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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 organic 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 so inert and harmleas to the hum&n organ- 

ism that they were used widely in implantation surgery'. 
The discovery of the specific biological. activity of l- 

arylsilatranes made in 19632 provoked ex%ensive 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 a new branch of stlicon chemistry - 
*'Bio-organosilicon Chemistry*' -I* _ In 1963 also a new term 
"silatranes" was coined 295 which is widely accepted now and 
included in the international chemical nomenclature. 

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

The bioiogical activity of silatranes also has been 
studied in detail'S4S4a, It has been establ&shed that a 
zumber of non-toxic silatmmes effectively stimulate protein 
biosynthesis 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 
reagents in the United States and in pilot scale in the USSR7a 

Silatrenes, S-sea-2,8,9-t rioxa-l-silabicy-clol3.9.3]-unde- 

* At present silicon is officially recognized ae a vital 
essential element. A special Nobel SymposWm,-Stockholm, 1977 
was devoted to the problem of biochemistry of silicon~and 
biological activity of compounds of this element 3,4.4-a_ 
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canes, are cyclic organosilicon ethers of tris(2-oxyaUyl)- 
amines and their derivatives, Their heterocyclic skeleton has 
structure I CFlgrl) 

In the above cited numeration of the silatrane skeleton 
atoms the silicon at;om is in position Ic This system is most 
convenient as the majority of silatranes studied are Si-sub- 
stituted, in other words, they have the substituent in 

position 7, Silatrane itself, the simplest compound of this 
class, has structure II where X = H (Pig,ll, 

However,there 5s another numeration 6,9 system according 
to which the tertiary nitrogen atom is in position 7 and the 
silicon atom has position 5, 

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

The first silatranes (II with X = C6H5 and CzHrO> were 
patented by Finestone in 1960 and even at that time the exis- 
tence of the Si-N transannular coordj.nate bond in the sil- 
atrane molecule was suggested, 

In 1961, in a letter to editor, Frye, Vogel and Hall' 
reported melting points for a number of new ?-substituted 
silatranes II (X = H, CH3, n-C,BH31. C6H5(CH3)CH, CH2=CH, 
CtoE190 (menthoxy) and for ?,3-dimethyl- and 3-methyl-l- 
phenylsilatranes as well. They also gave more exact melting 
points for I-ethoxy- and I-phenylsilatranes (100-102° and 
z?O8-2o9o, respeckively) and reported some data xh%ch supported 
the XrXiXXimOleCufar transannufer Si-X bond in silak%uxes, 

Since 1964 (2,5) a series of more than 50 papers by 
Voronkov and co-au%hors has be- to be published. These 
3.nvestigatfons have dealt with the structure, methods of 
preparation, and the chemical, physical and biological pro- 
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perties of silatranes and their analogs. 
It is now recognized that some of these compounds are 

very promising for application in agriculture, medicine and 

some branches of industry. The aim of this review is to sum- 
marize all the numerous data on physics and chemistry of sil- 
atranes. 

The previously published reviews devoted to silaitraues 
(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 Trialkoxysilanee. 

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

XSi(OC2H5)3 + (HOCH2CH2)3N- XSi(OCH2CH2)3N + 3C2H50ZI (1) 

x= C2H50, c6H5 

The author failed to isolate pure I-ethoxysilatrane 
judging from the low melting point reported (35-37OC)- The 
same method-for the synthesis of silatrane was used in 1961 
by Frye, Vogel end Hall (9). 
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Among earlier works dealing with the synthesis of sil- 
atranes 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- 

atranes (27). 
Thus, for example, C-methyl-substituted (in the atrane 

cycle) l-vinyl- and I-ethoxysilatranes are described. Samour 
was the first to propose the use of iron chlorides as 
catalysts in reaction (1). Later Finestone described mainly 
monocyclic silatrane analogs of type X2Si(OCHRCH2)2NRW where 
X = CH3, C6H,-, C2H50; R = H, CH3; R' = H, CH , C2H4OH having, 

as it was assigned, a coordination-bonded stkcture (28). 
In their well-known handbook, V. Ba&nt a.o.(29) reported 

some unpublished data by Graham end Thompson who synthesized 
silatranes II where X = C H 5 11' CH2=CH-CH2 and 3,7,70-tri- 
methyl-substituted l-vinyl- and l-ethoxysilatranes. 

Voronkov and Zelchan (30,311 used the transesterification 
of lower tetraalkoxysilanes by en equimolar mixture of tri- 
ethanolamine and higher alcohol for the synthesis of higher 
7-alkoxyzsilatranes: 

Si(OR)4 + (HOCH CH > 
2 23 

N + R'OH- R'OSi(OCH2CH2)3M + 4ROH (2) 

R = CH3, C2H,-; R' = alkyl, cycloalkyl 

Alkali hydroxides were used as catalysts. Some l-alkoxysil- 
atranes c R' = (cH~)~cH, (c~3)3C] d o not form in the absence 
of a base catalyst, The synthesis is carried out by heating a 
mixture of the lower tetraalkoxysilane, triethenolamine end 

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 necessary to prepare the corresponding alkoxytri- 

methoxg- or alkoxytriethoxysilanea separately, prior to the 

cyclization reaction. 
The method developed by Voronkov and Zelchan (30,31) for 

preparation of alkoxysilatranes was extended to l-aroxysil- 

atranes (32). The same method was used to prepare I-(4*-carb- 
alkoxyphenoxy)silatranes: 

4-ROCOC6H40Si(OCH2CH2)3N where R = CH3, C2H5, n-C3H7 (33) 

An attempt to use this method for preparing 1-(4*-amino- 
phenoxy)silatrane and l-(2',4*,6*-trinitrophenoxy)silatrane 
-8 not successfkl (32). 
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Trensesterification of lower tetraalkoxgtLI.anes with a 
mixture of triethanolamine end a monocarboxylic acid, which 
proceeds according to scheme- (2), where R = CH3C0 and C6H5C0, 
was used for the synthesis of the corresponding l-acyloxy- 

silatranes (34). However, the synthetic possLbU.ities of this 
method are rather limited, 

A modification of (1) is the direct reaction of an alkyl- 

ene oxide, 2-aminophenol and the corresponding organyltrialk- 
oxysilane (15) 

C6H5Si(OC2R5)3 + 'CF9H* + 2-Eoc6H4KH2- 
0 

(3) 

where R = a'lkyl, aryl 

However, scheme (1) was found more favorable for the pre- 
paration of Si-substituted 3,7-dimethyl-lO,ll-benzosilatranes 
of the type XSi~OCH(CH3)CH2]2(OC6H4)N where X = CH3, C1CH2, 
CH3CHC", C12CH, Cl(CH& (34). 

Transesterification of aminoalkyltrialkoxysiianes, 
R2N(CH2)nSi(OR*)3, where R2 = H2, (G2H5)2, (CH2)4, (CH2)5; 
R' = CH 

3' C2E5; n = ?,3 by trLethano1 amine made possible the 

synthesis of the corresponding 1 -aminoalkylsilatranes and 
their N-substitutes (27,35,36), 

t-(Diethylaminomethyl)silatrane was obtained by heating 
of an equimolar mZxture of triethanolamine and (diethylamino- 

methyl)triethoxysilane without solvent or catalyst, l-(Piperi- 

dinomethyl)silatrane was obtained in chloroform solution. l- 
(3*-Diethylamino-, l-(3*-pyrrolidino- and I-(3'-piperitio- 
propyl)eilatranes, as well as l-(pyrrolidinomethyl)silatrane, 
were isolated as thick oils and described only as the meth- 

iodide derivatives (351, 
l-(3t-Perfluoroacyloxyaminopropyl~silatranes of the type 

CF3(Cp3),C(0)~(CH2)3Si(OCH;IcHz)3N, where n = O-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-piperidtio- and R-per- 

hydroazepinoalkylsilatranea, ~Hz<~2)~~(cH2)~Si(OCH~~H~)~~, 
where m = 3,4,5; n = 1,3, were obtained Ln 66-/O% yields (38). 

A large amount of diff8r8nt carbof'unctional derivatives of 
I-elkylsilatranes of the type X(cH,)mSi<OcHR~cR2)~o~~C~~~_~~ 
where X = halogen, F3Cs RO, RGOO, ROCE2COO,‘HS, RS, NCS, 



<RO)2P<O), etc,; R = a hydrocarbon group; R* = CH 
n = O-3, were synthesized by scheme (7) c39), 

3' CP3; 

The first haloalkylsilatranes, l-chloroalkylsilatranes, 
were prepared by the interaction of ~cI.tloroalkyl)trialkoxy- 
&lanes with the corresponding tris(2-oxyalkyl)amines in an 
o-dichlorobenzene solution (in 50-554'0 yield)<40)..or without 
solvent (in 60-9443 yield) in the presence of KOH as a base 
catalyst (41). l-Chlosovinylsilatranes mere formed from the 
corresponding chlorovinyltrialkoxysilanes in higher yields 
(85-93%) (421, An attempt to obtain l-(trichloromethyl)sil- 
atrane was unsuccessful. due to the S-C bond cleavage: 

3C13CSi<OC21i5)3 + 4(HOCH2CE,)3N 

i 
3CHCIi.3 + N[CH2CH20Si(OCH2CH2)3N]3 + 9C2H50H 

However, I-(dichloromethyl)silatranes were easy to prepare in 
87-93% yields using scheme (I) (43)_ 

I-Iodoalkyl- (44,45) and I-bromoalkylsilatranes (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 I-alkylsilatranes did not exceed 30-5010. 

All the earlier described syntheses of siletranes were 
carried out by a prolonged heating (for 2-20 hours) at high 

temperatures (IOO-ZOOW) with or without solvent and catalyst, 
!L'he 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 to this method, the shift of the reaction 
equilibrium to the right is achieved by removal of the sil- 

atrane itself and not of the alcohol formed (391. Fdoreover, 
the process is often carried out in alcohol. medjum, The 
reaction can occur in other low boiling organic solvents such 
as methanol, acetone, chloroform, dioxane, or n-hexene, In 

the case of C-methylsubstituted silatranes it is better not 
to use a solvent. The use of an alkoxide or hydroxide as a 
catalyst is not necessary. However, it .facilLtates the pro- 
cess snd increases the main product yield. This method was 

used for preparing many difficu&tly accessible carbofunct- 
ional derivatives of l-orgenylsilatranes (39-47). C-methyl- 
substituted I-haloalkylsilatranes can be obtained in h%gh 
yxefds under more drastfc conditions, i.e.* without solvent 
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and at higher temperatures (80-12OW). 
The synthesis of 2-haloethylsilatranes failed even under 

mild conditions because on reaction with triethanolamine, 
(2-haloethyl)trialkoxysilanes undergo elimination to form 
ethylene, triethanolamine hydrohalide and tris(l-silatranoxy- 
ethyllamine (43). 

t (5) 
3CH2=CW2 i- 3(HOCH2CH2)3MX + Nr~~2~H20Si(OC~,c~)~N~~ 

where X = Cl, Br; R = CH 3' C2H5 
3*-Fluorosubstituted f-(propyl)silatranes are formed in 

high yield according to scheme (7) (47). 
A method of preparation of carbofunctional I-methylsil- 

atranes of the type XCH2Si(OCFiBcH213N (X = halogen, HO, RO, 
RCOO, HSO 3, HS, NC, F,,C, R'R"N, NCS, R'NHCOO, (RO)2P(O), 
R*SO2NE where R = fl, CH 3 ; Rt = afkyl, aryI or alkenyl) 
according to scheme (I) has been patented (46,49). Wowever, 
neither -f;he synthesis of moat of these compounds, nor their 
physical constants were reported (49). Moreover, it is 
doubtful that derivatives with X = F, HO, HSO,, F3C, RR'S02NK, 
etc. could be obtained as or~~~ltrichlorosil~es, XGH2SiC13, 
and organyltrialkoxysilenes, 3EH2Si(OR)3, required as starting 
materials are not accessible so far, Halomethyltrichloro- and 
trialkoxysilanes with X = Br, I (44.50), aroxymethyl- (51), 
aroyloxymethyl- (52) and organylthiomethyltrialkoxysLlanes 
(53) have been described only recently, No l-fluoromethylsil- 
atranes, PCH2Si(OCHRCH2)3N with R = H, CH3, CF3 have been 
prepared as the initial fluoromethyltrihalo- or trialkoxysil- 
anes are not available <54). 

I-(O,O-Dialkylphosphonoalkyl)-, I-thiocyanatoalkyl-, l- 
(aroxymethyl)-, and 7-(aroglox~ethyl)sil~~tfranes (55-59) have 
been described recently, 

The above method made i_t possible to obtain silatrane 
derivatives of synthetic phytohonnones (ezo-substitute& of 
phenoxyacetic acids) of type XC$H40CH2COO(CH2)nSi(OCH2CH2)3N 
where X = H, halogen, CH3, CH30; n = I,3 and heteroauxine 
(3-indolylacetie acid) 

where B zz R, cR3 (39, 60-63). 
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According to scheme (7) l-acryloxyalkyl- and l-methacryl- 

oxyalkylsilatranes of the type CH2=C(R)COO(CH2)nSi(OCH2CH2)3N 

where R = H, CH 3 ; n = l-4 also were obtained (48.49). 
Transesterification of Si-substituted trialkoxysilanes 

was used to prepare different types of sulfur-containing sil- 

atranes. Thus, for example, the synthesis of l-mercaptoalkyl- 

silatranes (39,64,65) and l-(organylthioalky)silatranes (39, 

66) of the series RS(CH2)nSi(OCH2CH2)m[OCH(CH3)CH2]3_mN where 
R = H, alkyl, alkenyl, aryl, aralkyl, alkaryl; n = 1,3; m = 

O-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 a catalyst. 

The synthesis of a-(oxyethylthiomethyl)trialkoxysilanes 
from sodium >-oxyethylmercaptide and (chloromethyl)trialkow 
silanes afforded the corresponding silacyclohexanes resulting 
from intramolecular transesterification: 

C1CH2Si(OR)3+HOCH2CH2SNa-_(RO) Si YCH2s'CH 
2\ /2 

+ ROH (6) 
0--CR* 

These were converted into l-(2* -oxyethylthiomethyl)silatrane, 

HOCH2CH2SCR2Si(OC2CH2)3N, by transesterification with trL- 

ethanolamine (67). 
1:(2'-Thienyl)silatrane and its 5-substituted derivatives 

of the type (5-XC4H2S)Si(OCH2CR2)3N, where X = H, alkyl, 
halogen, CR, were synthesized in high yield (7%90%) according 
to scheme (1) in an xylene solution and without catalyst (68). 

A series of organylsilatranes which are C-trifluoromethyl- 
substituted in the atrane group was prepared by transesterifi- 

cation of the corresponding organyltrialkoxysilanes with tris- 

(2-axyalkyl) amines having one, two or three trifluoromethyl 
groups (60,67,70). 

XSi(OR), + (HOCH2CH2)n~[CH2CH(CF3)OH]3_n 

t (7) 
XSi(OCH2CH21n~OCH(CF3)dff2?3_nN + 3ROH 

x = CH3, C6H5, C1CR2, CR3CHC1, C1(C=2)3, CF3(CH2)2: 
R = CH3, C2H5 

The reaction was carried out without solvent in the presence 
of a JW methanol solution of sodium Bethoxide. 2-Trifluoro- 

methyl-Z-oxyalkylamines in turn were synthesized from the 

l,l,l-trifluoro-2,+epolqCpropane with ammonia, mono- or di- 



ethanolamine in chloroform or aqueous medium, 
TransesterificaCion of hexaethoxydisiloxane by triisopro- 

panolamine was used to prepare 3,7r70,3,7,10-he~eth~~d~s~~- 
et-ranoxsne in. 59% yield f15,71): 

(C~~50)3SiOSiCOC~~5)3 + 2 [f30~(cH3)t2E.t213N 

t 
KOB, 240° (8) 

NfCHeCfi(CIi3)0]3SiOS1COC~(GR3)CH213N -I- 6C2R5OR 

ASI attempt to prepare this compound without the base catalyst 
was unsuccessful, 

Polydimethylsiloxanes blocked by silatrane groups of the 
type N(CH2CKRO)3SiO[Si(CE3)20]nSi(OC~CH2)3~ and 
N~(CH2GHRO)(CH2CHR'0)2~SiO~Si~CH3~20~nSit(OCHRCH2~~OC~'~~~~ 
where R = H, CR3; R* = H, alkyd, alkenyl, cycloslkyl, aryl; 

a = 30 000 were obtained by transesterification of the corre- 
sI?onding M,W-bis(trlalkoxysilyIL)polydimethylsiloxanes by 
tris(2-oxyethyl)amines ('71)- 

Transesterification of tetraethoxysilane with an excess 
of triethanolemine gave tris(Z-silatranyi-l-oxyethyl)amine 
(15): 

3(C2H50)4Si + 4(HoCH2CH2)3N--NCCR2CH20Si(OCH2~H2)3N]3 (9) 

flisilatranyl-I-oxyalkenes of the type 
R(CH2CH20)3SiOROSi(OCH2CR2)3N where R = -(CR2)n-, 
-CH(CH3)CH2-, -CH2CH20CH2CH2-W n = 2-6, were obtained accord- 
ing to the general scheme (2) from tetraethoxyailane, tri- 
ethanolamine and the corresponding alkanediol (72). 

The reactrion of bis(trialkoxysilylalkyl_)sul_fides with 
triethanolamine according to scheme (7) in the presence of an 
alkali alkotide yielded b~s~si~~t~ylalkyl)eu~~idee of the 
type N<GH2CH20)3Si(~H2)nS(~H2~S~(OCH2CH2CH2)3N where n = 1,3(73i). 

The reaction of 7,2,3,4-diepoxybutane with diethanolamine 
and the corresponding triethoxysilane derivatives gave f,l- 
disubstituted 3,3-diailatranyls (to 60% yield) (75). 

XSi(OCH2CH,>,(OCHCft,)N 
I 

XSi(OCH,CH,),(O~HCH,)N XI C2RT% 

The firs* l-snbs+ituted silaizane-3-ones 
transesterification of trialkoxysilanes wLth 
aminoacetic acid (74,751. 

%iH5 
were obtained by 
E-bis(2-oxyethyi)_ 
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XSi(OCOCH313 + (2-HOC,H4>3N -XSi(OCgH4)3N + 3CH3COOH (17) 

X = CH3, CH2=CH, C6H5 

In this way, it was not possible to prepare the tribenzo- 

silatrane itself from triacetoxysilane because the former 
reacts readily with the liberatld acetic acid. That is why 
the reaction product is l-acetoxytribenzosilatrane(X=:OCOCH3). 
SLmilarly, the reaction of tris(2-oxyphenyljemine with tri- 

methoxy- or trichlorosilane forms the corresponding Si-sub- 
stituted derivatives instead of tribenzosilatrene (79) : 

HSiX3 + (2-HOC6H4)3N -XSi(OC6H4)3N + 2EX + H2 (72) 

x= Cl_, 0CH3, OCOCH3 

Trensesi;erification of phenylacetoxysilane with the corres- 
ponding polyatomio eminophenol gave bis(l-phenyltribenzosif- 

atranyl) of the type 

l-Organyltribenzosllatranes can be prepared from the corre- 
sponding organylchforosilanes: 

XSi.Cl3 i- (2-HOC6H4>3N -XSi(OC6Z14)3N -I- 3HCZ (131 

In this case, however, the reaction proceeds slower than 

reaction (171. 1-ChlorotribenzosiLatrane (X = Cl) forms from 
EISiC3_3 or Sic14 according to eq, (13)- 

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

CH3SifN(C2H5)2]3 + (HOCH2cH2)3N -CH3Si(OCH2CH2)31i 

+ 3(c2Hg)2m (74) 

The same method was used to prepare monocyclic EInakOgS of 
silatranes of the type (CEf ) 
scribed by Pinestone (8). 

32 Si.(OCH2CH2)2NR, previously de- 
The-reaction was carried out by 

heating the reactant mixture until the diethylamine was 
completefy distilled out of the system, 

f-Organyl-2,8,9-triazasilatranes <81,82) and l-phenyl- 
2,8,9-trithiasilatrane (82) were synthesized for the first 
time from organyltris(dialkylaminomino)silanes: 
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c2R5'213 + (a2NcHzew2)3N'--Rsi(~~~~~H*)~N (151 

R= R, CH3, C2H,-, CH2=CR, (.$T+$, CfCH2, cF3@H2)2 

C6H5Si[“(C2H5)2]3 + (aSCESCH,~3-CbH5Si(sCHZCIf2)3N (761 

An original method for the synthesis of silatranes which, 
unfortunately, is described only in one example oi=%o$?c6h4~ 
96% yj_eld) involves the reaction of an organyl.trifluorosilane 
with tris(2-trimethylsiloxyethyl)amine in aprotic SOILVent (7% 

RS~F~ -t- [(Clt13)jsiOCH2CH2 J3X ----RSi(OCH2CH2)3N 
(17) 

+ 3(CH313Si" 

1.3. Cleavage of Polyorgenylsil_oxanes 

An origrinsl and convenient method of the synthesis of 
I-organylsilatranes using agents more readily available than 

orgsnyltrialkoxysilanes, such as polyorganylsifsesquioxanes, 
(RSiO 1~5~Il' and polyorganylsiloxanols RSi01.5_m(0H)2m , 
where m = O-7*5, has been proposed by Voronkov and Zelchan 
(5,10,83,84).and later used by Frye (15). 

l/nfRSi0,_5_m(OH)~]n + (HOCH2CR,)3R- ~~(OCH2~R2)3~ (18) 

+ (la5 + ll)R20 

KOH is used as a catalyst and the water formed is removed 
from the reaction mixture by continuous azeotropic distill- 
ation with a suitable inert solvent (xylene) (15,851. 
1-Phenyl- and I-(3*-nitrophenyl)si+atranes were obtained in 
almost quantitative yield using this method, but without the 
cat;alyst (15,841. 

It is possible to synthesize I-organylsllatranes using 
polyorgauylhydrosiloxmes, (REXHO),: 

I/n(RSiHO)n + (HOCH2CH2)3B -RSi(OcH2CH2>~3~ + Hz0 i- Hz (191 

In this reaction, aleoholysis of the initial hydrosiloxaue 
and cleavage of the siloxane bond occur. Silicic acid dis- 
solves at 200-250°C.ln an excess of triethanolamine and 
reacts ko form a mixture of mono-, di- and trisilatranyl 
ethers of the latter (75): 

( 3-n)Si02 + <4-n)CHOCEI;ECE2)3N 

1 
~HOCrr,clI,)~~~~2~H20Si(OCH2cH2)3~~3_n + 2(3-n) Ii20 (20) 





R(~*H50)2SiC~*~H2~2~1 + (Ho~H~~H~)*~ 

i 
-HCl 

RSi(OCH2CR2)2(CH2CH2CH2)N + ZC2H5OR 

15 

(23) 

The reaction is carried out in absolute ethanol in the 
presence of triethanolamine as an HCl acceptor, 

IB both cases, the yield of Si-substituted 2-carbasil- 
atranes does not exceed 40-50% 

2, Synthesis from Silicon- and Carbofunctional Substituted 
Silatranes 

2-7, Transformations of 7-Alkoxy- and I-Oxysilatranes 

It was not possible to prepare I-oxysilatrane (sila- 
tranol-7) by hydrolysis of l-alkoxysilatranes (75). This 
compound was synthesized by selective hydrolysis of tris-(2- 
silatrsnyl-7-oxyethyl)smine in chloroform (15): 

N [CH,CH,OSi(OCH,CH,)3N]3 + 3H20 -3ROSi(OCH2CH2)3N 
(24) 

+ (RocH~cH~)~N 

The transesterification of lower 7-alkoxysilatranes by 
higher alcohols, glycols and glycerine was firs-t patented by 
Samour (27): 

nC2H50Si(OCR2CH2)3N + R(OH)n 

1 (25) 
N(CH2CH20)3SiOROSi(OCH2CH2)3N + nC2H5OH 

R = organ0 group of a higher alcohol, glycol, glycerine, 
(C4-C201 ; n = 7-3 

In this case, the glycols may be condensed with tetraalkoxy- 
silanes, (RO) Si, 4 where R = alkyl, C7-C4, and introduced into 
the reaction with triethanolemine, A series of bis(l-sila- 
trsnyloxy)alkanes was prepared in a similar way: 

N(CH2CR20)3SiOROSi(OCH2CR2)3N 

R= -WI,),-, -CH(CH3)(R12-, -CH2CH20CH2CH2-; n = 2-6 (72) 

Transesterification of lower l-alkoxyhomosilatranes of 
type ~i~O~H(CH~)~H2]2(O~H2CH2~2)~, where X = CH30, C2H50, 
by phenol or naphthol according to scheme (25) afforded the 
corresponding I-aroxyhomosilatranes (77). 
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The reaction of I-ethoxysilatrane with carboxylic acids 
was used to prepare I-acyloxysilatranes (IS): 

C2H50Si(OCH2CH2)3N + RCOOH 
(CH3CO)20 

: R~O~i(~~~2~~2}3~ (26) 

R = CH 
3’ C6H5 

Transeaterificatian of l-ethoxyailatrane by triphenylsil- 
anul.leads to the formation of 1-(triphenylailoxy~silatrane 

c2H50Si(OCH2CH2)jN + (CgRg)3Si*R 

t 
CCH3jcOOLp (27) 

(c6W5)3SiOSi(OCH2CH2)~N -t C.&OH 

These reactions were earrjed out in o-dichlorobenzsne at 
750~ZOOW. 

The action of concentrated hydrofluoric acid conve&s the 
ethoxy group in I-ethoxysilatrene and its C-methyl-substituted 
der&vet&.yes to the l-flUOrOSilatr83Ie8 (19>- %B Cleavage 
observed, 

C2R50Si(OCHRCH22jlJ + RF +--FSi(OCHRCH2)3N + C2H50H 

R I H, CH3 

was 

(28) 

A convenient method of preparation of I-halosilatranes is 
based on the reaction of l-ethoxysflatrane with phosphorus 
and sulfur halides (91): 

2C2H50S"(OCH2CH&N + M(O)X2 -2XSi(OCH2CH2)3N 

+ @(0)(OC2H5)2 
(291 

M li S, X = Cl, Br; M = PCI, X 3 Cl.; M=CHP,X=F 3 

The synthesis is carried out at room temperature ia DMR, The 
yield of f-fluorosifatrane was 92% 

Starting from silatranol-1, l-tsimethylsiloxysilatrane 
could be prepared: 

HOSi(O~~H2~3~ f- (CH3)3S%Cl -(CH3~3SiOSI(OCR2CH2~3N (30) 

and d,w-bis(Oi~atranyl-t-oxy~oligodimethyla~loxanes WcfZ’e 

prepared by 8 sim%lar reaction; 
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2HOSi(OCH2CH2)3N + mI(CH~)2SiO~nSi(CH3)2C1 
i (31) 

In both CRS@S the reaction was carried out in chloroform in 
the presence of triethylamine as an HCl acceptor (15,71)- 

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

HoSi(oCH,CH,)3N + 

x= Cl* OCOCE3 

2.2, Reactions of 

cH3cox -CH3COOSi(OCH2CH2)3N (32) 

?-Hydrosilatranes 

The reactivity of the Si-H bond in ?-hydrosilatranes 
provides the basis for the synthesis of various Si-substi- 
tuted ailatranes, 

I-Hydrosilatrane reacts readily with alcohols and phenols 
in boiling xylene in the presence of sodium alkoxide or phen- 
oxide to form the corresponding l-organoxysilatranes (92): 

HSi(OCH2CH2)3N + ROH R O- ------ROSi(OCH2CH&N -E H2 (33) 

R 3 CH3, n-C4H9, I-C4H9, t-C4H9, C6H5, 4-CE3C6H4, 

4-(CH3)3CC6H4, 4-CH30C6H4, 4-C1CgH4, 4-02NC6H4, C6F5, etc. 

