma 180 by 52 and 32%, resgpectively. 1-(3'=Aminoprepyl)-
3-methylsilatrane exhibits a similer action (359).

HZN(CHZ)BSi(OCHZCHZ)BH combined with antitumorous preparai-
ions inhibivs the growith of sarcoma 180 by T0%. The life span
of mice with Erlich ascites tumour treated with this composit-
ion was found to be 1.5 times as long as in control (360,361).

H-Silatranyl =2lkyl derivetives of quinoline carboxylic acids
inhibit the growth of adenocarcinoma 755 by 35-50% (283) and
increase the life span of mice with sarcoma 37 eund Erlich
ascites tumour by 30-40% (362). Ais it has been shown by iwo
years tests with white mice, T-chloromethylsilatrane displays
no blastomogenic effect producing, on the contrary, anititumorous
activity (363).

A favourable effect of 1-(2'-perfluoroalkyl-it~iodoethyl)-
silatranes on the immunobiclogical system of the organism has
been established (364).

1-Ethoxysilatrane exhibits a wide spectrum of adaptogenic
action (365, 366). In particular, it increases the tolerance
of animals to intense physical load, acubte hypobaric hypoxisa
and hypothermias, and inhibits the formation of free radicals
in the organism. At the same time, +this compound does not
influence Az phospholipase activity, potential change and
activity of HY-ATF~ase of submitochondrial particles. Thus,
the mechanism of the adaptogenic action of l1-ethoxysilatrane
is not related to suppression of Az phospholipase and mito-
chondrial breath.

1-(3'~FPerfinoroacyloxypropyl)silatranes, RFCOO(CH2)BSi-
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—(OCH2CH2)3H possess a neurotropic activity (275). The compounds
with RF = CF3 and C4F9 prolong the action of hexensl narcosis
by a factor of 1.5 and 2, respeciively. Heptafluorobutyroxy-
propylsilatrane exhibits an antistress effect (367). H-Sil-
atranylmethylbutyrolactam shows sedative and tranquilizating
effect (368).

_ Some 1-(orgenylthioalkyl)silatranes, RS(CHa)nSi(OCHZCHZ)mn
- locH(cH,)CH, ] 5_jii (R = CpHg, n = 1-3, m = 2-3) at low doses
produce partiel or complete depression of the painful reflex,
other reflexes remaining normal (297). The derivatives with
R = 02H5 (n =1, m = 1,3) cause sharp exacerbation of reflexes.
In the case of compounds with R = CGH,:’-CH2 (n=1, m=1=3)
only a2 blunted painful reflex was observed.

Furyl- and thienyl derivatives of silatranes, XSi(OCH20H2)31~E
(X = 2-furyl-, 2-thienyl-, 2-(2'-furylethyl)-, 3-furyl-, 3-
thienyl-) display a neurotropic esction of the depressive type
(369, 370).

1~ (4'~Carbalkoxyphenoxy)silatranes and l-aroxysilatraunes
exhibit entimicrobial activity against various microorganisms
(256, 371). The bactericidal properties of the latter do not
correlate with the analogous activity of the corresponding
phenols formed upon hydrolysis (371).

1—Chloromethylsilatrané stimulates the sprouting of seeds,
rootlev growth, the morphogenesis processes, and the ripening
of fruits and seeds (372-375). A number of silatranes
intensify meitabolic processes in the silkworm (376).

Chapter VvV, PRACTICAL APPLICATION

This chapter considers the possibility of practical appli-
cation of silatranes in fields other than agriculture. Even
the first American pzatents on silatrasnes (8, 27, 28) reported
the possibility of zpplicaiion of these compounds and their
composites with polyols for curing a number of synthetic resins.,

Some carbofunctional derivatives of 1-alkylsilatranes,
X(CHz)nSi(OCH20H2)3N with n = 1-4, X = CHQ:CHCOO, CH2=C(CH3)-
-Co0, 06H90 (3,4~epoxycyclohexyl), NC, CéHsmH, HS, etc., have
been proposed as emulsion components for polymer modification,
glass fibre and textile couplings, and agents for antistatic
treatment of different materigls and improvement of polyester,
epoxyde and phenolformaldehyde resins (4B, 49, 65).

The products of the copolymerization of polyfluorocemido-
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alkylsilatranes, CFB(CFz)np(O)NH(CHz)BSi(OCHzcnz)BH (n=0-20)
and epoxyalkyltrialkoxysilanes have been suggested as water-
and oil-repellents for different fibres and solid materials
(37)e The treatment may be performed using rollers or by
dipping the material into water solutions of polyfluoroamido-
alkylsilatrane compositions. Articles made of wool, leather,
textile (carpets, for example) or synthetic fibre can be
treated in a similar way.

Some silatranes inhibit corrosion of iron (377). At an
optimal concentration of 2x10—4 1, the protective properties
of silatranes were evaluated by means of the iInhibition coef-
ficient, XK = iO/i, where i0 and i are the rate of metal corro-
sion in pure and inhibited acids, respectively.

Silatranes are of certein practical interest as suitable
alkylating, alkenylating and aryleting egents, for the prepa-—
ration of very pure organic derivatives of heavy metals (206).

1~ {4 '~Carbalkozyphenoxy)silatranes possessing bactvericidal
activity, have been proposed as Tish conservation agents (33).
They prolong the conservation time approximately two-~Tfold.

Silatranes are used as components of a catalyst for the
removal of butadiene in the purification of the C4 hydrocarbon
fraction from the cracking and pyrolysis of oil (378).

The possibilities of practical application of silatranes
are not limited, of course, to those mentioned above. LEven in
the near future, we can expect new fields in which silatranes
will prove useful and widely applicable.
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