In the presence of ZnClS the reaction proceeds consider- 
ably more slowly and is not complete, Without catalysts or in 
the presence of H2PtC16 the reaction does not occur at all, 
It is believed that the mechanism of the alkali-catalyzed re- 
action of alcohols with silatrane:involves an intermediate 
complex: 

XH**--**H N(CH#H20)3Si, f -N(CH2CH20)3SiOR + H2 + RO- 

P*---*-"\ 
R R 

In the case of I-hydrosilatrane the nucleophilic attack at 
siliconisof the "flank'? rather than the %ackside** type, 

IChe reaction of alkanediols with I-hydrosilatrane was 
found to be a convenient method of synthesis of bis(l-ailet- 
ranyloxy)alkanes (72,93). It was possible to isolate an oint- 
ment-like l-(2*-oxysthoxy)silatrane, HOCH2CH20Si(OCH2CH2)3N, 
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from the reaction products of I-hydrosilatrane with an excess 
of ethylene glycol (72). 

l-Hydrosilatrane undergoes the hydroconde~sation reaction 
with carboxylic acids in the presence of Z&12 (94); 

HSi(OCH2CH2)3N + 
Z&l2 

RCOOH------c RCOOSf(OCR2CH2:3N + Ii2 (34) 

R = CH3, C2H5, G6H5, 3-C5H4N, 2-C.H-0 

A reaction time of 2-3 hours is 
I-acylox~silatranes are 40-80%. 
hydrosilatrane with glucose and 
derivatives of carbohydrates of 

43 

required, and the yields of 
Dehydrocondensation of I- 
mannose yielded silatrene 
the following type(95,9%): 

R= 

the 
the 

I-Hafosilatranes were first obtained in 71-81% Held by 
reaction of silatrane with free halogens in chloroform in 
presence of triethylamlne as a hydrogen halide acceptor 

(96)c. 

HSi(OCRzCR2)3N + X2- XSi(OCH$R,)3R + HCI (35) 

x = Cl, Br, I 

3,7,70-Trimethylsilatrane may be converted inb the cor- 
responding chloro- and bromo.derivatives by halogenation in 
the absence of an HX acceptor, The hydrogen halide formed is, 
also invalved into the reaction (15): 

HS~[OCH(CH~)CH~J~N + x2 -XSi[OCH(CH3)CH2J3N + RX (36) 

HSi[CCHfCH3)CH2];jN + RX -XS~[OCH(CH~)CH~J~N + Hi (371 

X = Cl, Br 

The same compounds were-obtained by the reaction of 3,7,$0- 
trimethylsilatrane tith the corresponding.N-halo~~c~~d~s 
(751: 
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HSi[OCH(CH3)CH& + (CHRCO)$X ----XSi[OCR(CH3)CH2]3N 
(38) 

+ {CHRCO$NR 

X= Cl, Br 

An. ettempt to obtain 3,7,10-trimethyl-f-iodosilatrane using 
reactions (37) and (38) was unsuccessful (75). 

2.3. Reactions of l-Halo- and I-Haloalkylszilatranes 

The use of l-halosifatranes for the preparation of Si- 
derivatives has been described in only one example thus far, 
i.e., the conversion of I-chlorotribenzosilatrane into the 
l-phenoxyder%vative (79): 

CILSi(OC6H4)33!J + C6H50H ---C&OSi(OC6H4~3R + HCI (39) 

I-Haloalkylsilatranes have a reactive halogen atom that should 
allow the preparation of various exocarbofunctfonal deriva- 
tives of l-alkylsilatrsnes, 

A convenient method for the synthesis of 7-Corganylthio- 
alkyl)silatranes in 60435% yield is the reaction of t-(halo- 
alkyl)silatranes with alkali mercaptldes or alkali salts of 
thiolcarboxyLi.c acids 

X(C%,)nS~(OCRR'CH,~3R + RSM -~S(cs,)nsi(oC~tC~2)3N c4.01 

R = C2Hs, C6E5C.E2, cH3C(O), C4H45N2, NC 

R' = H, CH3; &T = K, Na; X = Cl, Br, I; n = 1.3 

Xyleue, d~ethylfo~~de or mixtures of these 'solvents may 

be used as the reaction medium (61,971, 

The use of potass%m thiocyanate in reaction <40) pemnits 
the preparation of I-(thiocyanatoalkyl)silatranes. 

7-(Silatranylalkyl)dialkylphosphonates were prepared by 
the Arbuzov reaction of 3-<haloalkyl)silatranes with trialkyl 
phosphites (55,98,99)- 

X(CH2)nSi(OCHR'CH2)3N + (RO)3P 

c 
~RU)2P(0)(CH2),Si(OCKR'cHz)3ET + RX 

(49) 

R = mi3, C2H5, i-C3%; X = CL, Br, I; Rt = 8, CH3; n I: 1,3 

This reaction proceeds smoothly upon heating I-(haloalkyl)- 
silatranes with au 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 I-hafomethylsilatraes tith triorgsnyl 
phosphzines gave the corresponding phosphor&urn salts (100): 

XCH2Si(OCHR*CH2)3N -I- R3P - [~~~CH,si(O~~tCHZ)3N]X- (4.2) 

R = c2E5, C3R7, C&.; X = Br, I; R' = Es CH3 

I-Chloromethylsil~tranes do not react with tertiary phosphinxs, 
7Silatranylrne~hyltr~ox~~y~phonium iodides also are formed 
In the absence of the solvents-on melting the initial react- 
ants (R = C$$) or in alcohol medium (R = C2H5, CL&). 

It was not possible to replace the chlorine atom fn 7- 
fchloroafky~)silatrenes by bromine by the ma&don with S&h?, 
K&T, AI&3 and PBr3 (46). 

R.4. Additions to f-Viny~silatranes 

The doubLe bond in l-vinylsilaLranes is readily Znvofved 
2x1 free-radical addition processes md this permits the syn- 
thesis of a number of 2-substituted I-ethylsilatranes of type 
XCH2CHYSi(OCH2CH2)n[OCH~CR3)CH2]3_nN, 

The addition of perfluoroiodoalkanes to I-VinyIsilatranes 
gave the corresponding ~-<2'-perfluorooreanyl-~*-~odoethyf)- 
sllatrenes (707): 

CH2=CHSi(OCH2CH2)n[OCH(CH3)CR2]3_nN + R$ 

t (431 
R~CH2C~ISi(OC~2Cx2)n10CHICH3)CH2]3_nN 

RF = CP 3' G3Eis %%3; 
II = o-3 

The reactions were carried out in CHCl3 or CC24 at room tempe- 
r&we wi2;h.or without UV-radiation. The yields of the adducts 
were nearly quantitative, 

The E12PtC16-catalyzed hydrosUylation of I-vinylsi~atrane 
tith methylfurylhydrosilanes afforded the corresponding 
adducts ("102) 

CH2=C!&ki(OCH2CH&N + ~(CH3)s_n.S.E 

1 Hg%Cl&+ 

Rn(cH3)3_~SICH2~H~Si;(OCH2~2)3~ 

R = 2-furyl, n = f-3 
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The hydroailane reactivity depends on the number of fury1 
groupa- !i!hus, tri(2-Turyl)silatrane reacted with I-vinglsil- 
atrane at room temperature whereas dimethyX(2-furyl)sXlane 
reacted only on heating, Hydrosilyfation of 1-vinylA.latrane 
with o~~~ome~hy~hydros~~ox~es having te&naL trimethyIsilyl 
groups in the presence of chloroplatinic acid afforded the 
corresponding oligomers having molecular weights of 1000 and 
2000 (703)* 

Photochemical additron of organ&c and organosilicon 
compounds containing a thiol group to 1-vinylsllatrenes 
resulted in f-(2*-organylthioethyl)silatranes in 60-g% yield 
(60,61): 

CH2=CHSI(OCH2C~2)nfOCK(GH3)CH2~9_nN + RSH 

# (45) 
RSCH2Cf12SI(OCH2CH2fn~Ocrr(c;?r3,~Hz~3,,N 

R = C2H5, N(CH2CH20)3SiCH2CH2, (CH30)3SiCH,, 

<CH30)3SiCH2CEZ, CH3OCOCX2; n = O-3 

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

~~wagimpos~i~~ to obtain t-(silatranylethyl)dialkyl phos- 
phonates by scheme (47). however, they were prepared by photo- 
chetical addLeion of dialkyl phosphites to I-vinylsilatranes 
(61): 

CH2=CHSi(OCHR*CH-2)3N + (RO)$'HO 

t hV 
(RO),P(o)CH,GR,Si(OC~'~H2)3N 

R =: CR3, C2H5;' R' = H, CH3 

(46) 

The process is performed by W-radiation of the l-vinyl- 
silatrane with an excess of dialkyl phosphate at the boiling 
temperature of the latter. The reaction does not occur in the 
presence of peroxride, 

Compared to I-vinylsilatranes, C-8ubstStuted (in the 
atrane rtig) 1-vinylsilatranes undergo different addition 
reactions (schemes 43-46) with facility. 

2,5, Reactions of ~~oa~ky~si~at~es 

Readily available 1-(3'~opropyl)ailat~e was used 
for preparatfon of a number of its X-derivatives. In this 



22 

way, I-(3*-benzoylaminopropyl)silatrane (35) and the product 
of condensation of the former with 2,+dichlorobenzo b thio- 
phene-1,1-dioxide were obtained (704): 

+ N(CH2CH20)3Si(CH*)3~2-HCI (47) 

The reaction of l-(3*-emi.nopropyl)silatrane with 3,6-di- 
chloropyridazine end l-chLorophthalazine afforded the cor- 
responding derivatives in 20-30% $LeLd (35a): 

H2N(CH2)3S1(OCH2CB&~ -I- Ml -~(CHZf3Si(OCH2CH2)3~ (483 

R = a/Cl; ct 

The reactfon of N,N-substituted l-aminoalkylsilatranes 
with methyl iodide in toLuene or ethanol gave crystalline 
meth;iodides (35)* 

Chapter II. Structure and Physical Properties 

Silatranes are a unique class of heterocyclic pentacoor- 
dinate compounds. Their peculiar nature is due to the speci- 
ficity of both the steric structure of the molecule and the 
electron-density distribution, Afl this influences spectro- 
scopic and other physico-chemical properties of silatranes, 

Some years ago all questions on the structure of sllat- 
ranes seemed to be solved, However, more comprehensive and 
precise physico-chemical investigations carried out during 
the last few years have shown that the present ideas are only 
approximate and put forward a number of new theoretical prob- 
lems which are not solved as yet, 

It is not possible to overcome this situation using only 
a ZimLted number of physical methods- The theory of silatrane 
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structure may be successfully developed by complex physico- 
chemical investigatiorh% The results of such an approach are 

reported in this chapter. 

1. Crystal and I&olecular Structure 

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

Crysta1logrELphi.c parameters and translational groups in 
the unit cells of l-substituted silntranes herve 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 l> 
(105-120, 720~~). The unit cell of the silatrane crystal lat- 
tice usually contains four or eight close-packed molecules. 

Valency angles and bond lengths, rincluding the distance 
between the silicon and nitrogen, have been determined in 

molecules of the silatrane series (105-120, 120a) (Pigs, 3-5, 

Table 2). This distance attracts special attention 8s it per- 
mits 8 better understanding of the degree of transannular 
interaction of the silicon and nitrogen atoms, hybridization 
of their valence orbitals and the influence of the substitu- 
ents on the geometry of the silatrane skeleton, 

In molecules of almost all silatranes which have been 
studied the Si-N distance is 2.0-2.4 l, This is significantly 
shorter than the sum of van der Waals radii for the silicon 
and nitrogen atoms, 3.5 1. This provides convincing evidence 
for the hypothesis proposed earlier on the existence of a 
transannular interaction between these atoms (8-10). Although 
a transannular Interaction must take place, its nature is not 
yet clear, Until recently it WEIS beyond doubt that this inter- 
action was associated with a partial transfer of an unshared 
electron pair of the nitrogen atom to a vacant 3dz-orbital of 
the silicon atom which had sp3d hybridization, However, the 
participation of 3d-orbitals of the silicon atom is not nece- 

ssary to explain this interection. There is en opinion (121, 
122) that Jd-orbitals of the silicon atom are energetically 
less advantageous (es their energy exceeds by more than 10 eV 

that of the valence orbitals) and more diffuse then the 4s- 
and $p-orbitsIs* Due to this fact. one should not neglect a 
possible participation of the silicon 4s- and 4p-orbitals in 
the SicN bond formation, 

The most adequate description of the electronic and steric 
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structure of silatranes is presented by the model of "hyper- 
valence bonds"(l23, 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 sp*-hybridized orbitals 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 hypervalence X-Si-N bond by a p,- 
electron of the Si atom, a valence electron of the.X substi- 
tuent and a lone pair of the N atom. The coordination diagram 

of hypervalence bonding in silatrane molecules is given below 

3%-+-<~ 
\Y 
\3 
\ 

'xo ---+(; 
‘.\ 

2; ‘,+'N 

where CpX , (PN and 3p, are atomic orbitals of the substituent, 

N and Si: respectively; y,,y, and y3 are bonding, non-bond- 
ing and anti-bonding molecular orbitals, respectively. This 

model (723,124) suggests, first of all, that the influence of 
the K-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: 

AEsi-N ,” 

No 
I 

where dandJ3 are Coulomb and resonance integrals, respecti- 
vely, the index "0" is related to the initial atomic levels 

and the P&_oXo 

&S-j_0 -dXO 
relation shows a decrease in the Si-N 

bonding due to X-Si interaction, If the electronegativity of 

the X substituent is nearly equal to or higher than that of 

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

cules of elementoorganic compounds was developed by Musher 
(1251, Nagy (114) was the first to use the term "hypervaleacyR 
for the explanation of the trans-influence of Si-substituents 
in silatranes, However, in this interpretation hypervalency 
was coincident with general ideas of sp 3 -hybridization of the 
.pentacoordinate Si-atom, 
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Table 2 

Silatranee, XSi(OCH2C~2)~ 

Paxameters+ C- Group Parameters 
ASi, Refer. 

Angle Angle AngLe x 
0-Si-0, x-c, c-m-c, c-c, m-c-c, 
deg. ii deg. j; deg. 

120 

118 

118 

119 

l79 

119 

119 

118 

118 

119 

710 

117 
117 

0-Si-C 

776 
ll9 

o-si-c 

119 

t.45 lf3 

1.47 114 

1.48 714 

1.50 114 

1.42 773 

1.4? 114 

1-46 315 

7 -46 174 

1.47 113 

1.46 113 

1.43 779 

1.47 114 

1.47 774 

t l 44( C4) 
1.57 (Cg) 
1.89 (Ct2) 

1.43 112 

1.54 105 

1.44 713 

l-53 ?OS 

1.43 112 

1.50 107 

1.50 107 

1.45 to7 

1.47 113 

1.51 107 

l.50 11-l 

1.50 to7 

Ox.08 

0.21 

0.23 

0.15 

0.77 

0.20 

0.20 

O.-l9 

1.43 

0.17 

0.58 

tt6a 

120a 

O-29 

115 

11Sa 

116 

108 

118 

114 

110 

120 

ttt 
219 

1 l 50 708 0.28 117 

1963 (C3G41 0.17 118 

1.39 (c&) 
1.42 (CltC12> 
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Structural Features of 

Axial Parameters Equatorial 
X 

Angle Angle 
Si-Ii, Si-X, X-Si-N, Si-0, X-Si-0, 

il ii deg. P deg. 

Cl 

CH 
3 

C2H5** 

ClCH2 

ClCH2 3 

CUCH2j3 

C6H+-> 

C6H5W 

c6H5(b-) 
3-02Nc6H4 

[c6&$CH3)2P]2Pt(C1) 

CH30b 

ClCH2' 2.25 1.89 

2.02 

2.17 

2.21 

2.12 

2.12 

2.18 

2.19 

2.15 

2.13 

2.12 

2.89 

2.15 

1.87 

1.88 

1.91 

I..88 

1.88 

1.88 

1.91 

l-89 

1.91 

2.29 

1.87 

779 

180 

178 

180 

178 

177 

179 

180 

2.34 777 

2.22 1.67 180 

1.65 

1.67 

1.66 

1.67 

1.64 

1.66 

1.66 

1065 

1.65 

1.66 

1.65 

1.66 
1.90 
Si-C 

1.66 
1.85 
si-c 

1.64 

93 

96 

96 

97 

97 

96 

96 

108 

98 
103 

X-Si-C 

* Average value8 
** After LA. Kemme (217, 218) 

a clCH2Si(OCH2CH2)[OCH(CH3)CH2]2N 

b 2-Carbasilatrane derivatives, XSi(OCH2CH2),(CH2CH2CH2)N 

= ClCH2Si(OCH2CH2),(OCH2CH2CH2)N 
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the Si atom, the Si+-N interaction should decrease with in- 
creasing the X-58. bond strength. The X-Si bonds in sila- 
tranes are weaker, compared with normal covalent bonds of the 

terahedral s%licon etontI 
If the silicon atom has a less electronegative substihaent 

(kX[ q!"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, a change in the character of C-C bond in the silatrene 

skeleton which leads to an increase of/dN[ should cause a 

decrease 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 (ltcarbatranelf) is so difficult to 

prepare and predicts an increase of the effect of X--I--N- 
bondZng (I4 = Si) when the silicon atom in silatranes is re- 
placed by germanium or tin atoms. 

Despite its approxLmate character, the hypervalence bond 
model (123, 124) describes the electronic end steric structure 
of silatranes better than the wide-spread hypothesis of sp3d- 
hybridization of the silicon atom. However, the nature of the 
transannular Si+N bond may be comprehen&vely understood 
only with further development of quantum chemistry. 

The value of the Si atom displacement, A, from the equa- 
torial plane of the trigonal bipyrsmid in the silatrane mol- 

ecule toward the X substitutent is related to the interatomic 
Si-N distance by a simple dependence A= rsr_N - d, where d 
is the distance between the N atom and the equatorial plane. 
For all silatranes studied this distance is approximately 
similar (d = 2-O f O-05 ;t> (112, 12oe.), ThUS. the inGeratomic 

Si-N distance value is mainly determined by thesilicon dis- 

placement out of the plane of the three oxygen atoms, i.e., 

by the Si atom hybridization. 
The presence of an electron-wfthdrawing subatituent at 

the silicon atom (Cl, 3-02rJC6H4, C1CE2) shortens the inter- 
atomic Si- N distance (Table 2). fnsertion of a cH2 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 SibN distance than the nature of the substituent at 

the silicon atom does. Thus, in the l-methyl-2-car'oasilatrane 
moltecule the interatomic Si- N distance is longer by O-70- 
0.30 i than analogous bond for all l-organylsilatranes StUdied, 

In the l-phenylsilatrane molecule (c&-form) (108) (Fig.3, 
VII) the X-.%.-O angle is smaller (97.1°) than in the l-phenyl- 
benzosilatrane molecule (lOO") (109) (Pig. 3, VIII). 

Pig, 3 

When one of the oxygen atoms in the SiO3 grouping is re- 
placed by a more bulky CH2 group, the X-Si-C angle, which is 
703* in the f-xethyl-2-carbasilatrane molecule <?11), becomes 
larger than two other X-Si-0 angles which retain their normal 

value of 98O (Table 2). 
The molecular structure thus defined has confirmed the 

previous suggestion that the atrane skeleton of silatranes is 
formed by three &L-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 C f3,7, 
70) atoms lying in the same plane, The C (4,6,11) atoms which 
are in thed-posilion to the nitrogen atom form the corner of 
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this envelope (708-lt0,772-f14,ff5a)r ~-{Chloromethyl)homo- 
silatrane which skeleton consists of two five-membered and 
one six-membered heterocycles displays a disordered structure 
of the five-membered heterocycles, The carbon atoms attached 
to the nitrogen atom are characterized by two peaks of elect- 
ronic density which are 1.2 f distant, The six-membered 

heterocycle has a planar structure (Fig. 5, XII), 
The possible change in the silatrane 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 

atom attached to an alkyl substituent has been studied in the 

examples of I-(chloromethyl)- (115) snd I-f3'-chforopropyl)- 
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 Si-C-Cl plane is almost co-planar with the 

JT-Si-O(8) plane (the angle is 5.2O). 

Fig, 4 

Introduction of an electron-withdrawjng substituent 
(chlorine atom) into the methyl group of I-methylsilatrane 
does not affect the silatrane cycle geomatry much, However, 
the Si-N bond shortens in this case by 0.06 x thus amounting 
to 2-72 i, the Si-C bond (7,972 i) lengthening by 0.04 ; 
(Table 2). The intramolecular Si -Cl distance (3.1 i) in 
7-(chloromethyl)silatrane may indicate an interaction 
between the Cl and Si atoms (%&effect"). 

In going from I-chloromethylsilatrane to 3,7-dimethyl-l- 
ehloromethylsilatrane the geometry of the Si coordination po- 
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lyhedron and the length of the Si ‘-N bond hardly change (715a). 
In the 3,7-dimethyl-l-chloromethylsilatrane molecule (Table3 
only larger valence angles of the carbon atoms in the sil- 
atrane skeleton are observed: the N-C-C and .&C-O angles are 
112O and 114O, respectively, those in I-chloromethylsilatrane 
being 107* and 708O, respectively-Thus, *the introduction of 
methyl groups into positions 3 end 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 (116,111), the influence of the 
chlorine atom on the geometry of cyclic system is negligible 

as the inductive effect via the carbon chain diminishes 
quickly (r'ig- 4). Unlike l-chloromethylsilatrane, the inter- 
atomic Si-N distance and the Si-C bond length in l-(3?- 
chloropropyl)silatrane are close to those in l-ethylsila- 

trane, being 2-18 and 1.88 ;I, respectively. 
In the I-chloromethyl-3-homosilatrane molecule (Fig. 5, 

XII) the interatomic Si- N distance in considerably longer 

XI 

Fig. 5 

(2.25 ;I), whereas the Si atom is displaced out of the equato- 

rial plane of the three oxygen atom by 0.17 i, In this case, 

the lengthening of the S1 ‘-N distance results from a flatten- 

ing in the NC3 group, i-e., from nitrogen atom displacement 

by 0.11 z toward the equatorial plane defined by C(4), ~(6) 
and C(12) (118). 
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In l-silatranyl-trans-bis[(dimethylphenyl)phosphino~- 
chloroplatinum, Cl[C6H5(CH3)2P]2PtSi(OCH2CH2)3N (XIII), the 
interatomic SidN distance is 2.89 ;I, that is much longer 
than in normal silatranes (719,720). The NC3 group has, in 
fact, a planar configuration and the PtSiO 

3 
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 XIII are listed in 
Table 2. The relationship rSi_N - A = d = 2.0 g deduced for 

silatranes (112) is not observed (a= 0.53 1, d = 2.36 ill. 
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 x to the c(4)-C(6)-C(II) 
plane and only 0.07 i distant. In the three Si-O-C-C-N half- 

rings, the&carbon atoms lie out of the plane rather than 
the&-carbon atoms as in normal silatranes. Furthermore, the 
valence angle values in compound (XIII) are slightly greater 

than those in normal 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 XIII is related, according to its structure, to l-azo- 
bicyclo[3.3.3]undecae hydrochloride, XIV (126) (Fig. 6). 

R = [C6RS(CH3)2P]2PtCl 

Fig. 6 

However, a similar conformation of the simplest silatranes 
does not occur in the crystalline state as studie.d by X-ray 
diffraction. In these molecules it is the d- rather than the 
&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) typical for 



33 

bicyclo~3,3,3~undecane system (XVI and XVII> is realized in 

Z-carbasilatranes (126-1291, 

,6 N 

Siwo 

/I A 
0 

Until recently many physico-chemical features of silatra- 
nes were explaned by the presence of the polar coordinate 
Si-+N bond (5-79, 23-34) without considering some stereo- 
chemical factors, perticularly, the existence of "prelog 
strains*' (134) in silatrane systems. These would cause the 
steric configuration of silatranes to resemble those of bi- 

cyclo[3.3.3] undecane systems, XVI and XVII (125-128) (Fig,?). 
?Uolecules of the compounds of this type have axi_al_ Cpym- 
metry and may be considered as a system of three constituent 
eight-membered rings in the boat-chair conformation, 

Dreiding's molecular models (735) of silatrane and 

related bicyclo[3*3*3]undecane systems show that the boat- 
boat conformation is not advantageous owing to intraannular 

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 exe-form. Thus, intro- 
duction of an additional CH2-group into the silatrane skel- 
eton produces strong Prelog strains in the enlarged half- 
ring, i.e., the N-C-C and C-C-C valence angles increase to 

1220 and the C-N, C-C and C-O bond lengths decrease (778) 
(Table 21, However, before quantitative calculations were 
carried out (f30-133), the suggestion that conformational 
factors were of great importance in understanding the struc- 
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ture and some properties of silatranes (10,75,772) was not 
confirmed. 

Calculations of the conformational energy (730, 731) of 

the endo- and exo-forms of the 7-methylsilatrane molecule 
(Pig. 8, XVIII and XIX) carried out by Westheimer's method 
have shown that a change in the type of silicon hybridization 

in XVIII from sp 3 to sp3d is accompanied by a comformational 

energy gain equal to 71.4 kcal/mol (130). 

H H y-1 

H, ,H 
NC H,gj \ 

c c c 3 

H’ 

\ / 

'H 

0 

i- 

1 s/--O 

4 
XVIII 

0 
CH3 

Fig. 8 cH3 

The calculation for XVIII was done for a fixed Si-N distance 
of 2.19 E. The energy barrier between the endo- and exo-forms 

does not exceed 1.6 kcal/mol. Without deformation of the 
valence angle and 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 1, respectively. According to the calculat- 
ions, the exo-form of the l-methylsilatrane molecule is un- 
stable and should transform spontaneously to the stable endo- 

form (1301, The conformational energy relations obtained for 
these forms have been used to confirm the previous conclusion 
that the nitrogen atom in silatranes can be involved only 
with difficulty in the intermolecular complexation interact- 
ions (130). However, the lack of necessary data does not 

allow one to consider the strain caused by the Si-N bond 
(731). Therefore, the conclusion that the formation of the 

transannular.Si-N bond is accompanied by a decrease in the 
conformational energy of the endo-form has turned out to be 
erroneouss 

Calculations undertaken with allowance for Si-cN inter- 

action have shown that the conformational energy of the real 
endo-form is higher by 1.4 kcal/mole than the minimum 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 conformation energy gain 
( 8.5 kcal/mole) when the silicon hybridization in the endo- 
form changes from tetrahedtral to trigonal-bipyramidal helds 
true. 

The strain energy dependence on the interatomic Si-N 

distance has been studied for I-methyl-2-carbasilatrane (132). 
The minimum conformational energy of its endo-form corres- 
ponds to an Si-N distance equal to 2.31 x (19.4 kcal/mole) 

and 2.41 x (32.4 kcal/mole) for the models with postulated 
Si atom coordination numbers of 5 and 4, respectively. The en 
endo-form is most stable with the Si-N distance equal to 
3.10. x and is least strained (1.8 kcal/mole). As the l-meth- 
yl-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 conformation81 calculations (130-132) describe well 
even fine details of the steric structure of silatranes, In 
particular, according to X-ray (112) and Neil studies, these 
have proven the non-planar structure of five-membered rings 
and a low inversion barrier. Moreover, they have shown that 

asynchroneous inversion of the three-fold cyclic skeleton of 

the I-methyl-2-carbasilatrane molecule is energetically dis- 

adv-antageous owing to a high barrier of the latter and a 

considerable increase (by IO kcal/mole) in the strain energy 

of the asymmetric configuration. 
The optimized data on the steric structure of silatranes 

(130,131) have been used for a quantum-chemical calculation 
(CND0/2) 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 is close to 25 kcal/mole, that 
for the exo-form is by one order of magnitude lower (1.6 
kcal/mole). Thus, the conclusion (731,132) on the determining 
contribution of the Si--I'? interaction to stabilization of the 

endo-form is quantitatively confirmed. The quantum-chemical 
calculation (133) reveals also that the electronic density 
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VransfeP from the nitrogen atom is about 012% for the endo- 

form of silatranes, Thus, the peculiar features of the sila- 

tsane structure axe associated with SW-N interaction. The 
conformational effects, however, characteristFc of bj_cyclo- 

f3-3-31 undecane systems are essentially affected by theSi+x 
hybridization character determined by the transannular inter- 
action of the two atoms, 

2. Physico-chemical Parameters 

East silatranes known are colorless, crystalline substan- 
ces with high melting points (Tables 3-tt)- They usually show 
high thermal stability which enables them to be sublimated 
and distilled in vacuum without decomposition, sometimes at 
atmospheric pressure, Nearly all silatranes are readily sol- 
uble in chloroform and dimethylformam%de. East of them are 
almost insoluble in water, diethylether and n-hexane, 

Table 3 

l-Hydra- and %Halosilatranes, 

x 

H 

M.p$C Ref. 

256-258 85,86 
253-256 9,15 

207-208 85,86 
f58-760 85,86 
115-136 85,86 
775-183 75 

33 . 3 subl, 15 
'200 91 

0 212-214 15 

Cl 3 )200 decomp. 97,96 
0 305-306 15 

Br 3 '200 decomp, 91,96 

0 233-237 15 
cl* '300 79 

_ ___~_~~_~ 
* 

l-Chloro-3,4,6,7,lO,ll-tribenzosifatrane 
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Some silatranes are polymorphous, Thus, I-methylsilatrane 

exists in two crystalline modifications (5,136). At normal 

temperature theJS_modification having a melting point of 142O 
is stable. At 115.2O it converts into the d-modification with 
a melting point of 752.2O. Thus, I-methylsilatrane has 
a double melting temperature, After crystallization from 
xylene it melts at 142-143O and at 151.5-152.5 after rapid 

cooling of the melt (5)- On crystallization of l-methylsil- 
atrane in some solvents poorly-shaped crystals having a melt- 
ing point of 141.7O (J*-modification) are formed (136). The 
transition from the,%crystalline form to the &modification 
is slow and occurs, according to thermographical data, within 
the 117-140° range. However, they- andj3*-crystalline 
structures are identical and differ from that ofd-modificat- 
ion of I-methylsilatrane (136). 

I-Phenylsilatrane may exist in three crystalline modific- 
ations, i-e-, orthorhombic (o&p) and monoclinic (b->, with 
melting points of 210.3-211.3, 208 and 207OC, respectively 
(108,113,114). 3,7-Dimethyl-1-phenylsilatrane also has been 
isolated as two modifications, needles with a melting point 

of 90.4~91.4O and scaly crystals, m-p* 94.8-95r80. 
Some carbofunctional I-alkylsilatrane derivatives contain- 

ing fluorine, sulfur and phosphorus atoms are viscous liquids 
distilled easily in vacuum (Table 12). Among 2-carbasilatranes, 
XSi(OCH2CH2),(CH2CH2CH2)N, there are some compounds which are 
liquids (X = C2H5, C2H50> (Table 12), All liquid silatranes 
dissolve easily in water even in diethyl ether, heptane and 
carbon tetrachloride, The molecular refraction values for 
liquid silatranes are consistent with the deta calculated 
from group increments within 0.1-1.0 ml/mole precision 

(Table 12), 
HSi(OCH2CH2)3N and its C-methylsubstituted derivatives, 

HSi(OCH2CH2)n[OCH(CH3)CH2]3_nN (Table 3) are white, fibrous, 
crystalline compounds-resembling glass cotton. They are 
soluble in polar organic solvents and water, in which they 
hydrolyze readily. l-Halosilatranes (Table 3) have high melt- 

ing points and are poorly soluble in polar solvents. 

Some of them show rather high solvolytic stability. Thus, 

I-chloro- and I-bromo-3,7,10-trimethylsilatranes may be re- 
crystallized from alcohols with a negligeble 10~s (15). 

Among colorless, crystalline I-organosilatranes (Table 4), 



R n M-p,, OC Refer, 

H 

(=3 
c2E5 

3 
3 
3 

2 
0 

El-C3E7 3 
m3i2cfi 3 
n-C4H9 3 
(CH312cHcR2 3 
CCf1313C 3 
CU3CH2(CH3)CH 3 
n+-H?, 3 
(CH3,2CHCH2CH2 3 
WH3)~CCH2 3 

n-%&3 3 
cH3m2173 3 
HOfCH2)4 3 
CIi3C(O) 3 

CH3CH2CI[O) 3 

G6"71 3 

C6H5CH2 3 

'6"s 3 

E-23 3 

364 3 
4-CH3C6H4 3 
4-fCH3)3JCC6H4 3 
'-CH3-2-(CH3)2cHC6H3 3 

c6F5 3 
4--c1Csf-f4 3 
2,4,6-c33c6H2 3 
4-CH30C6H4 3 
4-CE300CC6H4 3 
4-C3E$OOCC6H4 3 

205-210 
155-156 
102-103 
35-37 

100-102 
64-65 

87,7-f32,2 
79-80 

129~5-737 
113-113.5 
99-100 

146.5-147.5 
131-132 

102,5-103.5 
134.5-736 

7 78-180 
82-83 
80-8-l 
?08-790 
773-174 
712-175 
190-792 

793-5-395.5 
790.5-192 

228-229-S 
218-219.5 

162-5-163.5 
788-789 
252-253 

217.5-218.5 
263-264 
166-167 
230-230.5 
783-784 
f78-180 
147-145 

15,71 

70,31 
70,31 
Es,28 
9 

27 
70,31 
JO,31 
10,30,31 
10,30,31 
10,30,31 
10,30,37 
10,30,37 
10,30,37 
10,30,31 
10,30,3f 

12 
94 

94 
70,30,37 
10,30,31 
IO,32 
10,32 
IO,32 
70,32 
IO,32 
IO,32 
92 
IO,32 
TO,32 
92 
33 
33 
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Table 4 {continued) 

4-C2H500CC6Hq 3 162-l 64 33 
C6H5C(OI 3 

22&g22-5 :d; 
2-02Nc6H4 3 233-234 lo,32 
3-02Nc6H4 3 197.5-198-5 lo,32 
4-02Nc6H4 3 182.5-784 'to,32 
2-%oH7 3 784.5-185.5 lo,32 
C10H,9 (menthoxy) 3 152-154 9 
2'C4H30 3 245-246 15 
c5H4N 3 t7t-773 94 
N,,3CH2CH20* 3 260 15,43 
(CH3)...$Si_ 3 98 15 
0X3)3=. 3 756 75 
CH2=CH(CH3)2Si' 3 127 15 
C6H5((%3)HSi 3 708 75 
<CR3)206H5Si 3 83 15 
cE3fc6H5)2Si 3 730 15 
(c6?i5)gsi 3 256 15 

*; N ~CH,C~I,OS~~~CR,CH~)~~~~~ 

only compounds vrith R = 02NC6R4 have a yellow colorr I-Alkoxy- 
silatranes are readily soluble in water and most organic sol- 

vents (CBCl3, CCl.4, acetone, dioxene, benzene, ethyl acetate), 
but unsoluble ib cold petroleum ether. Only l-methoxysilatrene 
and l-n-tetradecoxysila~sane are soluble in the latter (37). 

I-Aroxysilatranes are soluble only in chloroform, dimethyl- 
form&de and acetonitrife, In other solvents, including water, 
l-aroxysilatranes are much less soluble than l-alkoxysilatranes 
(321. 

Unlike 1-organylsilatranes, I-OrgarIoXyderivatives are de- 
composed comparatively fast by moisture of the air, l-Acyloxy.. 
silatranes display the least hydsolytic stability (15,941. 

f-Alkyl- and I-arylsilatranes, RSi(OCHR'CH2)3N, are 
soluble in Balogenated hydrocarbons, nitrobenzene, dimethyl- 
formamide and acetonitrile, The nature OS the hydrocarbon 
subatituent R influences physical properties of such silatra- 
nes. Thus, l-methylsilatrane is practically insoluble in di- 
ethyl ether, in contrast to its nearest homologs CR:= C2H5, 
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Table 5 

I-Organylsilatranes. XSi(OCH2CH2),[OCH(CH3)CH2]3_nN 

x n x.p., Oc Refer. 

CH3(“c) 3 

CH3(,d 3 

CH 3 

c2H5 

CH3CH2CH2 
(CII ) CH 

CH=C 
C6H5CsC 
C6H5CH=CH 
C6H5CH2CH2 

C6H5CH2 
4-FC6H4CH2 
3-FC6HqCH2 
C6H5(CH3)CH 

c6H5 

4-C1C6~4 
3-C1C6H4 
4-=6H4 
4-CH3c6H4 
3-CH3C6H4 
2-CH3C6H4 

2 
0 

3 

0 

3 
3 
3 
3 
3 
2 
3 
3 
0 

I 
2 
3 

152.2 

'W5 
142-i43 

139.5-142 
95-97 
132-133 
132-133.5 
134-135 

52.5-53.5 
84 

106.5-107.5 
743-144 
165-166.2 

166.2-167.4 
163-165 

103.3-104.5 
24s250 

275 
238-240 
107-108 
256-257 
-225 

210.5-211 
192-194 

::z:;54 
86.5-89 

95-96 
203.6-204.2 

208-209 
270.3-211.3 

209-210 

233-235 
203-203.5 
195-196.5 
195-195i5 

148-5-149.5 
162-164 

9,125 
9,125 
5, IO,83 
28 
9 

5,10,15,83 
27 

74,75 
5,10,83 

5,10,83 
27 
9 
27 

176 
176 
176 
9 

::6 
5,10,83 
10 

98 
5,10,83,84 
176 

205 
175 
205 



4-CH3oC6H4 
4-ClCH2C6H4 
4-PCH2C6H4 

4-CP3C6H4 
3-02RQH4 
(CH,),SiCH=CH 

&(&3)2SiCH=CH 

1,3-diphenyl* 
1,4-diphenyl** 

5 EF37 

C2H5 
*** 

C6H5 
**** 

'6"s 
+**** 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 

3 

2 

2 

2 

192-193 
797,3-792-3 
181.5-782.5 

172-173 
761-761.5 

157 
719-120 
7 23-124 

240 
752 
765 
270 

85-86 

777 

179 

108 
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Table 5 (continued) 

205 

110,205 

15 
15 

9 

216 

216 

216 

*C~~gSi(OCH2CH2)2roCR(~6~g)CR23N 
**~6~5Si(OCH2CH2)2tOCH2CH(C6H5)1N 

**fC2H5Si(OCH2CH2)2~O~H(~H2C1)CH2JN 
****C6H5Si(OCH2CH2)2[OCH(CH2C1)CH2fN 

*****C6H5Si(OCH2CH2)2[OCH(CH =CH2)CH21N 
Here and in the followjng tables the data with no refer- 
ences are reported by the present authors 

iso-C3H7), As a rule, l-arylsiletranes ere leaa soluble in 
most solvents than 7-alkylsilatranes, They both are rather 
stable to moisture and oxygen of the air. Noticeable hydro- 
lytic decomposition of l-methylsilatrane is observed only 
after 28 days (when kept in the open vessel), 

The solubility of I-(haloalkyl)silatranes, 
X(CH2)nSi(OC!HRCH2)31~; where X = F, Cl, Br, I; R = H, CH , 
a>21 (Tables 6,7), in alcohols, aromatic end chlorinates 

CF 
3 
; 

hydrocarbons increases markedly with the number of methylene 
groups in the hydrocarbon group, Thus, 3,7,10-trimethyl- and 
3,7,10-trifluoromethy~-l~(4*-chlorobutyl)-s~lat~nes are 
readily soluble In water, benzene and even in n-hexane, where- 

as ~-ch~oromethyls~lat~e is markedly soluble only in chloro- 

form, Nearly all halomethylsilatraues have higher melting 
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Table 6 

Exe-Halosubstituted l-Alkylsilatranes, 
XSi(OCH2CH2), OCH(CE3ICH2 3_$'1 

X n &I)., OC. Refer 

3 
0 

1 

2 

3 
Clm& 3 

0 

3 
3 

ClwE~), 
Br<CH2)3 
I(cH*)3 

BrCH2 3 
Br2CH 3 
ICH2 0 

1 
2 
3 

CH3CHCl 0 
1 
2 
3 
0 

ClCH2 0 
7 
2 
3 

C12CH 0 
1 
2 
3 

702-103 
22-123 
86-87 

215-217 
222-223 
161-162 
144-145 
175-176 

:g-z::, 
200-201 

260 
95-96 
73-75 

115-116 
190-191 
187-188 
79-80 
85-86 
92-93 
756-157 
60-67 
154/2* 
77-72 
58-60 
136/l" 
32-35 
150/4* 
36-38 
122/1* 

707-108 
130-131 
729-137 
73-74 

141-142 
7 67-168 
166-167 

39,41,43 
47,43 
41,43 
X&40,43 

39,46 

39,44,45 

39,44,45 

39,44,45 
36a 
43 
43 
43 
36a,39,43 
47,70 

47,70 
47,70 

47,70 

47,70 

39,47,70 
39140 
36a 
41,43 
35,42 

G41 
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low-melting, crystals which are readily soluble in organic 

solvents such as CHC!l , alcohols, aromat+c hydrocarbons, etc* 
Tribenzosilatranes haze extremely high melting points (r250°) 
and some of them (with X = C6H5, CH3COO) do not melt on heat- 

ing to 3OOOC. 
2-Carbasilatranes (Table 10) have lower melting points 

than the corresponding silatranes. Almost all of them are 
easily soluble in diethyl ether, pentane, hexane and water* 

Table 7 

Ezo-trifluoromethylsubstituted Silatranes, 

X 20 n ~.p,, OC B-P-, 
WP, mm 

nD 

CH3 0 108-709 
1 79-80 

2 93-94 
ClCH2 0 119-120 

2 72%321 
CH3CHCl 1 763-164 

2 ff8-f 79 
C1(CH2)4 0 137-138/l 1.4133 
CF3(C%& 2 63-63.5 723/l 1.4278 

C6H5 2 733-733.5 

l-Substituted 2,8,9_triazasilatranes (Table 10) are Iow- 
melting, colorless, crystalline compounds which are rather 
sensitive to moisture <83,82,137), They can be distilled in 
high vacuum and are sohzble in most ormc solvelrts (81), 

3-Homosilatranes (Table 10) are monomers, as are other 
described types of silatranes, They can be distilled and sub- 
limed in vecuum and dissolve readily in halogenated hydro- 
carbons, ethanol and xylene. Melting Points of 3-homosilat- 
ranes are lower than those of the corresponding silatranes 
and close to those of the corresponding l-substituted 3,7 - 
dimethyfsilatranes, 

In all the silatranes investigated the replacement of 
hydrogen atoms in the atrane ring by methyl groups reduces 
melting points and increases solubility, 
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Table 8 
Exe-carbofunctional f-Alkylsilatxane Derivatives, 

X m n M-p., “C 

NC 2 

CH30 I 
CH3S 7 
mx 7 

3 

C2H5S 1 
1 

3 

C3H7s 1 
2 

c4H9s -I 
3 

g3;2~s 1 

33 1 
CH,=CHCH,S 1 

'6%' 7 
3 

+C=&$p ? 
24H3C6H40 1 
2-CH30C6H40 1 

3 
1 
1 

4-FC6E40 
4-ClC6H40 

Iis 1 

2 
2 
3 

1 
1 

2 
2 

2 

3 
3 
2 
3 

3 

3 
3 
3 

3 
3 
2 

7 
0 

3 
2 

0 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

134-134-5 
733-134 
162--163/l* 
95;;6 

190-19-l 
118-119 

7 34-135 
197-198 
170-177 
96-97 
766-168 

72-73 
183--185/l* 

185--186/l *5* 

78-79 
7 56-157/7 * 

81-82 

?g5%6,w 

34-35 
772-173/1.5* 
68-69 

749-750 
73-74 
83-84 
48-49 

726-127 
201-202 
165-166 
167-168 
108-I 09 

206-207 

7 59-l 60 

7 42-I 43 

s-96 

7 67-168 
150-151 

64 

64 

z 

65 

39, %a 

58 

97 
39,56 
56 
66 
66,97,214 

66,97,2?4 

66,214 

66 

39,97,124 
66 

66,214 

66 
66,214 
66,214 
39,58 

39,58 
39,58 
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Table 8 (continued) 

4-BrC6H40 
4-E6H40 
7-C,0H70t7-naphthoxy) 

C6H5S 

4-CH3CC;H4S 
1.-C10fi7S 
C6H5CIix2S 

C4H4SC5-thienylf 
2-C1CqH3S 
2-BrC4H3S 
2-CH3C4H3S 
2-NCC4H3S 
BOCH2CH2S 
CB OOCCIi2S 

3 

C,..&OOCCH2S 
CIz3C(O)S 

CH3CO0 

cH2=cHcoo 
CH2=C(CH3)CO0 
c6HgcOO 
4-CK3C6H4COO 
4-cH3OC6H4COO 
2-cH3oC6E4Coo 
4-FC6H4C00 
4-C1C6H4CO0 
4-BrC6H4COO 
4-02NC6H4COO 
2-CEf3C6H4OCH2COO 
4-Cl-2-CH3C6H30CH,CO0 
4-PC6H40CH2GO0 
~,~-CI~C~H~OCH~COO 
3-c8H6mx2cO0 

7 
1 
1 
1 
1 
2 
7 
1 
z 
1 
1 
0 
0 
0 
0 
0 
1 
1 
2 

2 
7 
1 
2 
3 
2 
t 
3 
7 
-I 
1 
1 
-l 
1 
1 
1 
1 
7 
7 
7 
f 

3 
3 
3 
3 
2 
3 
3 
3 
3 
2 
1 
3 
3 
3 
3 
3 
3 
3 
2 

0 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

271-172 
397-198 

62 
245-246 
114-116 
110-111 
799-200 
204-205 
?50-157 
116-117 
99-100 

221-222 
232.5-233-5 

233-234 
790-192 
143-146 
168-169 
715-116 
50-T?- 
225* 

80-81 
~05-106 
210-21-I 
725-127 
70-71 
150-751 
148-151 

54 
785-186 
150-l 51 
156-l 57 
165-t 68 

190 
793-794 
? 74-l 75 

193 
147.5-l 49 

123-l 25 
7 40-14-I 

-i 55-f 57 
197-299 decomp, 

66 

39,66 
97 

66 
66 
66 
66 
66 
68,69 
68,69 
68,69 
68,69 
68,69 
67 

39,97 

49 
65 

59 

59 
59 
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H2N 

C6H5CONH 
C8H402C1SNfI 
2-~3c6E402sNH 
[(-=3W2H512+' 

3 
1 
3 

1 
1 
3 

2 

1 
3 
1 
3 
I 
3 
3 
3 
7 
1 
3 

f 

t 

3 
1 
3 
1 

2 
2 
f 
1 
1 
3 
3 
7 
3 

I 

3 

f 
1 

3 
0 
3 

3 
3 
3 

3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 

3 

3 
3 
3 
3 
1 
0 
3 
2 
0 
3 
ci 
3 
3 

3 

3 

3 
0 

147-149 decornp, 
245-246 

87*2-w.Y 
e4-87 

87.5-88.5 
82-83 

194*5-197 
123-125 

777 

35 
49 
36 

276 

128-730 38 
'101-103 38 
156-157 35,3a 
773-720 35 
82-54 38 
91-92 38 
178-179 35 
226-228 704 
144-145 43 
278-220 35 
215-217 35 

277-278 

227-229 

735 
736 
142 
265 

51-52 
58-60 
72-73 

239-240/3x 
2OO-201/-I* 
57-53 

184-186/'0.72* 
63-64 
10-11 

165-168/0.7* 
167-168 

35 

35 

216 
216 
216 
97 
97 
97 

39,55,98,99 

39,55.98,99 
55,99 
55,98 
98 

700 

99-100 100 

36- 37 
181-182 

100 

100 

** Zdethiodides of silahxxrms havkg the nitrogen atom in the 
subatbfiuent 



48 

TabLe 9 
l-Substituted 3,4-Benzo- and 3;4,6,7,TO,ll-Trihenzosilatranes, 

XSi(Oc6H4),(Oc~cH2)3_nN 

X R n M.P., OC 'B.p.,OC/p, mm Refer, 

Cl 3 
CH 3 CH3 1 
CH3 3 
CH2=CH 3 
CH30 3 
cm2 OH3 1 

CH3CO0 3 
'SH5 H 1 
'sH5 3 
4-CH3C6H4 3 
'SH5' 3 

~300 subl, 
63-64 

289-290 
273-275 
280-283 
71-73 

'300 subl. 
745 

'300 subl, 
279-280 
230-232 

79 
128-13-i/2 

79 
79 
79 

178-179 34 
222-223/e 34 
163-164/7-S 34 
792-194/3 34 

79 
15 
78.79 
166 
79 

Silatrane Analogs 
Table 70 

x R M.P., QC B.P.. "C/P, * Refer. 

XSi(OCHRCH2)2(CH2CH2CH2)N 

CH3 R 57-58 106-107/5 89,90 
60-61 74-78/O-8 87 

94/o-3 45 
C2H5 H 102/3 89,YO 
'SH5 I-I 61-67-5 89,90 

c2H50 H 52.5-54.5 133-135/Z 89,90 
51-54 110-117/o-5 87 

:2=5* CH3 120/2 89,90 
lOl-104/0,9 84 

H 101-102 738 

m3 115-116 76.77 
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Table 10 (continued) 

ClCH2 
CH2=CH 
CH;=CH 

'gH5 
C6H5 
3-ClC6H4 
3_ClC6H4 
4-c1c6Hq 
4-ClC6H4 
4-BrCgH4 
4-BrC6H4 

CH,O 
CH;O 

C2H50 
C6H;0 

2-C,oH70 

CH3 
c2H5 
c4H9 
CH2=CH 

'gHgCH2 
4-C1C6H4CH2 

'gH5 
3-CH3C6H4 
3-CF3C6H4 
4-FC6H4 
3-ClC6H4 
4-ClC6H4 

H 

c2H5 
CH2=CH 

QH5 

H 
H 
CH 3 
H 
CH 3 
H 

CH3 
H 

cH3 
H 
CH 3 
H 

cH3 
CH3 

CH3 
CH3 

120 118,138 
66-67 138 
47-48 76,77 
55 138 

99-100 76,77 
65 138 

60-61 76,77 
710-172 138 

101 76,77 
132-134 138 
92-93 76,77 
83-85 138 
75 76,77 
37 76.77 
88 76,77 
739 76,77 

X~i(OCH2CH2)2(OCOCH2)N 

197-202 
130-132 
135-136-5 
121 decomp. 
213-215 
152-754 
137-138 
171-172 
735-137 
185-186 
165-167 
202-203 

50-55 110/0.02 81 
51-55 137 
50-54 115/0.1 81 

57-60 137 

47-48 137 
42-44 110/0,05 81 
44-45 137 
go-93 149/0.05 81,82,137 

75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
75 
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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 a methy%- 
ene group (Z-carbasilatrane) affects the solubility and the 

physical state of the compound more strongly than the intro- 
duction of substituents such as CH3, CF3, into the skeleton 
or the condensation of the latter with the benzene ring. 

Disilatranoxanes (Table 77) are thermally stable and can 

be distilled in V~CUWIL Bis(l-silatranyloxy)alkanes, 

N(~~2Ce2Olj"iOROSi(~CH2~2~~N, have high melting points 
(Table 11), They eTe soluble in water and hot &%methylform- 
amide, from which they crystallize on cooling, Like bis-(1- 
siletranyloxy~poJ_ysiloKanes, these compounds show lower melt- 

ing points end higher solubilities & the distance between 
two silatrane groups gets larger (Table ll>, 

Bis(l-phenyltribenzosilat~ne),~~~C6H40)2Si(C6H5)OC6H4-]2, 
sublimes without decomposition at 500°C, 

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

3. Dipole Moments 

The existence of the Si--N donor-acceptor bonding in sil- 
etranes was first confirmed by dipole moment measurements (10, 
12, 137, 144x However, the data of previous investigations 
have been reviewed and critically analyzed (145-l47,142,742a), 
Dipole moments,p, of six silatranes, XSi(OCH2CZ12)3N ( X = 

CF$ (CH3)2C", CH2=CH, C6H5, C2H50, C6H50), were first 
measured in benzene solution at 25% in 1965 (Table 13)(t39)*,. 
Tetrahedral values of C-N-C, Si-O-C and 0-Si-0 valence angles 
and moments of O-37, O-45, 1.54 an& 0,740 for the C-H, C-R, 
Si-0 and C-O bonds, respectively, were used in the calculat- 
ions, The measuredp values for the silatranes studied (5-30 
7,lD) exceed those calculated from the vector scheme for their 
exo-form <0.09-0.66D) (Fig-S, I). This etitation of the 
dipole moments was attributed to the trans‘annular Si-N bond 

(139). 
The measured> value for the silatrane skeleton was 5.22 

0,2D, its vector being directed from nitrogen to silicon, The 

* Total polarization was calculated using the Hedestrsnd 
method. 
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Table 17 

Compounds Containing !L'wo and Three Silatrane Groups 

Compound M,p*,OC Refer. 

185-190 78 

215/0.1* 15 

450 subl, 79 

,350 decomp. 72 

264-267 72 

290 

243-247 

255 

208-210 

210 

284-285 

204-205 

72 

72 

72 

72 

72 

73 

208-210 

763-164 73 

240 15,71 

193-194 15,71 

139-140 15.71 

254 15 

268 15 

500 78,79 

* B-p., OcIp mm 
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calculatedu value for the exo-form was 0.9D end Its vector 
was directed from silicon to nitrogen, Thep value calculated 
for the endo-form (FAg,9, II) without allowance for the trans- 
annular Si-cN bond was l.lD. Starting from this, the dipole 
moment of the coordinate Si-cN bond in the endo-form was 
estimated to be 6,3D, If! theelectron transfer for the distance 
of N-Si (sp3d) taken to bel,84 f, the dipole moment of the 
true coordinate Si--N bond is approximately 8.6 IL Due to this, 
the moment of the atrane skeleton Si(OCS2CH2)3N at the maximum 

transannular donor-acceptor interaction between the silicon 
and nitrogen atoms was evaluated to be 8.6-3.1 = 7.5 D, The 
lower meaaured 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), boratrsnes (6 D), 
germatraues (6-3 D), and titanatranes (3 D)(10,12,137,138,742). 

The independence ofs values on temperature has suggested 
a stronger coordinate Si ---Ii bond in silatranes, 

The comparatively high measured dipole moments of l-orga- 
nyl-2-carbasilatrsnes (4.2-4.9 D, Table 14) which exceed the 
calculated ones (O,l?-0.84 D) also were attributed to the 
stable transannular Si-H bond. This bond is weaker then in 
silatranes. resulting in a lower exaltation of the dipole 
koments, The discrepancy between the measured (4.74-7.48 D) 
and the calculated (1.0-2.7 D) dipole moments for homosila- 
tranes is explained in a similar way (Table 14). 

In order to determine the influence of the replacement of 
hydrogen by methyl groups in positions 3-, 7-, and 70, the 
dipole moment of 9,7-dimethyl-l-~henylsilatrane was measured 
(1411, a comparison between the measured values for this 
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Table 13 
Dipole L~oments of Si- and C-methyl-substituted Silatranes, 

Xsr(OcH,cH,),fOCH(CH3)CH2~3_, N at 25°C 

X n PtD 
A_P,D Solvent Refer. 

obs.vect. 

CH3 3 

C2Hs 
(a312CH 
CH,=CH 

c6H!j 

0 
3 

1 

c2H50 3 

'gH5' 3 

3--eH3"6H40 3 
4-C CH3>3CC6K40 3 
5-CH3-2-(GH3)2CHC6H303 
4-ClC6H40 3 
3-02NC6H40 3 

CQCH 2 
1 
0 

CILyzHCl 3 
2 
I 
0 

5.30 0.66 
1.51 
5,64* 
5.46 4.08 
4,92 4.08 
1.06 
5,55 0.66 
5.88 0.5 
7.38 
6.04* 
6.31 4.12 
5,64 4.19 
5.98 0.09 
7.52 
6.43* 
6.03 0.09 
6.29 0.49 
8.31 
7.13 
9.22 
6.99* 
9.01 
8.66 
8.34 
10.09 
11.45 
9211* 
7.50 5.08 
7993 5.08 
8.19 5.08 
1.19 4.99 
5.95 4199 
6.47 4.99 
6.69 4.99 

4.64 C6H6 
6.97 CHC13 
5.20 
1.38 C6H6 
0.84 c61'6 

CHC13 
4.89 C6H6 
5.38 C&I6 

CHC13 

2.19 C6H6 
1,52 C6H6 
5.89 C6K6 

cm13 

5+94 C6H6 
5-80 C6E16 

mc1, 

c6H6d 
CHC13 

CHC13 
cIic13 
CHC13 
cxC13 
CHC13 

2.44 C6H6 
2.88 C6H6 
3.14 C6H6 
2.30 C6H6 
I,02 C6H6 
4.56 csH6 
1.78 C6H6. 

24,139 
24,140 
740 
145 

24,140 
24,139 
24,139 
140 

139t24 
24,140 
140 
141 
24,139 
139 
24,139 
24,140 
24,140 
24,140 
24,340 
140 
24,140 
24,140 
24,140 
145 
145 
145 
145 
145 
145 
145 
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Table 13 (continued) 

6.77 4,85 
6.99 6.34 
6.9'1 6.32 
6.99 6.21 
5.83 5.80 
5.23 5.46 

6.66 6.28 
6.37 5.75 
5r4 
5*56 

5.62 

5.23 

5.28 

5.08 

145 
146 
346 
746 
146 
146 

146 
146 
38 
38 

38 

38 

38 

.38 

* measured In ethylacetate 

compound and I-phenylsilatrane showed that In this case the 
introduction cf methyl groups did not change i;he dipole moment. 
Therefore, in the Vecf;or calculation of the dipole moments of 
C-methyl-substituted 3-homoailatranes the moments of two CH3 
~;roups were not taken into account (141). IIn the caLcul.ation 
of the dipole moments of Si- and C-substituted 3-homosU.atrsnes 
the ssme values of the'Si-0, C-O and C-N moments were used 

as in the ease of silatranes (139,140). The moment of 
-f&e Si(BHCE2CH2)~N group Sn Si-substituted 2,8,9-triazaslZa- 
tranea, calculated using the vector scheme, was found to be 
2,O D and directed from the silicon toward the nitrogen atom 
(137). However, the measured dipole moment vector is directed 
from &he xxLtrogen toward the sificon atom, That is confirmed 
by an inorease'dp~e fez xSl(EECH2cf12f3N in going from X =CH3 
t0.x = CH2&i and X = C6H5. From these data the transannular 
Si-G bond moment was taken to be 4.3-4-9 I). 

gx d&ermizzation of dipole moments of Si-substituted si1- 
atranes. ~~(5~~*~~3~, where X = H, cH3* C2H5, CH2-a, C6B5, 
C6H50, 3-CH3C6E40, 4-~CZi3)3CC6H40, 5-cE3-2(cH3)2~c~~30, 
4-ClC6H4U,‘-3-02~C6H40, in chloroform and ethyl acetate tMb+13) 



Table 14 

Dipole %omenf;s of Silztrane halogs (at 25OC, benzene) 

x R P,D L~;Fz," Refer, 
obs.vect, 

CH2zCEf 
&EL30 
"H30 

C2H50 
'6% 
C6r'5 
3-C1C6H4 
4--c1C6Hq 
4-BrC6H4 
4-BrC6E4 

'SH5* 

CH3** 
C-$5** 
CH2=GH** 

6.32 2.30 
6.85 2.5 
7.48 2.7 
6.70 2.7 
4.91 0.17 

XSi(ERCH2CE2>3N 

3.3 I.7 
2.8 1.7 
3.3 7.6 

C6H5** 3.2 1.2 
C6H5*** 5.10 3.34 

CH3 
ff 

CH3 
H 
H 

CH3 

CH3 
cH3 
H 

CH3 
H 

4.?i 1.0 
4.48 1-o 
5.18 1.2 

4.85 1.2 
5.8 2.3 
5.43 2.0 
4,72 0.8 
5.23 1.6 
5.17 1.6 

3.74 
3.48 
3.98 

3.65 
3.80 
3.43 
3.97 
3.63 
3.57 

738 
141 
138 

141 
138 
741 
24, 743 
138 
141 

4.02 141 
4.35 741 
5.78 138 
4.30 141 
4.74 90 

4.1 
4.5 
4.9 

4.3 
1.76 

137 
737 
137 

137 

it was attempted to explsAtz tile values obtaioed in temxs of the 
electronic effect of substitients on transannular Sire inter- 
f.%ction, Predominance of the-I-effect of organoxy-groups over 
thefr +H-effect; inckeaaes the dipole ~~oments of f-alkoxy- and 
I-aroxysiXatranes as compared tith those of I-alkylsilaWant3s 
and results 2.~ 8 lezcger moment of the Si-"w b&d (14O)...'In 
general, changes in the ailatrane dipole moments follow those 
fn the electranegativity of the substitueats at the silicon 

atom <740, 14Z,f45)- 
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Replacement of all oxygen atoms in 1-phenylsilatrane (rr = 
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 silatraue dipole moments in chloroform 
solution is explained by the formation of a hydrogen bond with 

the solvent and this was later confirmed by NMR and IR data@@) 
A drawback of the first calculations of silatrane dipole 

moments (80,139,740) carried out before the X-ray structural 
data-were obtained was the use of an idealized molecular 

geometry and the arbitrary choice of some parameters such as 
the Si-0, Si-C, C-H bond momens and the Si-N distance. More 
recent calculations, however, were also based on the valence 

angle and bond moment values characteristic of acyclic com- 

pounds having a tetrahedral silicon atom. 
The ideas of high polarity of the Si-N bond in silatrane 

molecules were first revised in 1975 (147). The dipole moments 

of the heterocyclic skeleton of silatranes, Si(OCH2CH2j3N, 
calculated using the additive scheme and with allowance for 
X-ray structural (108,170) and conformational (130,131) aua- 
lyeis turned out to be appreciably higher than those reported 
previously (139)_ The dipole moment (with no account for the 
Si-N value) is about 3 D, and the changes caused by varia- 
tions in the steric structure amount to 20.3 D. The dipole 
moments of the transannular Si-R bond of l-methyl- and l- 
phenylsilatrsne are taken 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-dioxa-2-silacycloalkanes743 and those of 
the H--C, C-ccl, 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 l-halo- 
methylsilatranes (Table 13)(145,146). The JI value for these 
compounds (Table 13) is a projection of the vector difference 
between measured and calculated dipole moments related to the 
symmetry axis of the silatrane skeleton, When asymmetric sub- 
stituents are attached to the silicon atom it is this value 
rather than the scalar difference between the measured and 

calculated dipole moments which characterizes the Si+N bond 
polarity, In this case, the calculated dipole moment of the 
silatrane group is 2.88 D if its vector is directed toward 
the silicon atom. When calculated by the earlier used method, 

this value is 3.95 D and not I.1 D as it was thought before 
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(139). The use of the measured interatomic Si-N distance 
(2-l-2.2 2) gives the usi_N value in l-methylsilatrane equal 
to 1.38 D which corresponds to an Si +N charge transfer of 
0.7 e (145). An enhanced electronegativity of the substituent 
attached to the silicon atom leads to a greater psi_N value 
(to 3.14 D, for example, when X = C12CH and n = 0 (Table 73)) 

and, consequently, to a greater charge transfer (in theexample 
given it is O-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 higherp values for C-methyl-substituted silatranes 
may be attributed to conformational 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 l-(31-halopropyl)silatranes, 

X(CH2)3Si(OCH2CH2)3R (X = Cl, Br, I) and l-(2'-ethylthio- 

alkyl)silatranes, C2H5S(~~)2Si(OCRRC2)3N, with R = H, CH3 
(146). Five possible steric structures have been considered 

(Fig. 70). The moments of -CH2Si(OE2CH2)3N and 
-CH2Si[OCH(CH3)CH2]3N have been taken to be equal to the 
measured dipole moments of l-msthylsilatranes (5.46 D) and 

+Si 
\ 

gt 

/cH2-sii 
CH2 
\ CH-X 2 

gg 

-1Si 
\ 
/""2 
CH 
\2 
CR-X 2 

tg 

/cH2-si~ 
CR2 
\ CH2- - X 

gg' 

Pig.10 
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7,3~?,lO_tetramethylsilatrane (4.92 D), The moments of G-X 
bonds (X e Cl, Br, I) are calculated from the dipole moments 
of the corresponding methyl halides and the S-CH2 and C2H5S- 
moments are taken from the literature (7502151). The dipole 
moments of 7-(T-halopropyl)silatranes and I-(2'-ethylthio- 
ethyl)silatranes listed in Table 73 correspond to those 
calculated for gg- ana gt-conformers, respectively, 

According to X-ray structural data, the I-f3*-chloropro- 
pyl)silatrans molecule exists in the tt*-conform&ion (F1&10). 
Comparison between the measured and calculated dipole moments 
confirms that the energeticaI.ly disadvantageous gg-conformers 
do not ocour. The dipole moment method does not allow one to 
establish the errcistence of tt, tg, gt, and gg* conformations 
due to their equal polarity, Therefore, Kerr's constant (D63) 
was dete xmined forl-<3*-chloropropyl)silatrsne, which turned 
out to be close to that calculated for the gg'-oonformation 
(7338). The agreement between the two values shows that 
crystalline .l-(3*-chloropropyl)silaLrane exists as the ttt- 
conformer, while in CC1 4 solution the gg' -conformation proves 
to be energetically most advantageous, 

Thus, without rejecting the considerable influence of the 
transanrmlar Si--N bond on many properties of silatranes 
(including the clipole moments), the above mentioned data (745- 
747) demonstrate the error of previous ideas on the extremely 
high polarity of the transannular Si-+X? bond. 

4. Vibrational Spectra 

Almost all vibrational frequencies in the IR absorption 
spectra of silatranes (9,10,752-154)(some of them are repre- 
sented in Table 6) do not differ much from those observed in 
the spectra of usual organosilicon compounds (156-158). 

The Si-H stretchW.g frequency in the IR spectrum of sila- 
trane (2137 cm-' in CHC13 solution, 2117 em-' in methanol) is 
displaced from the region characteristic of organosllicon 

compounds bearing a HSi(0)3-grouping (2190-2220 cm-') (9). 
This shift to the lower frequency Ia explained in terms of 
the electron-donor effect of the trsnsannular Si-)-N bond (9, 
1521. 

An important spectroscopic feature of the silatrane mole- 
cule of EiSi(OCERCH2)3~ <R = Ei, GH3, CF3> is the larger S&-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 triethoxysilsne (Table 75)(154a,155). 
The intramolecular interaction of silatranes with solvents 

is of universal character with predominant contribution from 
the inductive-orientational forces. The lower JSi-H value 

Table 15 
The Solvent Effect on the tiSi-H Frequency in the 
IR Spectra of HSi(OCRRCR2)3N and HSi(OC2H5)3 

-_^. ____ 

Ccl4 

CHC13 
CH2C12 
C6H5C1 

ClCH2CH2C1 
CH3CN 
Solid or 
liquid (1) 

R=H R = CH, R = CF HSi(OC2H5)3 

2175 2166 2192 

2137 2132 2210 2197 
2127 2118 2196 

2143 2136 2206 2192 

2126 2118 2194 2194 
2116 2106 2771 2195 
2092 2115 2172 2194 (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 above sil- 
atrsnes 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: 

dSi-H = 2201(+12> - 199(241) k!- + lO(+l)z6' 
2q+l 

R = O;YYl, r1 = 0.969, r2 = O-990, r3 = 0.967 

The Si-C frequency in the spectra of l-alkylsilatranes 

also is displaced to the lower frequency (752). This indicates 
a decreased electronegativity of the silicon atom and, con- 
sequently, a larger polarity of the Si-C bond. Absorption 
bands Si-X (X = F, Cl, Br) in the IR spectra of l-halosil- 
atranes also are displaced to the longer wave length (15). 

A broad* moderately intense band previously assigned (lo+ 
752,153) to stretching vibrations of the coordinate Si-N bond 

is observed in the 560-590 cm-'region in the IR spectra of 
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l-organyl- and I-organoxysilatranes f70,752,1541, In assigning 
this band, methyltriethoxysilsne and triethanolamine, wfiose 
spectra display no absorption in this region, were used as 
model compoundsr Rowever, this assignment was considered only 
as tentative since the dS(Si-0)frequency in the silatrsne 

-1 spectra may be observed in the 56CL590 rather than 620-675cm 
region (752). An attempt was made to characterize quantitati- 
vely the Si N bond polarity on the basis of a spectroscopic 
investigation of l-orgsnoxysifatranes, ROSi(OCH CH f N ( R = 2 23 
CE3' C2H59 n-C4Hgt t-C$+ n-C5R17, CR3S(CH2)2, CsH5, 
4-CH3CsH4* 2-H2NC6R4. etc.) (153)* For thris purpose, spectral 
characteristics of the band at 5'70-590 cmW1assigned to SI--F-N, 
theappzent; coefficient of molecufar extinction (molecular 
absorption, &) and the integral intensity, A, were determined, 
The data obtained led to the conclusion that the nature 09 
the snbstituent R greatly affects the above parameters and, 
consequently, the polsri.ty of the Si.-+N bond. However, a 
methodical error was made in this work (153) as variations of 
A, reverse to those of E, were obtained for the same absorp- 
tion band, 

A detailed study of frequencies and intensities of the 
absorption bands of Si- and C-substituted silatrsnes in the 
540-590 cm-' region ia their IR snd Rsman spectra has shown 
that these bends arise from skeletal vibrations of the ail- 
atranes (154). Measnsements and an analysis of the absorption 
intensity values, A, for the silatrane skeleton of Si-substi- 
tuted silatraues, XSi(OCH2CR2~ (X = CH3, (CH3)2CR, CH2=CH, 
C6H5, C1CH2, C12CH, IcH2, C2H5SCH2, C2H5SWR2)2, C2H50), 
C-methyl-substituted I-ethylthiomethylsilatrsnes, 
XSi(OCH2CH2),fOCH(CRJ)CH2]3_nN, (X = C2Ii5SCH2) and 2-carba- 
silatrsnes, xSi~OcH2CHz~2(~H2cff2~~~2N, (X = C2H50, C6H5, 
Crz,], 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 enalogs (154). As model compounds, not only 
the corresponding S&substituted triethoxysi.l.anes,XSi(OC2H5)3 
(X = CH3, C1CH2, CH2=CH, C,H50, C6H5), were spectroscopically 
studied, but boratrsne, 3-homoboratrane, B(OCH2CH2CR2)3JN, and 
end phenylsilabicyclo[2+2~2]-octane, ~6H~si(ocH2)3~~3, as 
W@ll. 

The spectra of the silatrsnes and 2-carbasilatrsnes 
studied show an absorption band splitting in the region of 
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the C-O and Si-0 stretching modes with Ad= 30-35 cm-1 and 

10-15 cm-' , respectively. When silatranes and 2-carbasila- 
trenes 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 silatrsnes. Sensiti- 
-1 vity of the bands in the 1100 cm region to the state of 

aggregation suggests conformational changes in the silatrane 

skeleton of unsubstituted silatranes. On going from cryatal- 
line state into solutions the band intensities of the silat- 
rane spectrum change by less than 30 % This makes it possili!e 
to compare the vibrational intensities of the Si-O-C group in 
the spectra of crystalline silatranes and those of benzene 
solutions for the corresponding Si-substituted triethoxysil- 

anes. The AC o value in the XSi(OCH2CH3)3 spectra is linearly l/2 

related to thes*value of the substituent X: 

l/2 
AC-o = 22.3 - 48.16* (r = 0.978, a = 6.0). 

r'or the silatranes of the XSi(OCH2CH2)3N type with the except+ 

ion of the compounds with X = H, CH3, the A:!: value also 

correlates well with the 6* value of X: 

1/2 
Ac-o = 160 - 22-26* (r = 0,967, s = 4-O) 

The '(C-N) intensity is scarcely sensitive to variations 

in the substituents at the silicon atom. This indicates a 
relatively low transmission effect of the Si*N bond. 

Introduction of methyl groups into positions 3-, 7-, and 
10 increases the intensity and halth-width of the 540-57061 
band and produces its splitting, In this region, absorption 
also is observed in the spectra of 2_carbasilatranes, 3-homo- 
silatranes (138), 2,8,9-triaxasilatranes (137). In the 
general case, the 540-600 cm" absorption band is always 
observed in the IR spectra of bicyclo-[3:3,3,3]undecane 
systems such as boratrane, B(OCH2CH2)3N, 2,8,9-tricarbabor- 
atrane, B(CH2CH2CH2)3N, (Y59), stannatranes, XSn(OCH2CH2)3N 
(16O), various metalloatrane-3,‘7,7Q-triones, M(OCOCII,)$(M= 

Al, Ga, La, Bi, Cr, Fe, Ni, etc.)(163) and is usually 
associated with the atrsne skeletal vibrations (159)_ 

These considerations m&e it necessary to assign this 

absorption bend in the spectra of silatranes and their analogs 

to deformational. vibrations of the silatrane skeleton (154)_ 

In spite of this, in later publications, the absorption band 
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at 570-600 cm-'in the spectra of 3-homosilatranes (138) and 
2,8,9-triazasilatranes (737) was erroneously assigned to the 
symmetrical Si-N stretching vibrations, The above assignment 
of the band at 540-600 cm-' permitted the use of IR-spectro- 
scopy to confirm the structure of silatrane hydrochlorldes 
which are, unlike azsbicyclo[3.3,3]undecsne (729) very sense- 
tive to atmospheric moisture, So, the presence of the absorp- 
tion band at 550 cm"' in the IR spectrum of the adduct of 
t,3t7tf0-tetremethylsilatr~e with hydrogen chloride indicates 
that the three-cyclic system does not change. The intense, 
broadened Si-O-C stretching modes undergo a negligible ( by 
lo-20 cm"') shift toward shorter wave length (764). 

The bands at 2500-2800 cm"' characteristic fox RCl-tert- 
iary &nine complexes are observed in the spectrum of both 
trilsopropanolamine hydrochloride (2500-2700 cm-') and 
1,3,7,70-tetramethylsilatrane hydrochloride (2560-2800 cmY7). 
The order of the band arrangement may be associated Piith an 
increase in the degree of charge transfer in the R3N-HCl 
system. 

Thus no significant influence of Si-N transannular 
interaction in sllatranes on their vibrational spectra has 
been observed so far. 

5. Ultraviolet Spectra 

UV absorption spectra of silatrenes, XSi(OCH2CH2)3N, with 
x= C2H5,. n-C3H7, C6H5, C6R5"2' C2H50 and (CH3)2CH0, have 
been studled in the 780-240 nm region (165). The absorption 
band in the 170-240 nm region was assigned to the nitrogen 
atom and its surroundings end 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 I-alkylsilatranes, X = C2H5* (CR3j2CH, 
relative to the absorption band of triethylamine is attributed 
to the Si-ZZ txans e.zzmular bond, 

UV spectra of 3,4,6,7,10,17-tribenzosilatrsnes, XSi(OC6H4).N, 
show two absorption peaks at 284 and 277 ~11 for X = Cl, endc 

at 285 and 277 nm for X = CR 3' 't;Ifs. 4-cH3c6H4 (1661, 
W spectra of the l-aroxyailatrane series, 

XC6R40Si(OcR2a2)3N, (X = U, CH3, cl, CH30, (cH,),cf have 
been studied in the 795-400 nm region (Table 76). The SPecfZ% 
of freshly prepared aqueous solutions of these compounds also 
display two absorption peaks at 212-225 am and 270-288 nm.(?67)* 
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In comparison with the 4-XC H OCH 64 3' the W spectra of sila- 
tranes show a reduced intensity of the first band and a hypso- 
chromic shift of the second band (Table 16). 

Table 16 
W Absorption Spectra of XC6H40Y 

Band I Band II 
X Y Solvent 

A&m q10:3 A,nm El 10-3 

l-mol-!cm-' ~ol-_Jcm-! 

H Si(OCH2CH2)3N H20 270 l-3 212 6.20 
CH 3 Si(OCH2CH2)3N H20 270 7-4 213 8.07 

(CH3j31" Si(OCH2CH2)31V H20 275 1.35 220 6.07 
irl Si(OCH2CH2j3N H20 280 1.71 225 71,97 
CH30 $(OCH2CH2)3N 2: 288 2.87 223 8.52 
H 

S&H313 
2 267 7-6 217 4.3 

H 'gHl 2 268 1.26 211 6.94 

cH3 CH3 C2H50H 277 2.10 226 9.7* 

cH3 Si(CH313 C2H50H 274 7.39 
Cl CH3 C2H50H 281 1.85 227 11,70* 
-Cl Si(CH313 C2H50H 2'77 1.18 

* In cyclohexane solution 

The use of Periser-Parr-Pople (PPP) method for the sna- 
Zysis of the W long-wave bands permitted the electron-accep- 
tor effect of the silicon atom to be rationalized in terms of 
the participation of one of the lowest vacant orbitals. It 
was also 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 C6H50Si- 
group. In its electron withdrawing effect on the bound oxygen 
atom, the silatrane -Si(OCH2CH2j3N group is comparable with 

the Si(CH3J3 group* 
Comparison of the W spectra of tetraphenoxysilane, tri- 

methylaroxysilsnes and 1-aroxysilatrenes shows that for the 
latter the SieN coordination interaction does not affect the 
absorption in the 200-300 region. 

6, ??MR Spectra 

NMR Spectra of silatranes have been studied in detaL1 
(10,13,70,75,137.168-187). 



65 

1 H NMR spectra of eight I-organyl- and l-organoxysilat- 
ranes, XSi(OCH,CH2)3N, where X = CH3, C2H5, i-C3H7, CH2=CH, 

‘6’5 * CH30, C2H50, n-C3H7C, were obtained for the first time 

in 1965 in chloroform medium using a 40 MHz spectrometer 
(168). The methylene proton signals of the silatrane skeleton 
appeared as two markedly broadened triplets forming the 
(AA*XX')~ spin system, The splitting of lines in these 

spectra was nearly constant for all the compounds (5-6 Hz), 
but intensities are slightly 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 atom which compensates for the 
change in the chemical shifts of the 0-CH2 protons caused by 

variations in the substituent X. The difference between the 
proton chemical shifts of the OCH2- and CH2N-groups in silat- 
rsnes and model compounds (organyltriethoxysilanes,tciet~ol- 
amine and N,N-dimethylethanolamine) was attributed to the 
Si+N coordination bond. 

In a further study of the ' H NMR spectra of a large 
number of Si- and C-substituted silatranes the chemical shift 
values for some previously examined compounds were revised 
(Table 77) (169-171). 

The %H N values themselves cannot provide strong evidence 
for coordin&ion interaction since screening constants of the 
CH2N proton in silatrane spectra are only slightly lower than 
in those of acyclic and monocyclic silatrane analogs which 
display no coordination bond in the solvent (143)- Thus, the 
paramagnetic resonance shift of N-methylene protons in the 

lH N&E2 spectra of 1-methylsilatrane in CC14medium (5NCH = 

2.71 p.p.m.1 is greater only by 0.18 p.p.m. than that 2of 
l,1-dimethylsila-5-methylaza-2,3-dioxacyclooctane (F,,, = 

2.54 p.p.m,)(169). At the same time, if the nitrogen a&m 
undergoes quarternization or participates with its unshared 

electron pair in the coordination bond, the N-methylene 
proton resonance usually shifts by 0.5-l p.p.m. to lower 
field. Consequently, higher 6CH N values do not show complete 

transfer of the nitrogen unshared electron pair to the vacant 
3dz2-orbital of silicon, It was pointed out for the first time 

that lack of the basic properties Of' the nitrogen of silat- 
ranes is chiefly associated with the steric inaccessibility 



s, p,p.m. Refer. 
ocx2 CH2N X 

3.86 
3.81 

;%f 
3:78 

zir 
3:76 
3.56 

3.75 

3.72 
3.78 
3.84 
3.87 
3.95 
3.69 

2.88 3.94 10,16& 169 
2.85 3.87 

2.64 -Cl:34 
2.79 0;3Ok), 0;97@) 
2.72 0,42GL~, 0.9NB1 
2.77 0.92 
2.74 0.8-2.3 
2.84 5.69 
2.90 2A66 
2.89 2.59 
2.98 5.16 
2.73 

3*84 2-39 
3.75 2.78 

3.88 2.92 
3*sa 2.83 

3.89 
3.82 
3.89 

3.85 
3.85 
3.81 
3.89 
3.83 

2.91 

2.81 
2.93 
2.88 
2.97 
2.92 
2.92 
2.86 3,59Fd), 1.4Z(j3) 

o,f36(b_) 
3.80 
3.82 

3.65 
3.80 

2.88 ?,lS@> 169 

3.79 
3.81 

0,34(CK si>, 1.79oxyx 
3.40Wdw,> 

2,31 
O&O(CH$X), 1-95(GH2C) 

3,3?WX2) 

1.92 
0.46 (CH2SI), 1.96(CH2C) 
3.22(ICH2) 
5.59,5-E= 
5,96(~~-gem~,6,49(~~-cfs~ 
6.79 
5.96 
3.OO(cH$i), 3.38WH31 
3.40 
3*70~a~, 1*13(P) 

160 

:%‘% 
160' 
136 
136 
169 
20,168 
10,169 
169 
ID,169 
46 
174 
174 

46 
44 
46 

46 
45 

42 
42 
42 
42 
58 
10,169 
?0,169 
10,169 

769 



Table 17 (continued) 

C6H5CE20 3.82 2*71 
HSCH2 3.83 2.86 
H%CH2& 3.75 2.80 
HS(CH*)3 3.75 2.79 

NCS(CH2)3 3175 2.81 

c6H5 3.78 
4-Ca3C6H4 3.74 

2-CX6H4 
4-CH3C6H40 
3-CE3C6H40 
2-cx3c6H40 
4-(CH3)3CC6H40 
4-ClC6H40 
2,4,6-C13C6H20 
4-02m6H40 
3-02NC6ii40 
2-02NC6H40 
C6H50GH2 
2-CH30C6H40CE2 
I 
CH2WH2)3hH2 

3.84 2.85 

3.81 2.82 
3.73 2.78 

2,7i 

3.74 
3.80 
3.85 
3.76 
3.84 
3.85 
3.82 
3.87 
3.88 
3.88 
3.89 
3.82 

2.68 ~55<H3,~f,7.W(H2 6) 
2*25(Cff3) 

I 

2.70 7,6-7eO 
2.82 2,19(CH3).6.89(C6H4~ 
2.83 2.26(CH31 
2.70 z.~~(cFI~I,~A~(C~H~) 
2.80 1.23(CH,) 
2.84 6.99(H2:6f. 7.09@3,5) 
2,89 7.17 
2.94 6.99W2,6f, 7.97(H3,5) 
2.92 
2.84 
2.91 3.46 
2.82 3.45(CH2Si),3-80(CH3) 

2.5-0,8J 
3.52(CH20),f.20(CH2) 

O.W(CH3) 
4.74(CH20>,7.29(C6"5) 
1.54(SCH2) 
o,8l(CH,Si),2.62(SC~ 
0,48(CR2Si),l.80(eu2c) 
2.%(ScH2) 
0,49(~2Si),l,88(CH2C) 
2.96(SCH2) 
7.46-7-19 

3.74** 2.78 L81(SiCH2) 
3.69***2,74 L65(SiCH2) 
3-E** 2,77 1.73(SiCH2f 

3*77+* 2.79 L97(SiCH2) 
* cH2wH2)3my+3 3.76** 2.79 0.38(SUXi2) 

f 
CHp(CH2)4N(CH2)3 

IxIz(cf12'5a(CH2'3 

3.72** ~76 0.29 (SiCH2) 
3.75** 2,78 O-40 <Si.CH;z) 

169 

369 

369 
64 
64 

64 

56 
70,169 
169 

769 
169 
169 
169 
169 
169 
169 
169 
1699 
369 
58 
58 

38 
38 
38 

38 

38 

38 
38 

* in C6H6 
** In cm3 

*** in cc1 4 
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of its uushped electron pair orzLented ?insiden the silatrane 
skefeton, rather than with redueed eleclmmic density (769). 

An s.naZysis of the 'H 2BdR spectra OP a large number of 
silatranes has shown (169) that the screening constant value 
for ocI12- and CH2N-protons depends on the na%ure of the sub- 
stituent on the silicon atom. In the N'MR spectra the differ- 
ence beeween 0CW2 and BGHZ chenulcal shU%s is nearly constant 
tunounting to approximatelg 7 p.p.m. on the average (Table t7). 

The invarG&Kf_ity of this value indicates that the 
electronic effects of the substituent attached to the silicon. 
atom are transmitted to the OCE$- and CE12H-fragments not only 
through the K-lxxxting system of k&e atrane half-rings, 
Si-O-C-C-N, but: also through the S&+-H transannuJar bond, 

lFor molecuXes of the series ~~(OC~~C~~~~~ with X = H, 
CH3, C2W5, (CEL&CH and CH2=CEI, the ehemica3. shifts of ring 
protons are linearly related to the Taft inductive constants 
of the substrituent x: 

The parameters of these equatians later were made more 
exact by inclusion of chemical shifts of ~-d~ethy~~nometh~- 

- 0.777ls; tr = 0,971 

- 0,180~~ (r = 0.98) 

silatrane meth&odide f?'??): 

a- CIi2N = a79 - 0,165 Cr = o.gg) 

b CILp = 3-76 - 0.0646; (r = 0,971 

Silatranes containing an aryl- or org~o~-group in 
poslf;ion 1 do not obey these relationships, This seems to be 
due to an addit;ianal effect, their (p-d&-interaction with 
the silfcon atom. The steric S-nteraction of the aubstituent 
at the silicon atom influences the elc?ctron density distri- 
bution more strongly then the fnductive effect, of the sub- 
stituent does (769). More bulky substituents decrease the 
degree of Szi.-+R in%eractfon due to distortion of the SSB3- 
group configuration (a decrease in the planar chara+er of 
tile SiOg-group). 

From an X-ray struc_hrraIi anafysis (106) it has been 
established that; the SIOCCEi units sf Si-substituted siiat- 
raxx+s have an envelope shape, A8 a rule,&-carbon atoms come 
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out of the plane of other atoms of the silatrane half-rings. 
According to the lEi m data, the inversion rate of these 
five-membered heterocycles is extremely high. Thus,for the 

inversion equilibrium, 

"\ 
Si 

/ f N _ 
si- 

o- C 0 ' "i -C 
'C 

a decrease in the temperature of I-ethoxysilatrane solution 

in CH2C12 to -80° does not *?freeze" out these conformational 

transitions. 
In 'H NMR spectra of 3-methyl-substituted silatranes the 

proton signals of the substituted atrsne half-rings are 

characterized by a multiplet of the ABXM3 type with zero 

spin-spin coupling (SSC) constant between the proton separated 
by four bonds (170). These 
of the CH3-group "freezes" 
of both: substituted (170) 
rings. The proton spectrum 
(ABXY+ The 3-substituent 
tation (170,184). 

spectra show that the introduction 
the conformational transitions (169) 
and unsubstituted (170,184) half- 
of the latter is of the type 
displays a pseudo-equatorial orien- 

The geminal coupling constants of the protons of the sub- 
stituted atrane ring in the PMR spectra of l,+dimethylsil- 

atrane and 1-phenyl-3-methylsilatrsne were used to confirm 
that the molecules of these compounds exist in the endo-form 

and have an Si+N bond. A distinguishing character of the 
IH NMR spectra of 3-methyl-substituted metalloatranes is that 
the 2JAB anddFAB values of the geminal protons change in line 
when the silicon atom is replaced by boron, germanium or 
vanadium (170), 

A decrease in the *JAI3 and As, values shows that the 
deviation of the considered fragments from the planar struc- 
ture decreases in the following order BaRSi>V=O, 

From the chemical shifts of CH2N protons of the unsub- 
stituted rings it is see&that the introduction of the CH 
group into the silatrane skeleton hardly affects the degrze 
of the Si-N transannular interaction, 

Unlike the '11 NhUZ spectra of the atrane skeleton of Si- 
substituted silatrsnes (type AA'XX'), the spectra of C-sub- 
stituted derivatives of type XSi(OCH2CH2)3_n(OCHRCH2),N, 



where X = C-H 
3’ 

C1CH2, CH3CHC1; R = CH 3, CF3; n = 1-3, are 
extremely complicated. In the simplest cese with n = 1, there 
is overlapping of three groups of spin-systems, ABXM 3’ 
A*B*X*Y* and A"B*'X"Yt* (179,184).• In the 'H NMR spectra of 

3,7,10-trimethyl-substituted siletranes the signals of the 
ring protons are represented by four spin multiplets of the 
ABXM3 type and equal intensity (A and B correspond to CH2N 
and X-OCH2 and M3 to the protons of methyl groups) (184)- The 
molecules of C-methyl-substituted siletranes, 
XSi(OCH2CH2)3_n [OCH(CH3)CH2]nN, where n = 2,3, ere e mixture 
of diastereoisomers (Big. II), 

n=2 7pL3 A A. 
n = 3 lo A “A 111 

IV V 

Fig. II 

When statistical distribution is the case, the isomer 
ratio should be a8 follows:.I:II:III = 2:l:l and 1V:V = 1:3- 
In the 'H N?JR spectrum of 3.7,10-trimethyl-l-iodomethylsile- 

trsne (n = 3) the isomer ratio corresponds to the statistioal 
one, whereas in that of 3,7-dimethyl-I-iodomethylsiletrane 

(n = 2) a considerable deviation favoring the less strained 
form,I, is observed (784). 

In diestereoisomers I and IV all exo-substituents are in 
the pseudoequetorial position; in V two substituents are in 
the pseudoequatorial position and one in pseudoaxiel (184). 
The conformational rigidity of molecules I, IV end V is caused 
by e significant energy gain of the cycles with e-oriented C- 
substituents, 

Equivalence of 3,7-substituted rings (j84) in each die- 

stereoisomer, II and III, as well as the values of spin-spin 
coupling between the A, B, and X protons indicate a high con- 
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formational lability of their molecules, Methyl groups of dia- 

stereoisomers II and III undergo fast es-i- ae conformational 
transitions, A temperature change from -80 to +200°C in 3,7- 
dimethyl- and 3,7,10-trimethylsilatrane solutions does not 

influence the line arrangement in the 'H NM? spectra. This is 

the equatorial-axial orientation of 3,7_substituents in 

isomers II and III rather than the equatorial-equatorial one. 
This confirms that 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 

conformations of unsubstituted silatrane 
agrees well with the literature data for 

[3-3.3lundecane systems (manxane XVI and 
tures, Chapter II, Section 7) (126-129). 

Thus, the conformational transitions 

half-rings (732) and 
the related bicyclo- 
manxine XVII struc- 

in silatrane mole- 
cules are collective transitions which occur with retention 
of the C3 symmetry (784). 

7 H 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 NCH2 and OCH2 
groups in 3-homosilatranes (independentof the nature of the 
substituent X) are almost constant; amounting to approxima- 
tely 1 p.p-ma, on the average (38,139). 'H NMR spectra of 
2,8,!+triasasilatranes (except the protons of the substituent 
X) contain an Nhlproton singlet and two multiple&s which are 
the components of the AA'BB' system. In the spectrum of l- 
methyl-2,8,9-trieeasilatrane an increase in proton screening 
of the methyl group and a decrease in the spin-spin coupling 
value, lJ cH, as compared with those of methyl-tris-(dimethyl- 
amino)silane, are observed (137,187). 

In spectra 03 silatrane-3-ones the signals due to the 
0CH2-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 proton 

chemical shifts. 
1 H RMR spectra of E-carbasilatranes are characterized by 

markedly greater screening constants for the substituent X 
protons and the protons of the OCH2CH2N-fragment than those 

of the corresponding silatranes, As with silatranes, the 

splitting pattern of the resonance lines in the 1 H NUR spectra 
of 2-carbasilatranes demonstrates their high conformational 
lability. A comparison of the spectra of silatranes and the 
corresponding 2-carbasilatranes reveals that in the latter 
the R-methylene proton resonance is less sensitive to vari- 
ations in the nature of the substituent X, Thus, the proton 
chemical shift in I-ethoxysilatrane is lower by 0.13 p-p-m, 
than that in I-methylsilatrane (in CHC13). A similar change 
in the substituents in the series of S-substituted 2-carbe- 
silatranes shifts the resonance by 0.03 p.p.mr (169). This 
seems to be associated with the fact that the replacement of 

the oxygen atom in the silatrane molecule by a methylene group 
having lower electronegativity end another ateric structure 

reduces the electron-withdrawing properties of the silicon 
atom in 2-carbasilatranes and, consequently, the Si--N trans- 

annular interaction. 
Recently Ru(DPMj3 -induced chemical shifts of the proton 

signals in the 'H RMR~spectra of 1-methylsilatrane (CHC13 and 
CHC13-CS2 mixture) (187) end l-methyl-3-homosilatrane (Ccl41 
(138) have been measured. 

In order to interpret the Eu(DPMJ3 -induced paramagnetic 
shifts,& in the 'H NMR spectrum of l-methylsilatrane, the 6- 
values were compared (185) with the paramagnetic shifts, 6,, 
calculated by means of the following formula (183). 

, where 8 = the angle between the main 

magnetic axis of the paremagnetic complex and the direction 
to the nucleus, r = the distance from the coordinating ion to 
the resonance nucleus, and K = the constant for l-methylsil- 

atrsne at given temperature. 
The band bm values were compared, with allowance for the 

following conditions: 1) The silatrane molecule has four 
electron-donating heteroatoms which may be considered as 

possible coordination centers, three of them (oxygen atoms) 

being equivalent; 2) In accordance with the molecular geo- 
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metry of silatranes and Su(DPM)3 coordination to the oxygen, 
the europZum 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 atoms, no agreement between the band bm values 
was achieved. Further interpretation of the paramagnetic 
shifts observed was made on the basis of the suggestion of 
N-coordination of l-methylsilatrane with hu(DPM)3, This sug- 

gestion was based on the data that an HCl-1,3,7,10-tetra- 
methylsilatrene complex formed via the N atom was obtained 

(764) despite the existing ideas on inactivity of this sil- 

atrane due to steric inaccessibility of the unshared electron 

pair snd the participation of the latter in trensannular 
interaction with the silicon atom (168). In calculations of 
the 5, values for N-Su(DPM)3 coordination, the main magnetic 
axis was taken to be coincident with the Si-N direction. The 
enalysis carried out showed that the R value which is 
adequate within experimental accuracy was reached if it was 
assumed that the O-coordinated molecules amounted to 90%, 
the other lO'$ having the nitrogen atom as the coordination 
center. The Eu-0 distance was 2.69 i, 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(CH2)3_flattening. The calculations 

carried out confirm the second hypothesis. In the coordin- 
ation without transition of the endo-form into the exo-form, 
the Su-N distance is 2.15 2. In the case of exo-conformation, 
the agreement between the bend 6, values requires the Su-N 
distance to be 1.5 2, which is considerably less than the 
normal Eu-N distance (2.65 x) (188), 

The distortion of nitrogen sp3 -hybridization in silatrane 
molecules may be explained by specific conformation of bi- 
cyclo[3.3-33 undecane systems which is observed, in particular, 

in 5-azabicyclo[3,3,3Jundecane (XVII) and ita derivatives 
(726,128,129). 

73C RMR spectra of silatranes have not been studied in 
detail. The screening of 13 C nuclei of the silatrane skeletcm 
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is higher than that in acyclic Si-substituted tris(2-amino- 
ethoxy)silanes. This is due to the cyclization effect and, 

possibly, to the intraannular compression in the N(CH2)9 

fragment of the silatrene 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 13C reson- 
ances of the carbon atoms (which are in they-position or 
even more distant from the silicon atom) are observed at 

higher field then 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 

para 
in phenylsilatrane 

with respect to the corresponding Si-substituted triethoxy- 

silanes were explained in terms of the changes in the elect- 

ronic structure in the Si-Zhbond and can be understood in 

terms a?? the loss of p--d, bonding. Utilization of the 13C 

chemical shifts of I-phenylsilatrane and phenyltriethoxy- 

silane, as well as least-square correlation equations related 
to inductive end resonance constants of the substituents in 
the aromatic ring of monosubstituted benzene, C6H5X, with the 

meta- and para carbon atom screening constants (E__ = a0 + 

a% + a2FC ) made it possible to calculate the corresponding 
m P 

5X constants for the silatranyl- and triethoxysilyl groups 
(187b): 

Si(OCH2CH2)3N -0.40 0.02 0.02 -0.09 0.17 -0.89 

Si(OC2H5)3 -0-18 0.10 0.08 O-21 o-17 -0,19 

Nearly the same 6+ values for the silatranyl- (-0.08) and 
triethoxysilyl (0.17) groups were estimated from the relatim- 
ship betweenb+ and 6 C, (178b). Th e analysis of their values 

proves that the extension of the heteroatom coordination 
number in silatrane molecules considerably increases the 
electrondonor properties of the silicon atom. 

Changes in a number of other spectral characteristics of 
silatranes including a decrease in the coupling constant, 
'J 

'3CH' 
(115,6 Hz) end an increase in 'J 

29SiC 
,(106,9 Hz) for 

methyl groups as compared with those observed for methyltri- 

ethoxysilane ('J73,H = 118.9 Hz, lJ29 = 97-O HZ) also are 
SiC 

connected with rehybridization of the silicon atom in sil- 
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atrene molecules. These results are similar for pentacoordi- 

nate -kin derivatives and seem to reflect general regularities 
related to the fact that the Group IVB elements extend their 
coordination number, 

7-(4*-Fluorophenyl)silatrane (175), I-($*-fluorobenzyl)- 
s$d -I-(jr-fluorobenzyl)si;;tranea (776) were investigated by 

F NMR, For comparison, F NMR spectra of the corresponding 

Si-substituted trialkyl- and trialkoxysilanes were studied 
(Table 79). Correlation equations for compounds of these 
series 3- and &XC H P permitted the determination of the 

64 
inductive (gI= -0.36) and resonance (6$ = --0,21) constents 
of the CH2Si(OCH2CH2)3N group, A higher bF value for l-(4'- 
fluorophenyl)ailatrane as compared with 4-fluorophenyltri- 
ethoxysilane was explained in terms of an S---N coordination 

interaction, A longe-range spin-spin coupling through space 
between the fluorine atoms separated by eight valence bonds 
in l-methyl-3,7-bia(trifluoromethyl)silatre.ne and l-methyl- 
3,7,lO-tr~s(trifluoromethyl)silatrane was observed (182). 

Coupling constants between the fluorine nuclei of the 
magnetically nonequivalent 3-12CF3- and 7-'3Cl?3 groups isomer 
(II) and of 3- and ?-CF3groups of isomer (V) (Fig, 11) of the 
above molecules were determined to be 8JFF = 1.6 Hz (182 ). 
This value corresponds to an F-l? distance of-4.2 ;1(182a), 

Low sensitivity of the 14N isotope (0,001 of the proton 
sensitivity at constant field) and the influence of quadru- 
pole line broadening (spin number, i, is 1) make investig- 
ations of organic and elementoorgauiccompounda by the '4NNPdR 
method very difficult. The i value for the 75N isotope is l/2, 
However, its natural abundance is extremely low. This is why 
only one study (180) has been devoted to %NMR spectra of 
silatrsnes. The '"irs resonan ces of l-hydrosilatrane end 7- 
methylsilstrsne are at higher field relative to that of tri- 
ethylamine (Table 20), A considerably different 14N relax- 
ation time in the silatranes studied indicates a substantial 
influence of the substituent at the silicon atom on the 
elctronic surroundings of the nitrogen atom. This affords 
evidence for the'interection of the nitrogen unshared electrcm 

Pair 6th the silicon atom, but not excluding the influence 
of Sh3reOChemiCd factors such as deviation of the m(CH2)9- 

valence augles from the tetrahedral value. In l-methylsila- 
trane the '4EJ shift to low er field by 9 p.p.m, relative to 
that observed in alkyl &es when the hydrogen atom of the 
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Table 19 

lyF Chemical Shifts of Compounds BC6H4X* 

- _ 
X FF* p.p.rti 6i: G 

Solvent Zefer. 
- 
4-Si(OCH,CH2)3N 2.43 CC14, C&F 175 
4-CH2si(m112C'62~~~~ 9.32 -3.21 cm3 176 
~-CH~S~(OCH,CH,)~N 3,15 -0.36 CDC13 176 
4-CH2Si(CH3)3 7.06 -0.20 CC14 176 
3-CI-12Si(CH3)3 1.74 3.08 CC1,i 176 

* Relative to fluorobenzene 

Table 29 

C'nemicsL Shifts in the '% NMR Spectra of Silatranes and 
Xodel Compounds 

Compound s w+ p-p-m.* A&/z' Hz 

XSi(OCH2CH2)3N -354.7 -+ 4.4 638 -t68 
CI13Si(0 CH2CH2j3N -346.2 -i 3.6 2211 4103 
B(OCH2cZ2)3N -325.0 ,+ 4.9 543 -+?I 
(C2H5)3N -327.3 2 2 320 210‘ 

* The negative TN values show a higher field reson:nce shift 
as compared to t;he CH3N02 standard (in CW2Cl2) 

H-C-N group is replaced by a methyl group (183), 
29 Si NiW spectra of Si-substituted silatranes and tri- 

ethoxysilane have been studied recently (Tables 21, 22). 
It is known that the gsi value in the lKMR spectra of silane 
derivatives is determined by a whole complex of different 
factors including the inductive, resonance and steric effects 
of substituents (1861, 

The s,, dependence on the nature of the substituent X for 
triethoxysilane and substituted silatrane is nearly the same, 
As the electronogativity of the substituent X increeses, the 
2ySi resonance of these compounds shifts to higher field, 
This is, in principle, consistent with the theory of 29Si 
screening. When the substituent X in molecules of the 
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29Si Chetical Shifts in the RMR Spectra of 
Siletranes, XSi(OCH2CH2]3K 

Table 21 

Si-Substituted 

X X c2gsi, 
Pop-m. 

(CH3)2CH 
G-x3(CR2)4 

C6H11 
C1(CR2)3 
Br(CH2f3 
WH213 
[(C2R512CR3&H2 

CI$; CR2)4@H2 

3 
fCH3)2Ch0 
c"3WH2)30 

-65.0 
-65.4 
-65.4 
-68.2 
-68.5 
-69.5 
-84.7 

-84.1 
-95.4 
-95-O 
-95-o 

~~3)*CH~H2~ 
NH3)3C0 
cHp&p 

SSH5' 
4-(cH3)3cc6H40 
2-CH3c6H40 
3-CH3C6H40 

+CH3C6H40 
4-C1C6H40 
3-02E6H40 
4-02NC6R40 

-95*2 

-94.9 
-95-f 

-99.3 
-98.9 
-99.7 
-99.5 

-99.1 
-99.7 
-99.5 
-9rj.6 

XSi(OCH2CH2)3N and XSiCOCH2CH3f3 type changes, 8 Enesr rela- 
tionship between %hessi values and the inductive aliphatic 
Taft constants,6$, of the suhstituent X holds: 
(equations 1 and 2, respectively) (187aI 

s Si = -67.10(0.6) - 77.3(1.7Xi~; r = 0.992, s = 0.768 (7) 

S si = -45,311*.1) - 17,3(7,8)~~; r = 0.998 s = l-28 (2) 

Judging from equations (1) and (21, the indicator center 
sensitivity to the substituent effect in these two series is 
nearly the same. The absolute &Ssi values for the correspond@ 
Si-substzLtuted sU_atranes and triethoxysilanes with X = H, 

%%l*-t 0, RC6R40, RC&H4, CH2=CE are essentia21y higher tha& 
those calculated from equations 1 end 2, This deviation _ 
results from the non-linear character of the dependence of 
& Si on the electronegativity of the subatftuents of the 
silane derivatives fl86), as well as from id-&e influence of 
conjugative contrd.butions, 

IWhen the substituents change, both classes of the com- 
pounds studied display the same order d.n the deviatrion of the 
&Si values from those calculated from Squa*ions (1) and (2): 
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Table 22 

2gSi Chemical Shifts in the NMR Spectra of Si-Substituted 
Silatranes end Triethoxysilanes 

X 
6-29 Si, p.p.m. ~Ssi, Refer. 

XSi(OCH2CHH2)3N XSi(OCH2CH3)3 p.p.m. 

H 

CH3 

C23 
C1CIi2 
CIZCH 
BrCH2 
ICH2 
CH2=CH 

C5;H50CH2 

-83.6 
-83.6 
-65.7 
-64.8 
-66.6 
-@?*I 
-77.2 
-83.2 
-77.7 
-77.0 

-83.5 
-81.6 
-94.7 
-94.7 
-80.5 
-81.7 
-75.9 

-66.0 17.6 
-59.5 24.1 
-44.0 21.7 
-44.2 20.6 

-45-Y 21.2 
-56.1 27.2 
-60.4 14.8 
-56.2 21.5 
-54.7 22.3 
-60.3 23.2 

-69.5 25.2 
-82.6 72.3 
-59.4 21.1 
-58.4 23.3 
-53.9 22.0 

187a 
17&l 
187a 
178a 
179a 
187a 

187a 
187a 
787a 

f87a 
18?a 
178a 
187a 
187a 
187a 
778a 
187a 

I -9 

CH2(CH2)4ffC=2 -72.0 -50.2 22.6 187a 

cnH211+70 - C6H5CZC ) CH2=CH - H r C6zg. In the case of Si-sub- 
stitited silatranes the deviations are smaller than for the 
corresponding triethoxysilane derivatives. The similar sSi 
dependence on the substituent X in these two series shows 
that the determining role in the 2g Si-screening of silatsenes 
belongs to the total charge of the Sfli.COn atom. 

Having studied 29 Si 3ZMK spectra of four sifatranes, 
XSI(OCH2cH2)3N, (X = H, Me, Vi, =I, Harris (178a) suggested 
that the gubstituent effects on 

29 
Si. chemical shifts pointed 

to a. dependence on p7-ds interaction of three oxygen atoms 
&&ch j.s greater than tha% on the Si-R coordination charge 

in silatrsne fomation. 
A specific feature of the Si-subst+tuted sifatranes -is 
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the considerable (14-25 p.p.m.1 higher field shift of the 
29Si resonance in their N!dR spectra as compared nith that 
observed for the corresponding triethoxysilanes (Table 22). 
Tkuls is not related to the "cyclixation effect" (186) leading 
to a lower-ffleld shift of signals. The effect of the nitrogen 
atom may also be neglected as the 2'Si screening in methyl- 
ttis(Z-eminoethoxyy)sifene is lower than in methyltriethoxysil- 
ane by only 3 pIpImr The observed difference in the &Si values 
.for the corresponding triethoxysilanes end silatranes is 
caused by a change in the Si atom hybridization, It is 
suggested that the extension of the coordination number of 
the silicon atom in silatrane molecules and, consequently, its 
rehybrldization are accompanied by an add&tionaZL positive 
contribution, Scoord,, to the "Si screening constant. The 
greater the degree of Si- N interaction in silatranes, the 
greater is the value af the Scoord contribution, Thus, the 
observed difference in the 29 Si ch&ica_l shffts of the cor- 
respondtig %.-substituted silatranes and triethoxysllsnes, 

%i =C&%; -s& reflects the mutual change in both the 
total charge,& 9 _"t - I5:, and the Si coordination number, * 
S coordr. ThenSq and gcoord values have opposite signs and 
depend in different ways onlthe aubstituent X electronegati- . 
vity. Their absolute values should rise with en Increase in 
the electronegativity of X, According to the experLmenta1 
data, the absolutea value is somewhat-lower than8coord. 
In the series studied'the*S 

9 
varies in a greater range 

than the6'coord e 
Thenc 

evaluated 20 
val;e for I-hydroszilatrane and triethoxysilane is 
be -r-22 p.p*m. (the plus sigh denotes a lower- 

field resonance stift), As the experLment.al difference in the 
29 Si screening of these compounds, -17.6 p.plmr, lsnEiSi = 

&& - d'q + %oordr' the %oord should be -39 peplmr If the 
difference in the silicon atom Charge in I-ethoxysllatrane 
end tetraethoxysilane is assumed to be O-12 e, the As4 value 
attains + 34 p.p,m,, On this assumption, the difference in the 
F Sz values observed in the NMR spectra of the above compounds 
corresponds to a gcoord value of -46 pIplmB 

In si~atranes having a low degree of &L---N Interaction 

the %oord contribution to tha 2ySi screeting is signific- 
e.Iltly loweLS0 a l&lFgerdZ& value with X f C H C% in 
comparison with X = C2H50 (Table 22) indzicak~ a stronger 
trensannular Si--Es interaction in the l-phenylethynylsila- 
trene molecule. 
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The *' Si 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, end by the Si rehybridization, However, the 
interaction of the two factors, as well as their dependence 
on the nature of the substituent at the silicon atom, are 
rather complicated. Therefore, without a thorough analysis of 
the theory of 29 Si screeting and quentum-chemical calculaticms 
it is not possible to obtain any quantitative information from 
the *'Si NMR spectra* 

Recently, 'H, l3 C, and *'Si NMR spectra of methyl-2,8,9- 
triazasilatrsne have been investigated (187). The Si-N trens- 
annular interaction In this compound results in en increased 
screening of the 'H and *' 
(compared with CH Si[N(CH 

Si nuclei in the CH3-Si fragment 

3 
) ] 

323 
). The difference in the 2gSi 

chemical shifts of these compounds also is caused by the 
paremagnetic contribution (t16 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 
transannular bond to the screening in l-methyl-2,8,9-triaza- 
silatrane is about 34 p,p.m. Since the difference in chemical 
shifts of I-methylsilatrane and methyltriethoxysilane is 

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

7. NQR Spectra 

Nuclear quadrupole resonance (NQR) spectra of silatranes 
are considered in only one publication (774) where 35Cl NQR 
frequences of some 1-(chloroalkyl)- and l-(chlorovinyl)sil- 
atranes are discussed (Table 23). These frequencies were used 
for evaluation of the 6* constants of the Si(OCH2CH2)3N group. 

Spectra of 1-chloromethyl-,l-(3*chloropropyl)-, 1-(d- 

chlorovinyl)-, l-(d,_&dichlorovinyl)silatranes and of C-sub- 
stituted l-chloromethyl- and 1-(dichloromethyl)silatranes 
show one signal with A\i- O-1 MHz, The NQR spectra of l-(di- 
chloromethyl)- and I-(dichlromethyl)-3-methylsilatrenes 
showed a doublet, The intensity and width (Ad = 0.06 and 

0.04 MHz, respectively) of both the lines were practically 
the same. No-NQR signals of I-chlrosilatrsne, I-(I*-chloro- 
ethyl)silatrane and some C-methyl-substituted l-(chloroalkyl)- 
silatranes have been observed. 



A decrease.in NQR frequencies of Y-(chloroalky1)silatrene.s 
in comparison with the corresponding (chloroalkyl)triethoxy- 
&lanes is in agreement with the donor effect of the Si-It 
transannular bond and the silatrane group as a whole- 

In compounds of the series XCCH2)nCf the effect of the 
substituent X on the ch orine atom with n + 3 is negligible. 

Ifl;y 35 
Cl NQR frequency of compounds of this type is close to 

= 33.0 F&Ha, being 33.090 MfIz for C1(CH2)3SiC13, 33.39 MHz 
for CI(CH2)3SiCR3Cf2, 32.958 E&Hz for Cl(CH2)3Si(CH3)3, et& 
Nevertheless, the NQR frequency of l-(3*-chforopropyl)sil- 
atrane, G = 31.552 NHz, is considerably lower than the 

above values, Previously, this was attributed to a coordin- 
ation 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 l-(3' -chloropropyl)silatranes showed that the 
Si(CH2)3C1 fragment in the crystalline state is a flat Zi&- 
zag chain and that the chlorine atom is considerably (by 5 i) 

distant from the planar Si(0)3 group, Therefore, this low 
35Cl NQR frequency of I-(3'~chloropropyl)silatrane most 
likely is due to the pverful +I-effect of the silatrane group, 

A higher 3561 NQR frequency of l-(chloromethyl)silatrane 
seems to be due to geminal interaction between the silicon 
atom and *&he C-Cl bond (d-effect), 

As should be expected, the NQR frequencies of 7-(chloro- 

methyl)- and 1-(chloromethgl)-3-methylsilatranes are lower 
than those of the corresponding (dichloromethyl)silatranes 
(Table 23), This agrees with the inductive effects of the 

chlorine and hydrogen atoms, 
NQR frequencies of compounds of the series CH2=CC1SiR3 

show a linear correlation of 35 Cl NQR frequencies of 
compounds of the series E$C=CClX with the 6* inductive cons- 
tants of suIx3tituents 

VT7 = 33.001 + 1.235 6* (r = 0.989) 

The 6*constant value for the Si(OCH CH ) N group 
ulated using the above equation from the 235L3N~~ frequZZ;- 
of 7-(&-chforovinyl)silatrane is -7-18, This is close to the 
6* value of Si(OCH2CH2)3N (-7-21) calculated from the 35Cl 

NQR frequency of l-(dichloromethyl)silatran@ by the following 

equation: 
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lP7 = 35,275 + 0.959 6 * (r = 0.932) 

for compounds of the series XYZCCl. 

The increase in NQR frequencies in C-methyl-substituted 

I-(chloromethyl)silatranes is associated with a distortion of 
the molecular geometry, This also is confirmed 
by the considerable decrease in the KOCH and &RCH values in 

2 2 
the IiMR spectra of C-methyl-substituted silatranes (170) and 
Z-carbasilatranes (Table 1 ) as compared with unsubtituted 
silatranes (Table 77). 

In the spectnun of 1,3,7,10-tetramethylsilatrane hydro- 

chloride the 35C1 NQR signal (#7 = 17.93 me) is shifted to 

the low-frequency region as compared to the signal of triiso- 

propanolsmine (dz7 = 22-6 MRz) (164). 

8. Mass Spectra 

A mass spectrometric investigation of silatrsnes was 
first carried out with l-methyl-and I-phenylsilatranes (190). 
Later 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 

35Cl NQR Frequencies of 1-Chloroalkyl, 1-Chlorovinylsil- 
atrenes end Related Si-Substituted Triethoxysilanes at 77OK 

xSi(OFCH2)3R J 77' MHe xsi(oz2H5)3 
v 77' IVui= 

C1CH2 32.702 C1CH2 35.122 

C1CH2* 33.380 
C12CH 34.649 C12CH 36.231 

34.394 36.114 
35.784 

Cf2CII * 34.55 
35.17 

C12CH ** 35.01 
C1(CH2)3 31.552 
CH2=cc1 31.545 CH2=CCl 33.074 
ClCH=CCl 33.487 

* 3-methylsilatrane derivative 
** 3,.7-dimethylsilatrane derivative 
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their electron impact-induced fragmentation (l38,160,790-193h 
!l!he common feature of mass spectra of silatrane, 

ESi(OCZi2CH2)3Nt and its deri.vatiYes is the most intense ion 
peek at m/e 174, This ion of the silatrane skeleton, 
~Si(ocx2cH2)3N]t is formed by dissociative ionization of the 
H-Sir or C-B.% bonds* It amounts for I-alkylsilatrenes from 
5 to 12% of the total ion current. 

The subsequent fragmentation of the silatrene skeleton 
proceeds step-wise and involves elimination of the (OCH2CH2)" 
groups and the formation of the following fragment ions: 

m/e 130, [Si(OCH,CH,),N]', intensity 19-26%; m/e 86 
[Si(OCH2CH2)N]+, 2.3-3-7%; m/e 72 [SiOC,H41 +, 5-19% which are 
typical for f-alkylsilatranes only (ITO-t91)* These ions are 
likely to form by simple cleavage of the C-G, C-H and Si-0 
bonds, However, every mass spectrum shows rearrangement ions 
resulting from hydrogen migration (m/e 176, 5-12s of the 
maximum ion). The intense ions observed in the mass spectra 
of alkylsilatranes, m/e 89, fSiC,H50,f+(6-25%), m/e 302 
[SiC,H402N] (5-24%) and m/e 732 [SiC4Hqo02N]+( 3-880/o), are 
formed by consecutive and partial cleavage of the (OCH2CH2)+ 
group of the silatrane skeleton (confirmed by metsstable 
transitibns), 

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

HSi(OCH2CH2)3Nf* CH3Si(OCH:z)3N +* C2H5Si(OCH2CH2)3N*' 
175 203 

-H 
V 

-=3 -'2h5 

[Si(OCH:CH2)3N]+ 

174 -0C2H4 (44) 

[Si(OCH2CH2)2N]i 

f30 
I 
-OC2H4 

t 
[Si(OCH2CH2)E]+ -m2 z-+ [SiOCH2N]+ 

86 

Scheme 7 

72 

As the molecular weights of the silatranes increase, the 
stability to electron impact is reduced from 7.1% (l-hydro- 



&.&bane) to 0.7% (I-ethylsilatrane)(l91)- 
Together with the molecular ions, mass spectra of I-aryb, 

1 -alkenyl-, and I-alkoxysilatranes show fragment ions Cover 
9296), rearrangement ions and metastable species (192). The 
second stage of the dissocfation process is COBIIIIO~ for all 
the silatrsnes studied. 

I&ass spectra of ‘I-(chloromethyl)sifatranes of general 
fo~~~~la CICH~S~(OCH~CH~),~OCH(CH~)CH~~~_~~ made it possible 
not only to study the mechanism of electron impact-induced 
fragmentation but also to follow the influence of the Si--R 
trensannular bond and CH3 groups in the 3, 7 and 70 positions 
on the molecular stability (193)- The mass spectrum of I- 
chloromethy3_silatrane also shows the most intense peak that 
corresponds to [Si(OCE CH ) RI+ (m/e 174)- The relative 2 23 
intensity,I, of the ion peak is 48.5% of the total ion 
current, The presence of a metastabl_e transition of the m/e 
774 ion to the m/e 130 ion (apparent mass 97.7) indicates 
that the latter is formed by elimination of the OCR2CH2 group 
Further fragmentation of the m/e 130 ion tivofves elimination 
of the methylene groups and formation of characteristic frag- 
ment ions (m/e 116, 102 and 89). The second route of l-(chlo- 
romethyl)silatrane fragmentation is conditioned by the 
initial eU.mination of the -0CEI2CH group from the sifatrane' 
ring with migration of the hydrogen atom to nitrogen, Relat- 
ive intensity of the fClCR2Si(OCH2CH2)2NR~~ ion peak is 4.5% 
of the total ion current. Subsequent fragmentation leads to 
the m/e 750, 136, 88 ions. Besides, doubly-charged 779+', 
YE++, 773++ end t45++ ions are observed-in. the mess spectrum 
of siletrane. 

The presence of two methyl substituents in the 3- and 7- 
positions of the silatrane ring, I-(chloromethylj-3,7-di- 
methylsilatrane, changes not only the mass of the most ions 
formad, but reduces the fragmentation selectivity, The most 
intense peak, [M-CH2Cl]+, is 34-9s of the total ion current, 
Metastabfe transition of the m/e 202 ion to m/e 158 (apparent 
mass 123.6) indicates abstraction of: the -OCH(CH3)CH2 group, 
first of all, from the sflatrene ring, This shows that the 
0CH~~3~C~2 group is more weakly bound in the silatrane skele- 
ton then 0CH2CE2 group, l-(Chlorometbyl)-3,7,lO-trimethylsil- 
atrane fragments in a sim%lsr way, The most intense [M-CH2Q]+ 
peak Is 33.9% of the total ion current. The high intensity of 
the [F&CH2Clf+ ions (48.5-33.9%) formed from all the sifa- 



trsnes investigated gives evidence for the stability of the 
silatrane ring under electron impact. This seems to be 
explained by the fact that abstraction of the CH2Cl-substi- 
tuent converts the weak Si-N annular bond into the strong 
covalent Si--N bond and thus stabilizes the silatrane 
skeleton, 

An increase in the electron density of the silatrane ring 
on introduction of methyl groups scarcely affects the stabi- 
lity of the molecular ion (the molecular peak/total ion 
current ratio for all l-(chloromethyl)silatranes being O-4, 

0.3, 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-CH2Cl]+ ion. As the number of methyl 
groups in the silatrsne ring increases, the intensity falls 

linearly (p= -4-98; z = O-96, so = 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 dissociative ionization of 
the I-(chloromethyl)silatranes studied is manifested in the 
relative intensity of the total peaks of characteristic frag- 
ment ions (Z= 205.8, 244.3, 286.9, 294.7, respectively). 

The molecular fragmentation with initial elimination of 
0CHRCH2 (R = H, CH3) from the silatrane ring of the molecular 
ion is expressed much weaker (I = 2.2, 3.0, 2.4, 1.3, 
respectively), The intensity of [M-44]+ ions for l-(chloro- 
methyl)-, l-(chloromethylj-3-methylsilatranes and the [M-58]+ 
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 greater constants of 
acidic hydrolysis rate (194). It is more reasonable, however, 
to relate these hydrolysis rate to the relative intensity of 
the @UZH2Cl]+ ions since these values bear a fairly linear 
relationship described by the following equation 
I = 61,84kg5 - 5.44: r = 0.99, 5 = O-73. The relative 0 
intensity of these chracteristic ions may, undoubtedly, be 
used for evaluating the reactivity of silatranes. 

In mass spectra of exo-trifluoromethyl-substituted l- 
(chloroalkyl)silatraes the molecular ion peak is weak (41% 



of the mgxim&. The main fragmentation route also is elimin- 

ation of the chlorcal@l.substituent, which leads to the form- 
ation of the most stable and intense peak of the silatrane 

skeleton [M-X]+. Mass spectra of C-trifluoromethyl-substi- 

tuted I-organylsilatranes show the predominance of the sil- 
atrane 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- 
atrenes(l82a), 

According to thermogravimetric data, the initial 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-spectrometric 
investigations. 

Thus, the introduction of the CR - end CF3-groups into 
3 

the silatrane ring scarcely changes the molecular ion 
stability. At the same time, these substituents do affect 
the relative intensity of the EM-CHSCl]+ ion, and seems to be 
connected with both the change in the geometry and stereo- 
chemical factors stabilizing the silatrsne molecules. 

9. Studies by Other Physical Methods 

SiK&., 2 chemical shifts in X-ray emission spectra of sil- 

atranes o$ type XSi(OCH2CHZ)3N where X = R, CSH5, CH,=CH, 
C6H5, etc., have been determined (795-198). 

In all cases when the local symmetry of the silicon atom 
in the molecule is lower than Td(C-3v,C2V)1 the contributions 
from 3p atomic orbitals of silicon to-*molecular 6- and J/I- 
orbitals are comparable. Consequently, the stereochemically 

peculiar features of these molecules are caused predominantly 
by pr-printeraction between the silicon atom and the nearest 
neighboring atoms (198). The SiKf3 spectra of silatranes and 

[Si04]4- groups are similar bothinshape and energy state, 

which indicates the prevailing localization of silicon 3p- 
electrons at the 6-Si-0 bonds. The SiK X-ray emission . 
spectra of silatranes are composed of three components, these 
are KS', ~8~ end KS,lines (Table 24)_'The Presence of KB* 
lines (transition from the a, + e 1evel)gives evidence for 
3p(Si)-2s(O) interaction. The role of (p-d&bonding in sil- 
atrsnes is suggested to be extremely small. At the same time, 
as the X-Si-0 angle approaches 90°, the 3p,(Si)'-2pAO) 
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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 transannular bond, 

Table 24 

K-Spectral .Data of I-Organylsilatranes, XSiCOCH,CH2)3N 

x AEad,, aEobs., qy %3,y %.B Eq_KB" - h 

ev ev arue ev ev =K& =fcB_ 

H O-47 0.375 0.65 7832.2 13.9 O-18 0.32 

(-=3 0.50 0.307 0.53 1832.2 14.3 0,20 0.32 

C2H5 0.50 0.370 0.64 1832.3 14.2 O-20 O-38 

(CH3)2CH 
z.;z * 

0.346 0.60 1832.3 13.8 0.20 0.48 

C6H~~ 0.270 O-46 1832.0 13.8 0.20 0.35 

CH2=CH 0.50 0.354 O-61 1832-2 14-I O-21 0.50 

'gH5 0.50 0.372 0.65 -I832*0 74.0 0*20 0.50 

The Si 2p and N Is binding energies have been measured 

for silatranes, XSi(OCH2CH2)3E,end compared with Si 2p bind- 
ing energies for other organosilicon compounds (199). 

Chemical shi_fts of N and Si correlate well with each other 
providing evidence for a strong Si.---R 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 en aliphatic group, the observed shifts can be explained 
by the inductive effect of the substituent. In l-arylsila- 
trenes, the effect of the srbstituent in para-position is 
transmitted to the ni_txogen atom throughr-conjugation bet- 
ween the silicon atom and the eromatLc ring, 

Photoelecton spectra (PES) of boratrane and three sila- 
tranes, XSi<OCH2CH2)3x, with X = H, CH3 and C2H50 have been 
investigated, Triethanofamine. triethoxysilane and its cor- 
responding derivatives were used as model compounds (200), 
Two bands at IO-4 and 11-2 ev (X = H) and at 10.0 and 71.0 ev 

(X = C2H50) are observed in the spectra of silatranes, In the 
PES of triethenolamine the band due to the nitrogen lone 
electron pair appears at 8.7 ev, Xn the spectra of 'I-ethoxy- 
silatrane and boratraue no bands below 9.5 ev'were observed. 
Tfiis indicates that the nitrogen lone pair Is more tightly 
bound in these compounds. The spectrum of I-methylsilatrane 
shows a broad band at 8.1 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 trons- 

annular interaction, However, this band is most likely to be 

caused by the triethanolamine impurity, 
The spectra of triethoxysilsne and fts derivatives show 

a relatively sharp strong band near lo-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(OCH2CH3)3 and XSi(OCH2CHdN 
shows that inclusion of the Si-0 bonds into the heterocyclic 
silatrane system interferes in their achieving the most 
advantageous orientation realizable in triethoxysilane and 

its %.-derivatives. 
Utilization of Kerr's effect (together with the dipole 

moment method) enabled us to determine conformation of the 
C1(CH2)3Si-fragment in the l-(3'-chloropropyl)silatrane 

molecule in Ccl4 solution (gg'), For this purpose, Kerr's 
constant (Km = 1363) was compared with the calculated Kc 
values for conformations tt (12C!8), tg (1136), gt (839), 

gg (524) and gg’ (1338) (146). 
An attempt was made to determine Kerr's molar constant, 

total polarization, and molecular anisotropy of l-methylsil- 
atrsne molecules (202), Anizotropy polarisability of oxygen- 
containing organosilicon compounds had not been studied 
before, therefore the Si-0 bond parameters were determined 
first of all. Hexsmethyldisiloxane 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 
(@-II = 0) and an idealized silatrane structure, A consider- 
able distortion of the tetrahedral arrangement of the bonds 
and valence angles gives rise to a supplementary deviation 
from additivity, 

The possibility of using the additive scheme in determin- 
ing anisotropy of the I-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 Sib-B transannular inter- 
action to the polerizability ellipsoid of 7-methylsilatrane, 

bL = 2.78 z3, bT = bV = 0.11 ii3_ This indicates a significant 
anisotropy of the nitrogen electron pair polarizability. 
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A11 the compounds studied are subdivided into two reaction 

series. l-Alkoxysilatranes are included in the first series. 

and I-aroxysilatrsnes and I-benzyloxysilatrsne are included in 
the second. In series I, where p* = -1.26 [R = C2H5, C3H7, 
(cI-%~)~CH, (CR3)3C, (CR3)3CCH2], and in series II (R = C6H5, 

2-CH3C6H4, 3-CH3C6H4, 4-CH3C6H4, 4-CH3OC6H4, 4-C1C6H4, 

C6H5CY2), where p= 0.23, the reaction rate falls with an 
increase in the inductive effect, 6zR, indicatethatapositive 

charge is generated at the reaction center in the trans- 
ition state. The 1ogK values for l-tert-butoxysilatrae 

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-0 bonds proceed very 
fast to form triethanolsmine hydrochloride as the main react- 
ion product. It should be noted that a decrease in hydrolytic 

stability of I-aroxysilatranes reduces their toxicity. 

The hydrolysis of l-(chloroalkyl)silatranes of type 
XSi(OCR2CH2)n[OCH(CH3)CH2]3_nR where X = C1CH2, C12CH, 
CH3C1CH; n = 1-3, has been studied in neutral, acidic and 

aqueous-alcohol media (194). The rate of hydrolysis of l- 
(chloromethyl)silatrane in acidic medium is significantly 

higher than in neutral showing a good linear dependence on pH 
( with- [Hcl] = 1 -10B3, 1.5 -10B3 and 2.5 -lO-%ole*l-'- secyl, 2 k25 = 

0.44 2 0.01, 0.66 2 0.01 and 0.87 2 0.02 mole-l-'. se<', 

respectively) (194). Such a large change in the rate 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 transfer of the hydration 
shell to the silicon atom. 

The hydrolysis of l-(chloromethyl)silatrane using II2 180 shows 
that this process involves cleavage of the Si-0 rather than 
of the O-C bond (194). 

The presence of 'methyl groups in positions 3,7,10 of the 
silatrsne skeleton decreases the hydrolysis rate considerably 
(194). This appears to result from decreased steric accessi- 
bility of the oxygen atom. As the electronegativity of the 
substituent at the silicon atom increases, the hydrolysis 
rate constant of l-(chloroalkyl)silatranes also decreases 
markedly. 
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N(CH2CH20)3SiX + :30-(H20)n 
slow 2 

N(C!H2CH20)Sji...-.OH 
__ 
._ 

“H_ _ ..-&2)n 

r -‘r 1 + 

/ 

HOCH,CH,NH(CH,CH,o),Si/ 

A 

I 

I 'OH 

I 

/X 
(HOCH~CH~)~NHCH~CH~OSL~_ _ 

Cl- 

1 
+ 

Cl- 

1 + 
‘( OH)2J 

[. HN(CH2CH20H)3 1 +Cl- + (HO)3SiX 

In the acid-catalyzed hydrolysis of l-organyltribenzo- 

silatranes, XSi(OC6H4>p (X = CH3, C6H5, 4-CH3C6H4) and 

[N(C6H40)3Si]20, the rate-determining step also involves 
rapid protonation of an oxygen atom followed by breakage of 
the Si-0 bond. Protonation of the nitrogen atom is rejected 
as a mechanistic path since the nitrogen has b&en 
non-basic and such protonation is not expected to 

Si-0 bond cleavage (166). 

shown to be 

promote 

N(c6H40)3six + H+ 7 
I + + 
N(C6H40)2(~6H40H)SiX 

t slow 
II. 

Hoc6H4h( c6H40)2i; - x 

-J fast 

(HOC6H4)3N 

When X is Cl, the reaction proceeds via the ion pair stabil- 

ized by (p-d&bonding in the siliconium ion (166). 
A kinetic study of the acid-catalyzed hydrolysis of 

l-benzylsilatrane as well as 4- and 3-substituted I- 
phenylsilatranes using I$0 as solvent suggested that 
the rate-determining step involves slow protonation of the 
nitrogen atom concerted with fiasion of the Si*N bond (205) 
rather than breakage of an endocyclic Si-0 bond as proposed 
previously (166). 
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3,1,2. Other Reactions 

Cleavage of l-organyXsilatm.nes by aqueous solutions of 
heavy metal salts containing fiuoride ion 
ation of the corresponding organometaXliG 
206-208). 

leads to i;he form- 
compounds (190, 

RSi(OCH2CH2)3N + HgC12 + NH4F -RHgCl f si,02 + 

+ NH 4 Cl 

R = CH3, CH2=cH, CsR5 

3RSi(OCH2Ca2)3N + PbCOCOCH3)4 + NH4F + 6H20 

1 
R3PbF + 3Si02 + 3[(HOCH2CH2)3~]OOCCK3 + X?140COCB3 

2RSi(OCK2Gi2j3N f PbCOCOCH3h+ m4F + 4E20 

1 
R2PbF2 + 2SiO2 + 2f(HOCR2CH2)3XIi.jOOCGH3 + m40COc?13 

R2SbF + 2(IiH&S"F6 -t 2[(HOCH2CH2)3NHjF 

3RSi(OCH2CH2)3N + BzL(OH)~ + 6Nlf4F + 12H.F 

I 
BiR3 i- 3~(HO~~2~H2)3~~~ + 3(m4)25if"c; + 3H20 

R = C6H5 

(49) 

(50) 

(51) 

(52) 

(531 

(54) 

These reactions are based on the zi.xxLdZ& hydroljrtic fission 
of a X-0 bond of the silatrane &eleton according to *he 
following schemer 

(=11.$X(OCH2CH~)3N + 3H20 -CX,Si(OH), + N(CH,CH20H>3 (55) 

CH3Si(OH)3 +' !5N$P - CNH&[CH3SiF5] f 3NH40H 

Cm412[(X3SiFg] + ~~~,---p CH3HgC1 + (XE2>,[SiP,Cl] 

I m4p 

(IJH4)&=~61 
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The reaction of l-orgenylsilatranes with aqueous sofutions 
of antimony tri.fILuoride gives predomLnantly diorgenylfluoro- 
stibineti (scheme 53). but in the absence of water, stibatrane 
end the corresponding organyltrifluorosilae are formed (208). 

XSi(OCH2CH2)3N + SbP3 -XSiF3 + Sb(OCH2CH2)3N (56) 

X = CH3, CH2=CH 

The primary product of the reaction of l-ethoxysilatrane 
with AgF seems to be I-fluorosilatrane Cl901 

In the presence 
by alcohols to give 
(209)* 

XSi(OCH2CH2)$Z + ROR 

R = CH3, C2H5; X = 

3.2. Reactions with 

3.2.1, Complexation 

+ 2AgF -2AgOC2R5 + 2FS~(O~H2CH2)3~ 

I 
2H20 

Ag20 + 2C2H50H 
t 

2Ag + l/2 O2 

of HCl, f-organylsilatrenes are decomposed 
the corresponding organyltriafkoxysilanes 

HCl 
----~SZ~(OR)~ + (H~~H2~H2)3N-H~l (58) 

CR3, %h!?? CR2=CH, CH3COOCH2 

Retention of the Siletrane Ring 

Reactions 

The peculiar character of the molecular structure of 
silatrenes accouxits for their lack of clearly distinguished 
basic properties. ThLs may be explained in terms of steric 
inaccessibility of the nitrogen lone electron pair involved, 
in addition, the Si*N transannular interaction, In fact, 
silatranes are not neutralized immediately by glacial acetic 
acid and are only tltrated slowly at 100°C in the same 
medium (9.151, 

The steric factors in the silatrane molecule are so 
important that despite considerably lesser r%lectron 
release from nitrogen than in borstranes, silatranes do not 
fans complexes with methyl iodide (743) (unlike boratranes 
(200). stannatranes (1&O), and 5-azsbicyclof3,3,3lundecane 
(manxine) (128, 129). 
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Nevertheless, recently it has been found that the 

nitrogen atom in silatranes is able to form ammonium salts. 
This appears to be due to isomerization of the endo-form of 

the silatrane into the exo-form having a nearly planar 

N(CH2j3 group (764). This isomerization is confirmed by 
enhydrous potentiometric titrations of some l-organylsil- 
atranes in acetonitrile and dimethyl sulfoxide (164)- As the 
hydrolysis of the silatranes ismuch slower than these titra- 
tions, it was suggested that silatranes react with acids to 
give nitrogen complexes (164). The observed similarity in 

the semi-neutralization potentials of HC104-silatrsne comp- 

lexes and the analogous tri(2-oxyalkyljemine 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/HC104 adduct is consistent with I: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 (ljg-1421, 
This also is confirmed by IR and MJR data (149,169) and by 
the dielectric loss method as well (270), Isotherms of di- 

electric loss of the systems benzene-chloroform-silatrane, 

XSi(OCH2CIf2)3N, (X = C2H5, C2H50, C6H5> show that chloroform 

forms en intermolecular hydrogen bond with silatranes 
involving the oxygen atoms (210), 

Silatranes, XSi(OCH2CH2)3N, where X = C2H5, C2H50, C6H5, 

3-m3c6H4> form complexes with Lewis acids (7:l complexes 
with AlBr 3 and TiC14 and l:2 with TiC14 (271), The donor 

O,",O,T,Cl 

,/Si, ITi\ 

X 
Cl Cl 

a 

0,; ,o, ,-\y ,o 

o/yi\ cl/Ti\ /?\ 
x 0 : 0 

X 
b 
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centers of the complexes considered are thought to be the 
oxygen atoms, The halogen atoms are arranged in the plane of 
three oxygen atoms, thus changing the trigonal pyramidal 
configuration to octahedral. 

Such complexation shifts the ~as(Si-O)Ibsnd to the 
shorter wave.length by approximately 70 cm l The unchanged 

-7 band at 568-590 cm suggests that there is no participation 
of the nitrogen atom in the donor-acceptor interaction with 
Lewis acid (217), However, these data do not allow one to 
make a unique conclusion concerning the structure of the 
complex. 

Recently, it has been possible to isolate 1-organyl-3,7,- 
lo-trimethylsilatrene hydrochlorides of the type 
~S~[OCH(CH~)CH~]~N-HC~ (x = CFH~, CH2=CH, C1CH2) 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 weakly 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 polyorganylsesqui- 

oxane, RSi0,,5. These hydrochlorides melt with decomposition, 

HCl being evolved. When heated in vacuum, they sublime, 
decomposing into the initial components, 

According to Ii?B data, I-methylsilatrane is capable of 
coordination with europium tris<dipivaloylmethanate), 

EII(DPM)~ (181,185). 
l-Phenyl- and I-bensylsilatranes form charge-transfer 

complexes with tetracyanoethylene (776). In these complexes 
coordination is effected via the benzene ring of the aromatic 
substituent. A study of UV spectra of dichloroethane solu- 
tions of silatranes (l-methyl- and l-chloromethylsilatrane and 
their 3,7,10-substituted derivatives) containing tetracyano- 
ethylene suggested complexing between the components (164)_ 
The donor center of s?latrane was believed to be the nitrogen 
atom whose lone elctron pair might be involved in complexing 
with tetracyanoethylene via the endo-exo transfer of the 
silatrane skeleton. Dater it was established X220) that 
the UV absorption in the 20000-25000 -7 cm region belonged to 
the‘ tetracyanoethylene anion-radical rather than to the sil- 
at&e-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, !I?he nitrogen atom of 
the sifatrane does not react with tetracyanoethylene. That 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 (20) and with 
quant-um-chemical calculation of the Si ---N bond energy as well, 

3.2.2, Other Reactions 

i!zost chemical transformations of silatrsnes which involve 
no cleavage of the silatrane skeleton have been described 
already in subsections 2.1-2-5, Section 1, Therefore, the 
above reactions are only briefly considered here, 

Although the classical SE2 mechanism of nucleophilic 
substitution is not applicable to silatrsnes since back-side 
attack at the silicon atom is impossible, sillcon-funclSonal_ 

silatrsnes are readily involved into different reactions of 
nucleophilic substitution. Thus 1-alkoxysilatr8nes undergo 
exchange reactions by higher alcohols, glycols and glycerine 
according to scheme 25 (27,72), by phenols (73,77), tri- 
ethanolam%ne (15), triphenylsilanal (scheme 27)(15) and some 
carboxylic acids according to scheme 26 (75), 

The alkoxy group in I-alkoxysilatranes and hydrogen atom 
In I-hydrosilatranes are easily replaced by halogen atoms in 
reactions with hydrogen halides RX (X = F, Cl, Br) (1.5)- 
(schemes 28 and 37), with phosphorus.and sulfur halides, 
W0X2, where M = P,S, CH3P; x = Br, Cl, F (91); with free 
halogens (schemes 35,36) (15,963 and N-halosuccinimides 
(scheme 38) (15)* 

The dehydrocondensation reactions of hydrosilatrane and 
its C-substituted derivatives with alcohols, phenols (94), 
alkanediols (72,93), acids (94), carbohydrates (95,95a) and 
cholesterine (95b) proceed readily according to scheme8 33 
and 34- The high reactivity of the Si-H bond in the silatrane 
allowed it to be used as a reducing agent for benzyl bromide, 
benzoyl chloride, acetone, some aldehydes. and azo- and 
nitrocompounds of the aromatic series (2f2), 
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I-Hydxoxysilatsane enters characteristic reactions for 
norms1 silatranes (30) and (31) (15,711. 

Chemical transformations of 7-halosilatranes have not 
been studied in detail, Only the reaction of ?-chlorotri- 
benzosilatrane with phenol has been described (79). 

I-Vinylsllatr~e can be hydrosilylated in the presence 
of chloroplatinic acid as catalyst (702, 703). 3-Methylsub- 
stituted I-vinylsilatrane displays a higher reactivity in 
reactions with perfluoroorganyl i&ides according to scheme 44 
f101,273), various mercaptans (scheme 46) 660,67,214,215), 
thioacetic and thiobenzoie acids than unsubstituted vinyl- 
silatrane, 

?-(Hafoalky73silatraes react rather easily wFth alkalj 

methal mercaptides according to scheme 40 (61,97,274) and 
with sodium iodide, They also form phosphonic salts in react- 
ions with triorganylphosphines (42) end undergo the hrbuzov 
reaction with trialkyf phosphites (scheme 47) (55,94,98), The 
iodo derivatives have proved to be most reactive in these 
reactions, 

I-Aminoalkylsilatranes easily form methiodides (351, 
The amine group in l-(3*-amLnopropyl~silatra.ne is readily 
acylated and alkylated (35,104) snd enters the condensation 
reaction with aldehydes as well C35a>. 

(Mercaptoalkyl)silatranes of type HS(CH2)nSi(OCH2CH2)3N 
(n = 2-6), when heated with sulfur, form the corresponding 
bissilatranyl.alky3.polysuUX.des, r~(CH2C~20)3Si(CN2)n125m 

where m = 2-6 (215). 

The data of the first author*s investigations in the 
field of chemis%ry of silatmnes were reported at numerous 
international symposia and conferences (221-2443. The results 
on biological activity of silatranes are s?.xmmari.zed in 
several reviews and monographs fl,-4‘,70,11.,1~.21.245.246~~ 

We thank Dr. V.A, Sestunovich for several interesting 
discussions and valuable interpretation of physical data. 
We also are grateful to Drs. Yu.L, Frolov and E-1. Brodskaya 
for their kind help in writing the spectroscopic sections of 
the present review. 
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Since the publication of the present revievr was somewhat 
delayed and the investigations in tile field of chemistry, 
physics and biology of silatranes have developed rather exten- 
sively, the authors consider it desirable to complement this 
work with up-dated literature data which has appeared until 
the end of 1980, 

Recently a monograph "SilatraneP and a review by E,G,Vo- 
ronkov and V,LDyakov L241,248), a review by V,P,Sidorkin, V-A, 
Pestunovich and P,G.Voronkov (249) devoted to the physical 
chemistry of silatranes have been published in the USSR. The 
biological activity of silatranes has been elucidated in detail 
in a review by iLG.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, METHODS Ol? PREPARATION 

Ll.Transesterification of SiiSubstituted TrFalkoxgsilanes 

Transesterification of unsaturated organyltrialkoxysilees 
by triethanolamine without a catalys t leads to the l-organyl- 
silatranes, X-Si(OCH2CH2)33T 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, H2C=CC=C, 
C6H5CsC, C6H5CH=CH, (CH3)3SiCX, (CH3)3SiCH=CH, C6H,-(CH3)2Si- 
CH=CH, HC=C(CH3),$3iCK=CH, (CH3)3SiCH=CHSi(CH3)~C=C, (CH3)3Si- 
CH=CHSi(CH3)2CH=CH). The reaction was carried out in anisole 
on cooling or under slight heating (251). 

The reaction of 4-alkaryltriethoxysilanes with triethanol- 
amine in the presence of its sodium alkoxide has given the 
corresponding I- (4 *-alkaryl)silatranes, 4-R-C6H4Si(OCH2CH2)3?$ 

(R = C.-$5* (CH3)$X) in 9% yield (252). The same method has 
been used for the synthesis of I-(4'-vinylphenyl)silatrane 
(253). 

A number of 3-substituted silatranes have been obtained by 
the reaction of organyltrialkoxysilanes with trialkanolamines 

(254). 

XSi(OR)3 + (H~cH~CR,),(H~CI~R*CR~)R -XSi(OCH2CH2)2(OC!HR'CH2)N 

X = CH3, R' = C6H5; X = C2H5, R' = C1CR2, C6H5; 
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X = CH2$H, R' = ClCH2, C6H5; X = ClCH2; R' = CH2=CH, ClCH2; 

X = CH90, R' = C6R5; X = C6H5, R' = CH2=CH, C6H5, ClCH2; 

X = C6H5CH2, R' = CsH5 

A series of I-orgaaylsilatranes which are adamantyl substi- 
tuted was prepared by treating the corresponding organyl- 
trialkoxysilanes vrith triethanolamine (255). 

AdR'Si(OC2H5)9 + (HOCH~CH~)~IJ -AcIR~S~(OCH~CH~)~B 

R* = -CH2CH2-, -C6H4-, -C4H2S- (thienyl) 

Ad = 
B 

Treatment of tetraethoxysilane with triethanolemine and 
substituted phenols has afforded phenoxysilatranes of general 
formula R-C6H40Si(OCH2CH2)9PJ (R = C2H500C, C9TOOC (256), R = 

CH3, C2H5, (CH3)2CH, CH2=CHCH2, Cl, Br, CH30, IT02, ITIT2 (2571 
or 2,4,6-R3C6H2Si(OCH2C"2)3N (R = CH9) (256). 

+&Iethy_L-, 3,7-dimethyl- and 3,-[,lO-trimethyl derivatives 
of I-(iodomethyl)silatrane have been prepared by transesteri- 
fication of iodomethyltrimethoxysilane with the corresponding 
trialkanolamties (259j. 

The alkali hydroxide-catalyzed reaction of dichloromethyl- 
trialkoxysilanes or dichloromethylalkyldiethoxysilanes with 
triethanolamine involves loss of a C12CR group Leading to the 
formation of I-alkoq- or I-alkylsilatranes, respectively, in 
quantitative yield (260, 261), 

C12CHSi(OR)3 + (HOCH2CH2)3" -ROSi(OCH2CR2)3N + CR2C12 

C12CRRSi(OR')2 + (HOCH2CH2)9B - RSi(OCH2CH2)3R + CH2G12 

The reaction of triethanolsmine with l-cyanoethyltrimethoxy- 
silane and l-carbomethoxyethyltrimethogsilane proceeds ano- 
malously to give l-metholrysilatrane (262). 

CH3CHXSi(OCH3)3 + (HOCH2CH2)3N -CH30Si(OCH2CH2)3rS + C2H5X 

x= CR, CH9c)CO 

This reaction is another example of the formation of a sil- 
atrane rm 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-O.bond. 
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An attempt to synthesize l-organylsilylmethylsilatrsne, 
R3SiCH,Si(OCH,CH2)3IJ, having a methylene group between two 
silicon atoms, was unsuccesful due to Si-C bond cleavage in 
the presence of an alkali catalyst (263). The main reaction 
product is I-methylsilatrane. 

m3(C2H50)2SiCH2Si(OG2H5)3 + (HOCH2~2)3DJ~h3Si(oCH2CH2)31' 

I-(2'-0,0-Dialkylphosphonmethyl)silatranes have been 
obtained by treatment of 2-(O,O-dialkylphosphonmethyl)trialk- 
oxysilanes with tris(Z-oxyalkyl)amine in the presence of alkali 
alkoxide as a catalyst (264). 

(RO)2P(0)CH2CH2Si(OAlk)3 + (HOCRR'CH2)3~J 

1 
(RO),P(O>~,CH,Si(OC'~R2)3fT 

R = C2H5, R* = CH3 

Unlike the corresponding organylthiomethyltrialkoxysilaues, 
transesterification of al~l(methyl)trialko~silylmethylsulf- 
onium iodides by triethanolamine requires no caGa.lyst and 
leads to sulfonium salts of the silatrene series (243,265,266). 

YiR(CH3)&H2Si(OR*)3 -I- (HOCH2CH2)3R-?ER(CH3)~CH2Si(OCH2CH2)3B 

A side-product of the reaction is alkyldtiethylsulfonium 
iodide, -IR(CH3)2S+. 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 reaction. 

Treatment of ethylthioethyltrimethoxgsilvle methiodide by 
triethanolamine in an alcohol medium resulted in only p- 
cleavage and formation of triethanolamine iodohydride (265). 

Rissilatranylalhylpolysulfides, ~~~~CH2cH20)3Si(~2)n~2Sm 
can be obtained from the corresponding trialkoxy derivatives 
and triethanolamine (267). 

Furyl- and thienylsilatranes, X-SiiOCH2CH2 j3N (X = furyl, 
5-methylfuryl, 2-furylethyl, thienyl) were prepared by trans- 
esterification of corresponding heteryltrialkoxysilaes with 
triethanolamine (268). 

Heating of carbofunctional organyltriethoxysilanes, 
X(C!H2)nSi(OC2H5)3 (n = 1-3, X = N-heterocyclic substituent or 
acetamido group) with triethanol amine in benzene or xylole 



has led to the corresponding organylsilatranes (35~~). 

x(cH~)~~~(oc~H~)~ + (HOCH~CH~)~R -X(CH2)nSi(OCH2CR2)31? 

X = aziridinyl, n = 2; X = morpholinyli n = 1,3; Xzpyridazinyl, 

n=3;X= phthalazinyl, n = 3; X = CqH9(CH3CO)N, R = 15 

x = cH3c019H, 0 = 3 

Glycosyl silatrene acetates have been prepared by trans- 
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 I-organylsilatranes can be readi- 
ly obtained from the corresponding organyltrichlorosilaes 
and tris(2-oxyal~l)amines or their hydrochlorides (270). 

RSiC13 + [HOCH(CH~)CN~],(HOCH~CH~)~_~~HC~ 

I 
t 

RSi[OCH(CH3)CH2~,(OCH2CH2)3_.,R+ (3+m)HCl 

R = CH3, C2H5, C1CH2, Cl(CH2)3; n = l-3, m = O-l 

F&en m = 0 the reaction is catalyzed by the compounds 
capable to generate hydrogen chloride (alcohols, alkcnolanirre 
hydrochlorides) while reacting with chlorosilanes, This 
reaction 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 HCl the 
reaction of RSiC13 with tris(2-oxyal~l)amies or their hydro- 
chlorides affords the corresponding C-methylsubstituted l- 
chlorosilatranes (270). 

RSiC13 + [HocH(cH~)~H~J,(R~~H~~H~)~_~R~~~ 
I 

C~S~[OCH(CH~)CH~]~(OCH~CH~;?_~R+ RR + (2+m)HCl 

R= cH@H, C6H5 

The above compounds are also the products of the reaction 
of tris(2-oxyallql) amine hydrochlorides with 2-chloroethyl- 
trichlorosilane due top-elimination of the initial silane. 
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C~S~[OCH(CH~)CH~],(OCH~CH~)~_~IT + CH~=CIQ 

A new synthetic route to I-organylsilatranes is the hydro- 
condensation of organylsilanes tith triethanolamine in the 
absence or presence of transition metals, for example,cobalt 

tetracarbonyl (271). 

RSiH3 -F (HOCE2CH2)3E - RSi ( 0CH2CH2)31T -I- 3H2 

R = CH 3' n-C61i17, C6H5, C6H5CI-12, 4-C1C6H4, 4-CH30C6H4, 

4-(CH3)$TC6H4, 3-F3CC6H4, 4-CH3C6H4CH2 

However, this method is mainly of theoretical interest, 

Treatment of organyltrifluorosilanes by tris(2-trimethyl- 
siloxyethyl)amine has led to the corresponding organylsil- 

atranes (272-274). 

RSiF 3 + [(CH3)3SLOCH&H2]3B- RSi(OCEiR~H2)3H + 3 (CH3)3SiF 

R= C&COOCH2, / CH3C6H4COOCH2, FC6H4COOCH2; R' = H, CH3 

A similar reaction of 3-perfluoroacgloqypropyltrifluoro- 
silanes wit'? tris(2-trinethylsiloxyalkyl)amines has been used 
for the preparation of l-(31-perfluoroacyloxypropyl)silatranes 

(275). 

RzCOO(CIi2)3SiF3 f [(CH3)3SiOCEiRCH2]3B 

i 
RFCOO(CH2)3Si(OCFIiZCH2)3~~ -I- 3(CH3)3SiF 

RF = CF 3' C3F7; R = H, CH3 

These compounds could not be synthesized according 
to the classical scheme from the corresponding organyltrialk- 
oxysilanes and tris(2-oqyetbyl)amzLnes. 

Treatment of organyltris(dimethylamino)silanes with the 
corresponding trialkanolemines has afforded 3-substituted 

silatranes (254). 

-I- (H0CH2CX2),(H0CJDCH$I$ 

1 

x = my R=C6H5; X=R=CgH5 

Silatranes with a germatranyl group in the d-position to 
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silicon have been prepared according to scheme (263): 

~C~~3)~r]3Si~~~Ger~T(~H3)2]3 + (HOCR2CH,)31T 

3 

The low yield (jC$) 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 I-Alkoxy- and l-OxysTlatraneo 

Transesterification of l-ethoxysilatrane bar ethanolamine 
and its N-al&y1 derivatives, R2NCH2CH20H (R = H, CI13, C2H5) 
as well as be aminophenol affords the corresponding l-(2*- 
aminoorgsno~)silatranes (276). 

C2H50Si(OCH2CR2)3N -I- ROH - ROSi(OCH2CH2)3N 

R = (CH3)2NCI12CH2, (C2H5)21SCH2CH2, H2NCH2CH2, 2-H21TC6H4 

The reaction occurs without solvent in the presence of 

sodium ethoxide as the catalyst. Use of 2-oxypyridine in this 
reaction has made it possible to obtain l-(2*-pyridonyl)sil- 
atrane, the first compound of the silatrane series with the 
silicon atom directly bound to the nitrogen atom (276). 

OH 
2 

= HN -I- C2H50Si(OCH2CH2)3N 

2.2, Reactions of 7-Hydrosilatrane 

The exchange reaction of l-hydrosilatrane with triphenyl- 
halomethanes provides a conven%ent method for the synthesis 
of I-halosilatranes (116a, 277). 

RSi(OCH2CH2)3N + (C6H,-)3CX -XSi(OCH2CH2)3N + (C6H5)3CH 

X = Cl, Br -: 
,_.: 1: 

At room type;i-ature and in CH2X2, the reaction proceeds 
.-: :_: /I .- 

via an ionic me~@anism and is of second order. With X = Br 
the exchange- rate of (C6H5)3CX with hydrosilatrane is higher 
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t&tan with X=Cl -3xat.i~ consistent vG_th different dissociating 
ability of these halides. X radical mechanism is suggested 
for the above reaction in benzene at 80°C. The EPR spectrum 
displays a (C6H,-.)3C' signal only in the presence of 
silatrene. The latter shows the reaction to involve 
atranyl radical (278). 

HSi(GCH,CH,)3II - 'Si(OCH,CH2)3l!T + H' 

l-hydro- 
a sil- 

l Si(OCH,CH,)$T + (C6H5)3CX -XSi(OCT$CH2131!T + (C6H5j3C* 

hSi(OCH,CH,)3N + (C6H5)3C' - 'Si(OCH2CH2)3IT + (C,p15)3.CH 

I-Hydrosilatrane reacts with polyhalomethanes (CH2C.12, 
CHC13, CRBr3) in the presence of tert-butyl or benzoyl per- 
oxide to give the corresponding I-halosilatranes (278,279). 
The latter are also obtained by treatment of I-hydrosilatrane 
with trimethylchloro- or trimethylbromosilsne in the presence 
of quinoline (277). 
ESi(OCH,CE&IT i- (CH#3.X -XSi(OCH2CH2)31~ + (CH3)3SiH 

x = Cl, Br 

2.3. Reactions of Halo- and Haloalkylsilatranes 

The exchange of halogen atoms between 1-chloronilatranes 
and potassium fluoride occurs in HLlBT at 100°C (277). 

C~S~[~CH<CR~)CH~]~(OCH~CH~)~_~X -i- m 

1 
FS~[OCH(CH~)CH~]~(OCH~CH~)~_~N f KC1 

n= O-3 
The reaction of I-iodomethylsilatrane with tertiary amines 

has given the correspondLng quartenary ammonium salts (280), 
+ 

1CH2Si(OCH2CH2)3K + I3 - -IBCH2Si(OCH2CH2)3hT 

B= (CH3)3E, (CH3)21=H2CH2E(CH92, $(CH$& 0(CH2(=2>$m, 

C$.H5X (pyridine), C&X (quinoline), C6H5BF12 

The action of dimethylethanolsmine on l-iodomethylsilatrane 
causes cleavage of the Si-C bond end formation of l-(2'-di- 
methyl aminoetho~)silatrane methiodide (280). 

(CH3)2NCH2CH20H + 
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In contrast to this, treatment of I-iodomethylsilatrane vtith 
acetylcholine yields the correspondiog quartenary anmoni-um 
salt, -ICH3COOCH2CH2(CH3)2ECH2~i(OCH2CH2)31~ (280). 

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

2.4. Addition to l-Vinylsilatranes 

Furyl- and thienylsilatranes containing a second silicon 
atom between the silatranyl group and the heterocycle have 
been prepared by hydrosilylation of l-vinylsilatrane with the 
corresponding heterylhydrosilanes (268). The reaction were 
carried out in benzene in the presence of H2PtC16 as catalyst. 

(CH ) 3 3_,R,Sih + CH2=CHSi(OCH2CH2)3N 

1 
(CH3)3_nRnCH2CR2Si(OCR2CH2)3W 

R = 2-furyl, 2-thienyl, n = l-2 

Addition of 2,5-bis(dimethylsilyl)thiophene to l-vinylsil- 
atrene leads to the compound having two silatranyl groups (268). 

H(CH3)2Si-R-Si(CR3)2R f 2CE?2=CHSi(0~~2C~2)3~~ 

I 
rr(CH2cH2O)3Si~2CH2Si(CH3)2-R-Si(CH3)2CH2~2Si(OCH2~2~3~$ 

R = C4H2S (2,5-thienyl) 

The addition ofd,W-alkanedithiols to vinylsilatranes is 
initiated facily 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 (cH2)nski + 2CH2=CHSi[0CH(CH3)~~2~3N 

I 
1~[CH2~(CH3)oi3SiCH2CH2S(CH2)nSCH2CH2SiiOCH(CH3)CH2]3N 
n= l-2 

Phosphorus-containing I-ethylsilatrane derivatives have 
been obtained by the addition of diphenylphosphine to l-vinyl- 
silatranes in the presence of radical initiators (264). With 

R = CH3, the reaction may occur without initiators. 

(C6H5)2PH + CH2=CHSi(OCHRCH2)3E- (C6H5)2PCH2CH2Si(OCHH2)31T 

R=H,CH 
3 
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2.5, Reactions of Am%zIoalky&&Latranes 

I-(3'-Aminopropyl)silatrvle was used as starting material 
for the syn-G?esis of 7-~3'-(arylideneslino)propylisilatranes(35a). 

H~~$(CH~)3S~(OCH~~2)3~ i- RCHO -RCH=Y(CH2)3Si(OCH2CH2)3H 

R= 4-CH3OC6H4, 4-02YC6H4, 4-C1C6H4, 4-HOC6H4, 4- (C2.H5)2RC6H4 

Aminoalkylsilatranes, H,~I(CR,),Si(OCH2~,)3rS (n = 1,3), 
react with hydrochlorides of Z-, 3-, and 4-quinoline carboxylio 
acids to form the corresponding amides (283): 

GqJ- 

CORH(CH2),Si(OCH2CY2)3E 
/ 

I-(3*-Aminopropyl)si~~~~~es are Involved in the addition- 
cyelization reaction with divinylsulfoxide (284). The reaction 
occurs in ethanol at 4C-60% ti 92% yield. 

H2~~(CY2)3Si(OCH2CY2)n(OCYRCH2)3_nY + CH2=CHS(0)CH=CY2 
t 

i 

R= H, CY3 

Chapter 2. STRGCTURB AND l?HySICAL PROPERTIES 

2.1, Eolecular Structure 

Yew data on the effect of Si- and C -substituents on the 
silatrane structure have been obtained by X-ray diffraction. 

The Si-PT bond length and the extent of transannular inter- 
action are not affected much by the substituents in posFtion 
3,7,10 of the atrane skeleton. Thus, the rsi_rr value in l- 
(cIiLoromethyl)-3,'7-ddmethyl- and ?-(chLoromethyl)-3,7.10_tri- 
methylsilatrane is the same (2,lg) as that in the unsubsti- 
tuted analog (115a, 285). In the molecule of f-(chl.oromethyl)- 
3,7-dimethylsilatra the conformation of the silicon atom is 
trZgona1 blpyrsmidal, The YC, group displays a flattened tetra- 
hedron 17ith the C-&C and Sic??-C angles being 1130 and 1050, 
respectively (775a). The average palues of valence angle at the 
carbon atoms exceed those of tetrahedral angles (the N-C-C and 
C-C-O values are 112O and 114*, respectively), The average 
value of the Si-0 bond length in 3,7-dtiethyl derivative sj~_- 
atrane is slightly smaller than that in unsubstlituted I-(chloro- 
methyl)silatrane (I-64 and 1,6&, respectively). 
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h 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 anharmoni- 
City, 

In- the molecule of 3,'7, IO-trimetbylsllatrane the Si - H 
distance is 2.146 P, i.e., it is within the 1imZts of normal 
values for silatrmes(286). The silicon atom is in the centre 
of a slightly distorted trigonal bipyramid, The mean values of 
H-Si-0, 31-Si-0 end 0-Si-0 angles are 96.0, 84.0 and 118,9O, 
respectively, The atoms of silicon and nitrogen are displaced 
from the plane of the three oxygen atoms by 0.:67 and 1.973 2, 
respectively. The nitrogen atom lies by 0.369 A out of the 
plane of the attached carbon atom% The Si-0 bonds in the mo- 
lecule are shorter (1.594 i> than in ot;her silatranes studied 
by the X-ray method. Five-membered half-rings have a clearly 
displayed Cjs -envelope configuration, The #-carbon atots are 
displaced from the half-ring plane by in average O-51 A, The 
*Jenvelope" character is determined by H...H repulsion of bydro- 
gen atoms in different half-rings. The C&_-envelope is energeti- 
ca31y most favourable for the silatranes having no substituents 
at endocycrtic carbon atoms. With endocyclic methyl groups, the 
distance between the hydrogen atoms at &-carbon atoms and 
those of the methyl groups is too short for such a conforma- 
tion. Owdng to th%s, the Cp-envelope conformation is energeti- 
calmly more advantageous. 

The molecular structure of two silatranone derivati.ves, 
X-S~(O~H2~H2)2(O~~~H2)~T (X = +I;t.C6H4, 3-cF3-c6H4) have been 
investlga%ed to reveal the effect of the carbonyl group upon 
the geometry of the silatrane skeleton (287, 288). The C=O 
group does not affect muchthe Si - H distance. The lengths of 
the Si- B transannular bond are 2,106 (X = CP3C!6H4) and 
2.129 i (X = l?C6HA). The silicon atom deviates from the plane 
of the three equatorial oxygen atoms by 0.186 i (X = CF3C6H4) 
azd 0,196 g (X = FC6H4) in opposite direction to the nitrogen. 
The distances of nitrogen atom from the plane of the adjacent 
carbon atoms are 0,385 and 0.386 4 for X =I Cl?3C6H4 and FC6H4, 
respectively, In both compounds the E-0 bond 5x1 the Si-O-CO 
moiety is longer than the other two, The carbonyl group Beems 
to reduce the interaction between the silicon and oxygen atoms 
and also strengthen the 0-C bond 2n the Si-O-CO unit. The O-C 
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bond is nearly 0.1 i shorter than the other two . hevertheless 
the C=O double bond is well. localized, The trifluoromethyl- 

phenyl derivative contain8 a disordered CF3 group. 
The Si - 1: bond length is rather sensitive to the electronic 

effect of the substituent X at silicon (116a, 287-289). The 
dependence of the Si - Tr bond length (r Si-If > in silatranes on 
the gg cons-tar& is described by the follow5ng equation (176a); 

rSi-lT = 2,20(f0.01) - 0.063(~0,006)~~; r = 0.947 

A shorter Si - x distance (2.02 x) has been found in the 
I-chlorosilatrane molecule where the SiO3 group is nearly 
planar (116a). The Si-Cl length (2.15 A-, is by 0.13 i greater O\ 

than in molecules with a tetrahedral silicon atom. These data 
agree with the theoxT of the bypervalent X-Si-l? bond in the 
silatrane molecule, 

The %-IT bond length in I-phenyl-3,7-dimethylhomosilatrane 
attains 2.42 i (290). 

The structure of I-met'hylsilatrane has been investigated by 
gas-phase electron dizfraction at 185OC (297). The results is 
quite different from the solid-state results, The most drastic 
difference is the distance between the Si and M atoms. It 
appears that the gas-phase molecule exhibits weaker inter- 
action between the silicon and nitrogen atoms. The Si-E bond 
length is much longer compared with the solid-state structure 
(2.45 and 2.17 8, respectively), The other distance parameters, 
with the sir&e exception of the C-C distance, are systemati- 
cally smaller then the comparable parameters obtained by X- 

ray. The geometry at the nitrogen atom is remarkably similar 
to the structure of trimethylamine. The geometry at the silicon 
atom is more nearly tetrahedral in the gas phase than the pro- 
posed trigonal bipyramidal 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 silatranes (292). It is 
shovm that the order of the hypervalent X-Si-IT bond in the 
silatrane molecule is a constant value and the substituent 
X influences the vale& state of silicon and nitrogen to the 
same extent, 

INDO computations of the I-methylsilatrane molecule with or 

without 3d orbitals of the silicon atom have confirmed the 
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presence of the transannular Sic11 bond (293). 

2.3. Dipole kIoments 

Dipole moments of a number of silatranes, X-Si(OCH2CH2)31T 

(X = CH3, C2H50,C6H5,C6H50, 4-ClC6H40) have been measured in 
benzene at 25OC (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 silatrsnes (X = CH3, 6 5 C II 0, 4-ClC H 0) 64 has been inves- 
tigated within the 20-70°C range. When the temperature rises 
the dipole moment of l-methylsilatrane decreases slightly, 
that of 1-(4*-chlorophenoqy)silatrane increases, and that of 

l-phenoqysilatrane apparently does not change. This enables 
one to suggest that the increase in temperature results.in 
lengthening of the SitI? bond in 1-methylsilatrane; however, 
a more significant effect is produced by a decrease of "point" 
charge, On the other hand, in l-(4' -chlorophenoxy)silatrane, 
the Sit11 bond length is shorter and the ltpointlf charges are 
higher than in I-methylsilatrane and the lengthening of this 
bond due to temperature increase is not sufficient to reduce 
the dipole moment. In the case of I-phenoqysilatrsne, the 
influences of the two opposite effects are cancelled. 

Prom the dipole moments and X-ray structural data of sif- 
atranes, XSi(OCE2CH2)31T, it was possible to calculate the 
dipole moments of the silatrane skeleton (3.0, 2.7, 2.7 and 
3.0 D for X = CH 3' CH2=CH, C6H5, ClCH2, respectively) and the 
transannular Si- W bond (1.4, 2.3, 2.4 and 3.0 D for the same 
X, respectively) (295, 296). As the electronegativity of the 
substituent X at the silicon atom increases, the dipole moment 
of the Si-tN bond increases and is indicative of an increasing 
charge-transfer from nitrogen to silicon. 

The dipole moments of I-(ethylthioalkyl)silatranes, 

C2H5S(CH2)nSi(OCHRCH2)mR (n = 7-2, R = H, CIi3), have been 
measured (297). The dipole moments of C-methyl substututed 
silatranes are slightly higher than -those of the corresponding 

unsubstituted analogs. 
The calculated dipole moments of the SicE bond in 2-homo- 

silatranes, XSi(OCH2CH2)2(OCH2CH2CH2)1J (X = CH3, CH2=CH, C6H5, 
ClCH2) show that the polarity of this bond is appoximately 
by 7D lower than that in the corresponding silatrenes (296). 

The above dipole moment values of the Si+PT 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 atom, the heat of formation values are 5-15 kcal/mol 
for silatranes and 3-11 kcal/mol for homosilatranes (296). The 
lower Si*II heat of formation for 2-homasilatranes is likely 
to be related to a Si -11 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 a CH2- 
group in one of the half-rings ofthe silatrane skeleton. 

The dipole moment of the Si-X transannular bond in l-organyl- 

silatranes has been estiLmated to be 2.3 D, which is consistent 

with a charge transfer from nitrogen to silicon of 0.2720.05 e 

(298, 299). 

2.4. Vibrational Spectra 

The IR spectra of furylsilatranes, R(CH2)nSi(OCH2CH2)3E 
(R = 2-furyl, %nethylfuryl, n = O-2), have been discussed in 
terms of Sit1I interaction and, in the case of corresponding 
2-furylalkoxy- and 2-furyl(eminoalko_xy)silanes, (p-d& inter- 
actions (300). 

The lR and Raman spectra of silatranes do not change in 
going from the crystalline to the liquid stete (301). 

It has been concluded that $si_zI stretching vibrations in 
silatranes should be in a region lower 400 -' (301-302), cm 
However, even the simplest spectrum of I-hydrosilatrane dis- 
plays no well-defined bands. Therefore, the assignment of band 
can be a rather approximated one. Although calculations give 

a 'Si-XI 
-1 value of 334 cm , it is not possible to assign any 

certain frequency in the low-frequency region to the dsi_R 

stretching. 
A comparison of IR spectra of silatranes, 

and analogous 15 
XSi(OCH2CR2)3r'T 

II-labelled compounds has enabled a band in 
the 320-390 cm-' region to be assigned to absorption of the 

Si+I? bond (with X = CH3, CH2=CH, C6H5, C1CH2, CH30, the gsi_lI 
value is 351, 386, 359, 320, 377 cm-', respectively) (296). 

The Si+N vibrational frequency is a linear function of the 
bond length. However, the assignment of the band 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--11 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 transannular Si-I? bond in l-organylsil- 
atranes (2222 kcal/mol) have been calculated (298, 299). These 
data are in good agreement with a previous quantum-chemical 
calculation (133). 

III spectra of compounds of the type Z-ArOCH2COOCH2Si- 
(OCH2CH2)31? (Z = 4-Cl, 2,4,5-C13) 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[OCH(CH3)CH2]3B with II. = CH3, 
gen bonds with phenol (305). 

CH2=CH, ITCCH2CH2 form hydro- 
The associates are consistent with 

al : 1 composition. Equilibrium constants, free encrgles, 
enthalpies (6-O-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 phenol- 
silatrane coordination, although it is almost certain that it 
is the oxygen atoms. 

The electronic spectra of tetracyanoethylene complexes with 
l-(organylthioalkyl)silatranes, RS(CH2),Si(0CI12CH2),~0CH(C113)- 
CI12]3_n11 (R = CH3, C2115, C3117, n-C4H9, t-C4II9, CH,-&!IICIf2, 
m= 1, n= 3; R= C H CIf 65 2,m=l, n = 1,2; R = C6H5, m = 2, 
n = 3) were compared with the spectra of TCRILRS(CH,),Si(OR1)~ 
(R' = CH3, C2H5) 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 Sit1I interaction. The 
ionization potentials of the donor were calculated from the 
charge-transfer band frequencies and were correlated v:ith 
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. EXR Spectra 

The linear dependence between the CH2R chemical shifts 
and the Si+H bond length in the molecule of silatrzzles, 
XSi(OCH2CH2)3N (X = CH3, C2H5, C6H5, ClCH2, Cl(CH2)3) is 

observed (307). 
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For a series of silatrenes, XSi(OCH2CH2)3H (X = H, CH3, 

C2H5, Cl, Br, HO, CH30, C,F$O, C6H50) the relation between the 

ring proton chemical shifts and the.ql. and&i constants is 
described by the following equatigns (307): 
&CC, = 3.823 + 0.465gl + O-261$; r = 0.989, s = 0.014 

5- 2 c IIC-I = 
2 

2.866 +- OA335; + 0.3425;; I‘ = 0.969, s = 0.015 

9he above correlations show that both the inductive and 

resonance effects of the substituent at silicon do affect the 
extent of Si-Ii3 transannular bonding, 

The chemical shifts in the 1 II ENIZ spectra of a series of 
sulfur-containing I-organylsilatranes, YCH2Si(OCH CH ) IG 
[X = CH3S, C2ir5S, t-C4HgS, C6H5CH2S, CIi3S(0), C6H;CH;S?O)j, 
and the corresponding sulfonium salts have been shown to be 
determined by steric hindrance of the substituent at silicon 

and sulfur valency (184a, 307, 308). 
The IGTZR shifts induced in I-chloro-, l-methyl-, and I- 

(chloromethyl)silatrane by complexes of l-ethylimidazole with 
ITiC 2 or CoCl 2 indicate that coordination of the silatrsnes 
to the metal ions involved the nitrogen atom (309, 310). 

The basicity of oxygen atoms in I-methylsilatrane and l- 
methylhomosilatrae has been determined using a paramagnetic 

Eu(DPIz)3 shifting reagent and shovm to increase in the follow- 
ing order: methyltriethoxysilanec 1-methylhomosilatrane c 

I-mczhyk3ilatrane (138). 
P Chemical shifts to higher field relative to CFCl 3 are 

observed in ZZIZ spectra of l-fluoro- and 1-fluoro-3,7,10-tri- 
methylsilatranes at 142.8 snd, respectively, 141.1 (asymmetri- 
cal diastereomer) and 140.2 (symmetrical diastereomer) p.p.m. 

(178). A lower lJSi_-F value for 1-fluoro-3,7,10-trimethylsil- 
atrane (131.2 Hz) as compared with that for fluorotriethoxy- 
silane (199.1 Hz) is due to a decreased s-character of the 

Si-H bond of the former. 
'H, 13C, "11 and 2g Si IVZIR spectra of 15 II-labelled silatranes, 

XSi(OCI-12CZf2)31? (X = CH3, CH2=CH, C6H5, ClCH2, CH30, C2H50) 
confirm the presence of the S1 '-IN transarznzlar bond (295, 311, 

312, 313). The ??,5 chemical shifts correlate with the !I!aft 
Ii 

inductive constants of substituents X at the silicon atom 
(295, 311) and the calculated SicII dipole moments (295). This 
shows that the change in the nitrogen nucleus shielding is 
mainly explained by charge transfer from nitrogen to silicon. 
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EIeasurement of the direct 15&29 Si spin-spin coupling constant 
in 1-chloromethylsilatrane (7.5 Hz) is the most reliable 
experimental confirmation of the donor-vtithdrawing Si-E bond 
in silatranes (311). Evidently, this constant reflects trans- 
mission of the sp%n information through the Szi+-N bond since 

it is unlikely that the interaction of such a value can be 
transnLtted through a system of 15N-C-C-O-2ySzi. bonds . 

The solvent effects on the chemical shifts in 15, and 29Si 

II&Z? spectra of Si-substituted silatranes, X2G_(OCH2CH2)31~ (X = 

cT-r3, CB2=CE, GLCH2' C2H50) have been investjgated in detail 
(321, 312, 374, 315). It has been shown that the linear 
relationship between &j5IT and ~~2~~~ measured in various 

solvents exists not only for the l-methylsilatrane (314) but 
also for l-vinyl-, I-chloromethyl and I-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 2gSi TSR 
spectra of polycrystaltlne silatrenes, XSi(OCH CH )_I? (X = 

2 22 
CH3, c2fi5, CH2=CH, C#5, C2E50, ClCI-f2, C12CR, IGH2,P) shows 
that the influence of the crystalline field on the extent of 
f;ransanxular interaction, peculiar to silatranes in the solid 

state, does not exceed the effect of a highly polar solvent 
(DESO, H20) (316). At the same time, the increase in the Si-1: 
bond strength under the substituent effect is accompenicd by 
the decrease in the solvent effect-on the '5E ad 2gSi EEE 
chemical shifts of silatranes (315, 316). These data mere 

explained by the lowering of transannular Si+B interaction 
in going from the solid to the solution state. Such a 
weakening of the Si--If bond has b een found to be greater the 
less strong is this bond and the less is the polar and 
electrophilic ability of the solvent used (315).. 

IInvestigation of the 13C, '5E and 29Si D&Q% spectra of C- 

substituted silatrenes, C6H5Si(OC~CH2)(0C"2C~2)2~T (R = CH3, 
CI$=CH, C6H5, CLCH2) has shown that endocyclic substituents 
enhance the Sic-IT transannular bond due to hindered confomat- 

ion transitions (317). 
Investigation of silatranes, XSi(OCH,C!H,),E (X = CH3,C6H5, 

C2FI50, C6H50, 4-C1C6H40, 4-02IIC&I4> has been performed (289, 
318). The data for axyloxysilatranes indicate f;hat the effect 

of the substituent in para position on the 29 Si chemical 
shifts can be practical2.y neglected, 
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According to '3C '5II and 29 

XS~(OCH~CE~CH~)(OCH;CH~)~IT 

Si IIILR data. for homosilatraneo 
(X = CH3, CH2=CH, C&, CH2C1, 

&BrC6H4) and carbasilatranes XSi(CH2CH2CH2)(OCH2CH2)2R (X = 
CE 3' C6H5),the expansion of one of the rings or substitution 
of oxygen in the silatrane skeleton make the Si-1: bond weaker 

(377). 

2.8. 1:Iass Spectra 

IJass spectral r"reeentction of Si-substituted silEtrz%nes, 

,SSi(OCE CH ) PT 
2 23 

(X = CH2=CE, CH2=CC1, HCZ, CgH5CEC, c6115'c6"5)' 

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)cleavege of the silatrane ring with 
retention of the X-Si bond (319). The first route is more 
characteristic for silatranes with X = CI12=CH, CH2=CCl, C6H5, 

C&. The molecular ion intensity is very low. The second route 
is observed in sila-tranes with a CEC bond. 

In the mass spectra of ~1 "‘-substituted homosilatranes, 
XSi(OCIIRCH2)2(OCH2CH2CH2)U (R = H, CH3, X = CH3, CH2=CH,_C6H5, 
OCH3) and 2,8,9_triazasilatrenes, Lusi(Iw~2~H2)3~I _ (x = cH3, 
CH2=CH, C6H5,, the molecular ion peak Is low intens& (320, 
321). In spectra of most compounds (exept homosilatrene with 
R = H, X = CH2=CH and 0CH3 and 2,8,9-triaaasilatranes with X = 
CH2=CH) the E-X + peak is most intense. Further fragmentation 
of this ion proceeds stepwise, in several parallel route3 
involving elimination of neutral molecules of ethylene,ethylene 

oxide and propylene oxide. 
The fragmentation of Si-substituted homosilatranes with R = 

C!F13 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 fragmentation, the molecular ion of homo- 

silatrane derivatives with R = CHJ is likely to undergo iso- 
merization with the s-membered ring being enlarged by inclusion 
of the methyl group. 

Along with above cleavage of the X-Si bond, methowhomo- 
silatranes with R = H and CH3 undergo loss of neutral C2H30' 
and C3H50' species without previous abstraction of the CH30 
group from silicon, 

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

2.9. Studies by Other Physical Methods 

KA-spectra of Si- and C-substituted silatranes, 
XSi(OCHRCH2)3N (X = H, CH3, R = H; X =_R = CH3> as well as 
those of a number of model compounds, ire,, organyltriethoqr- 
silanes and monocyclic compounds, (CH3)2Si(OCH2CH2)2Y (Y = 0, 
HCH3), have been obtained using the X-ray fluorescence method 

(322). y change in hybridization of the central silicon atom 
from sp in organyltriethoxysilanes to trigonal-bipyramidal in 
silatranes and the formation of transannular Si-1T bond are 
accompanied by a considerable increase (by 2%) in the positive 
charge on the silicon atom. Introduction of tizree methyl groups 

in the position 3, 7, 10 of the silatrane skeleton causes no 
additional change in the charge on the silicon atom. 

X-ray fluorescence Kz and K,-spectra of the sulfur atom 
in I-organylthiomethylsilatranes and their sulfonium salts 
have been studied (323). Silatranyl carbohydrates have been 
analyzed using gel chromatography (324). The applicability of 
gas chromatography to the resolution of silatranes at 200-250°C 
has been demonstrated (325-325). Retention indices were 
measured for 48 compounds of this class. The relationship 
between the observed retention characteristics end 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 silatranes. The 
extremely strong interaction of silatrane molecules with the 
stationaly phase has been attributed to the influence of the 
transannular Si--H bond (327). 
3,7-Dimethyl-, 3,7,10-trimethyl-, and 3,'/-diphenylsilatrane 
diastereomers were resolved by gas chromatography on medium- 
polarity columns (326). Individual diastereomers of l-methyl- 
3,7,10_tris(trifluoromethyl)silatrane have been separated by 
GLC (329)_ The symmetrical isomer, m-p. 9OW was the first to 
eluate, The unsymmetrical isomer has a melting point of 157“C. 

Chapter III. CREUICAL PROI'ERTIZS 

3.1, Reactions Involving Cleavage of the Silatrane Ring 

The investigation of the effect of substituent nature in 
the aromatic ring, temperature, solvent and pIi of the medium 
on the hydrolysis rate of I-aryloxysilatre.nes,RC6H40Si(OCH2- 
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-CH2)31T, has enabled one to suggest that the reaction conforms 
to a mechanism of the S$?-type (330, 331). The hydrolysis 
k5netics of 2,4,6-(CH3)3C6H,0Si(OCH2CH2)3N has been examined 
by spectrophotometry (258). 

It is remarkable that the reaction of I-chloromethylsil- 

atrane with sodium or potassium alkoxides of primary, secon- 
dary and tertiary alcohols does not lead to the corresponding 
I-alkoqymethylsLlatranes (332). The reaction products are 
found to be l-alkoxy-2-homosilatranes. 

RO (OCH2GH2)2 
RONa + c~~E~~~(ocH~cH~)~I~- ASi'/ % 

ClCH; L 'ITaOCH2CHZ/ 

J* 
I 

ROSi(OCH2CH2)2(CH20CH2CH2)N 

The intermediate 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, 

etc. (3321, 
Pyrolysis of I-aroxysilatranes at 220-350°C has been studied 

using differential thermal analysis (333). 

3.2, Reactions with Retention of the Silatrane Ring 

I-Hydrosilatrane reacts with triphenylhalomethanes(ll6a, 
277-279), polyhalomethsnes(278) and trimethylhalosilanes (277) 
to give the corresponding I-halosilatranes. The dehydroconden- 

sation of I-hydrosilatrane with carbohydrates proceeds readily 

(334, 3351- 
The exchange reaction of I-chlorosilatrane with KI? affords 

i-fluorosilatrane (277). 
l-Vinglsilatrane adds dialkylphosphites more readily in the 

presence of sodium alkoxide than under W-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, l-vinylsil- 
atrane fails to react with dipropylphosphite upon UV-Lrradiat- 
ion. Under similar .conditions, 3,j,l0-trimethyt-l-vinylsil- 
atrane easily adds dipropylphosphite in 68% yield, With or 
without rad$al initiators, diphenylphosphine formsfi-adduct 
with l-virylsilatrane and its C-methyl derivatives (264). 
I-($I-Vinyl)phenylsilatrane Fs polymerized by trifluoroboron 
etherate to afford a viscous, non-melting polymer. The sil- 
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atrane skeleton is likely to remain in t'ne course of polymeri- 
zation (253). 

The reaction of 7-(21-sminoethoxy)silatrsnes with methyl 
iodide gives the quarternary salts (276). l-(Aminoalkyl)sil- 
atrmes are involved in reections with aldehydes (35a), hydro- 

chlorides of quinoline carboxylic acids (283) end divinylsulf- 

oxide (284). 
Al~lthioal@lsilatranes, RS(CH2)nSi(OCH2CH2)311 are oxidized 

by hydrogen peroxide to the corresponding S-oxides or S-di- 

oxides (266). The reaction of I-(organylthioalhyl)silatranes 
with alblhalides yields sulfonium silts (267)- 

Chapter IV, BIOLOGICAL ACTIVITY 

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

The data on the biological activity of silatrenes hrve been 
published in two English reviews by E%,G.Voronkov (+a, 250) and 
in the Russian edition of the monograph Wilatranes" (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 I-(4*-alkaryl)silatranes, 4-R-C6H4- 
Si(OCH2CH2)31r (R = C2H5, i-C3H7) has been determined (252). 
The compounds were intravenously &mini&rated to white male 

mites as a solution in DUSO. The ID50 values for these com- 
pounds are much lower (100 and 15.2 mg/kg, respectively) then 
for I-phenyl- end I-(4'-methylphenyl)silatrane (0.1 end 0.3 
mg/kg, respectively) (4a, 247, 250). Thus, the substitution of 

a methyl group in 1-(4'-methylphenyl)silatrane 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 heteroatoms (P, As, 

Gel ( 252, 336, 337). 
A more detailed investigation of the toxicity of sulfur- 

containing silatranes has shown that the LD50 values for l- 
(organylthioalkyl)silatranes, RS(CR2)nS?(OCH2CH2)m[OCH(CH3)- 
CH2]3_mlJ, vary greatly depending on R, n, and m: from 6 mg/kg 

for l-(21-ethylthioethyl)silatrane to 3000 &kg for l-(benzgl- 
thiomethyl)-3-methylsilatrane and more than 3000 &kg for 
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I-(naphthylthiomethyl)- and I- (carbomethoqymethylthiomethyl)- 
silatranes (297). For the I&O values of 1-(alkylthioalQl)- 
silatrenes of the series H(CH,)xSCH,Si(OCH2C~i2)31~, en alter- 
nation phenomenon is observed. The members of this series 
having an even x value are less toxic than the subsequent 
member with an odd x value, An analogous phenomenon takes 
place if the n-alkyl chain contains a side methY group.Accord- 

in-&Y, the toxicity of silatranes with R = (CH3)3C and 
C!I-13(CL12)3 is si.mLlar and fairly high (IDS0 = 350 and 4OCh&kg, 
respectively) whereas the compound with R = (CEI3)2CHCH2 has 
low toxicity (LD5o 2000 mg/kg). In general, the lengthening 
of the alkyi radical attached to the sulfur atom, i.e., 
increase in the x value, decreases the toxicity. A similar 
periodic relationship between the LD5o and n values is observed 
Zn the series RS(CH2)nSi(OC!H2CH2)3B. Thus, when R = C2H,.-, 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 
enaloyes (338). 

All the I-(aI&lthioalkyl)silatranes studied cause death of 
animals in "the pose of prayer", IIn the case of highly toxic 
silatranes, the animals die 3-7 minutes after adninistration 

of the highest dose, The less toxic l-(propylthiomethyl)sil- 
atrane, when introduced at the highest dose, causes death in 
only 5% of all the mice. In this case the animals dlsplay 
depression, strong convulsion, retainment of all reflexes. As 
a rule, the highest doses of the highly tosic l-(alkylthio- 
alkYl)silatranes bring about stimulation, convulsion attack 
and death. Low doses of these compounds (120 and 24 mg/kg) 
cause depression. 

The toxicity of diorganyl(silatran-I-yl-methyl)sulfonium 
halides mey be higher or lower than that of the initial l- 
(organylthioalwl)sila;tranes (297)- Thus, for example, in 
going from l-(benzylthiomethyl)silatrane and its methiodide 
the LD50 values falls from 2000 to 24 mg/kg,Oo the contrary, 
the IDso values for l-(ethylthi.omethgl) silatrane znd its meth- 
iodide are 30 and 267 mg/kg, respectively. The toxicity of 
iodo derivatives is commonly somewhat higher than that of the 
corresponding snlfonium bromides, 

The Znfluence of I-organylsilatranes, XSi(OCEi2CH2)3N (X = 

m3, m30, C2H50, (CH3>2aO, (CB3)3CO, ClCH2, C3F7COOCCH213, 
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~C2H50~2P~O~CH2, c,%.+0)c~,, ?IZ2S+CH2) on the proliferative- 
reparative function of conuective tissue, healing of wounds and 
histamZne-Induced ulcers, inf%mation processes (332-347), the 
pylotropic activity of silatranes x7zLth X = CI;3, C2H5, CXX2, 
C4H9, C2H50, (CH3)2CE0 (348-349), the effect of l-propoqsil- 
atrsne on the biosynthesis of colkgen and noncollagen proteir-s 
in granulative Fibrous tlsstre (350) have been studied ti detell, 
The Tnfluence of I-ef&oxpZLatranure on the external secretLon of 
liver as viell as the activity of some blaod enzymes of rats in 
normaf conditions and with hep atitis have been examWed (351, 

352). The change Zn the functional activity of t'iu-ombocytss and 
blophysical propertzks of erythrooytes under the action of a 
series of sriletrenes has been extensively investigated (353-358), 

t-(lodanethyl)silatrane inhibits growth of Geren carcinoma 
and sarcoma 180 by 52 and 3Z, respectively, I-(3*-AminopropyILj- 
3-methylsi3_atrane exhibits a similer actfon (359). 

Ix2r~~CHz),Si(OCH2C~~~3~~ combined vGth antitumorous preparat- 
ions inhibi<s the growth of sarcoma 180 by '70% !L%e life span 
of tice vrith Zrlich aseit;es tumour treated with this composit- 
ion was found to be 1.5 times as long as in control (360,361). 

E-Silafmmyl alkyd derivatives of quislokiue carbo-rylic acLds 
5nhibit the growth of adenocarcinoma 155 by 3%5% f283) and 

increase the life span of m%ce with sarcoma 37 t-xad Erfich 
ascites tumour by 30-40% (362). As S_t has'been shown bx two 
years tests with v&kite mice, I-chloromethylsllatr~e displays 
no blastomogenic effect producing, on the contraq, antitumorous 
activrty (363)a 

A favourable effect; of l-(2*-perfluoroalbyl_7'-iadoeth;rl)- 
sifatranes on the immunobioLo&cal system 02 tie organism has 
been established (3641. 

I-Ethoxysilatrane exhibits a wide spectrwn of adaptogenic 
action (365, 366). XXL particular, it increases the tolerance 
of animals to intense ph=ysical load, acute ~pobaric hypoxia 
and hypothermia, and inhibits the formation of free radicals 
ti the orglanism. At the same time, this compoukd does not 
influence A2 phospholipase actZ.vity, potential change and 
activity of Hf-ATI?-as@ of submitochondrial particles. Thus, 
the mechanism of the adaptogenic actFan of ?-ethowsilatrane 
is not related to suppression of A2 phospholipase and mito- 
chondrfal breath* 
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-(OCH,GH,)31? possess a neurotropic activrity (275), The compounds 
with RF = GF3 and G4F9 prolong the ackion of hexenal narcosis 
by a factor of 1.5 and 2, respectively. Heptafluorobutyro_xy- 
propylsilatrane Whibits an sntistress effect (367). ZGSii- 

atranylmetbylbutyrolactam shows sedative and tranquilizating 
effect (368). 

Some I-(organylthioal~l)silatranes, RS(GH2)nSi(OCH2GH2)m- 

-[OCH(CH3)CH213_mXX (R = G2Hs, n = 1-3, m = 2-3) at low doses 
produce part&. or complete depression of the painful reflex, 
other reflexes remaining normal (297). The derivatives nith 
R= C2E5 (n= 2, m = f,3) cause sharp exacerbation of reflexes. 
In the case of compounds with R = G6H5GE2 (n = ?I m = 1-3) 
only a blunted painf-ul reflex was observed. 
Furyl- and thienyl derivatives of silatranes, XSi(OCH CR > 

2 23 B 
(X = 2-furyl-, 2-tlnienyl-, 2-(2'-furylethyl)-, 3-furyl-, 3- 
thienyl-) display EL neurotropic action of the depressive type 

(369, 370). 
I-(4'-Carbalkoxyphenoxy)silatranes end I-aroxysilatranes 

exhibit antimicrobial 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 <372), 

I-Chloromethylsilatrane stimulates the sprouting of seeds, 
rootlet growth, the morphogenesis processes, and the ripening 
of fruits and seeds (372-375). A number of silatranes 
intensify _metabolic processes in the silkworm (376). 

Chapter V, PRACTICAL APPLIGATIOE 

This chapter considers the possibility of practical appfi- 
cation of silatranes in fields other than agriculture, Rven 

the first American patents on silatranes (8, 27, 28) reported 
the possibility of application of these compounds and their 
composites with polyols for curing a number of synthetic resins. 

Some carbofunctional derivatives of I-alkylsilatranes, 

X(CH,),Si(OCH,CH2)3N With n = l-4, X = GH2=GHGOO, 'XI2=C(CH3)- 
-GOO, G6Hg0 (3,4-epoxycyclohexyl), HG, G611511H, HS, etc., have 
been proposed as emulsion components for polymer modification, 
glass fibre arrd textile couplings, and agents for antistatic 
treatment of different materials snd improvomentofpolyester, 
epoqde and phenolformaldehyde resins (48, 4Yt 65)- 

The products of the copolymerization of polyfluoroamido- 
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alkylsilatranes, CF3(CF2)nC(O)XH(CH2)3Si(OCH2CIL2)3~~ (n=O-20) 
and epoxyalkyltrialkoxysilanes have been suggested as water- 
and oil-repellents for different fibres and solid materials 
(37). The treatment may be performed using rollers or by 

dipping the mate-rial 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 2x7O-4 I%, the protective properties 

of silatranes were evaluated by means of the inhibition coef- 
ficient, IC. = i,/i, where i. and i are the rate of metal corro- 
sion dn pure and inhibited acrds, respectively. 

Silatranes are of certain practical interest as suitable 

alkylating, alkenylating end arylating agents, for the prepa- 
ration of very pure organic derivatives of heavy metals (206). 

I-(4*-Carbalkoqyphenoxy)silatranes possessing bactericidal 
activity, have been proposed as fish conservation agents (33). 
!Phey prolong the conservation tS.rne 2pproxiinztel~ tvfo-riIold, 

Silatrenes are used as co_mponents of a catalyst for the 
removal of butadiene in t'ne purification of the C4 hydrocarbon 
fraction- from the cracking and pyrolysis of oil (378). 

The possibilities of practical application of silatrrnes 

are not l-ted, of couzxe, to those mentioned above. Eve= in 

the near future, we can expect new fields in which silatranes 
will prove useful and v.%dely applicable. 
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