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Abstract

On the basis of his own and literature data, the author considers and theoretically substantiates the third route to the formation
and decomposition of linear and cyclic oligo- and polysiloxanes, involving intramolecular reactions of geminal fragmentation of
>Si(OR)X group with the intermediate formation («-elimination) of short lived silanones R5Si=0. The latter further undergo poly-
merization or insert into the Si—X bonds (X = O, Cl, etc.) of trapping reagents. © 1998 Elsevier Science S.A. All rights reserved.
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In organic and inorganic chemistry of silicon there is
a prevailing idea of two most important pathways to the
formation of disiloxane group Si—O-Si which presents
the main unit of all the siloxane structures. These
(pathways) are intermolecular reactions of homo- and
heterocondensation of the corresponding organosilicon
monomers and oligomers [1-11] illustrated by Schemes
(1) and (2), respectively:

g, L Naosil
/SIOR + ROSI\ /SIOSI\ + ROR (1)
R=H [1-14]; Alk [1,2,6,11,15-18]; Ac [11,19-21];
SiMe; [22,23]; NO, [24—26]

N £ Nsiosi-
/SIOR + XSI\ —_— /slon\
'R=H, X=Cl [3,1327-32], RO [1-8,11,33],
CH,COO [8,11], R,N [8,34-36], H [8,37]; R = Ak,

+ RX (2)

* Corresponding author.

! The great number of examples of reaction (2) is caused by not only
the absence of reviews devoted to this reaction solely (with the exception
of scarce information in the out-of-date book by Sokolov [6]) and by
the necessity to compare the inter- and intramolecular pathways to the
formation of Si—O-Si group, but also by author’s wish to reflect the
outstanding contribution made by K.A. Andrianov’s school [3-
5,12,13,19,27,29,43—-47] to the study of heterofunctional condensation
leading to the formation of definite siloxane structures.
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X =Cl[1-8,11,38-49], Br [50,51], I [52-54], CH,COO
[1,2,4,6,8,11,45,47], R5SiO [1,2,55]; R = COCH,, X =Cl
[1,2,6,8,11,44,47]; R =SiR;, X=F [1,2,56], Cl, Br, I
[57-59]; R =Li, Na, K, X =ClI [47,60-66].

Reactions (1) and (2) follow a common mechanism.
They start with nucleophilic attack of an atom of a Si—O
bond-containing reagent on the silicon atom of the
second partner, with the formation of intermediate with
a pentacoordinate silicon atom and further of a four-
membered transion state in which the electron transfer
leads to cleavage, thus forming the Si—O-Si group:

3
Sie fR
X
In this case a version with X =OR corresponds to
reaction (1).

It is remarkable that in heterofunctional condensa-
tion (2) with X=CIl, Br,I; R =hydrocarbon radical
(hydrocarbyl) the transition from R = CH,, CH,CH;,
CH(CH;), to substituents such as C(CH;); and
CH,C¢H; able to stabilize the carbocation considerably
accelerates the reaction (cf. [48,67-69]). At the same
time reaction (2) is unrealizable with X =F.

Our researches of low-energy reactions involving the
intermediate formation of silanones [70—85], Cherny-
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shev’s and Krasnova’s works devoted to high tempera-
ture generation of silanones [86—97] and analysis of the
extensive literature show that the processes analogous
to reactions (1) and (2), can proceed intramolecularly in
the presence of two geminal reactive substituents OR
and X (X =OR is also possible) at the silicon atom,
which involves generation of the corresponding
silanone according to general scheme (3):
O—R
ssif —— 3Si=0 + RX (3)

N
X

where substituents R and X can be the same as in Egs.
(1) and (2). It is possible to give a set of geminal
substituents in group > Si(OR)X which yield silanones
according to Scheme (3): R=H, X=CIl, OH [12];
R =hydrocarbyl, X =1, Br [77,79-82,98], Cl [40,86—
90,94-97], OR’ [15,93]; R =SiMe,, SiMe,H, X =1,Br
[70-73,76-82], CI [92]; R =SiMe,X (X =1, Br), X =
I,Br [70,73,77-82], Cl [99], F [100]; R =COR’, X =
OC(CH;); [101,102], OCOR’ [19,20,103]; R =NO,,
X =Cl [104,105]; R = SiMe,, SiCl;, X =Me [92]; R =
S*Me,Cl—, X=Cl [74,76,77,81,106]; R =M"X, _,
(M =Cu,Hg,Pb,Fe et al), X=CILBr [38,63-
66,77,107-111]; R=H, X =hydrocarbyl [112,113];
R = Sb(0OSiMe,),, X =CH; [114]; R=H [1,2], MgBr
[115-117], X = OSiR0 .

In organic chemistry such a fragmentation of geminal
systems (gem-diols, «-halohydrines, «-haloethers, hemi-
acetals, etc.) >C(OR)X - >C=0 + RX are so trivial
that there is no need citing here the corresponding
references. The silanone formed by these reactions, such
as dialkylsilanone R,Si=0, for example, either under-
goes cyclization to the corresponding oligocyclosiloxane
according to Scheme (4) or inserts into a molecule of a
reagent used as a trap or of a certain solvent according
to Egs. 5 and 6. Tetraorganylcyclodisiloxanes (R,SiO),
initially formed in the cyclooligomerization of dior-
ganylsilanones were identified by mass spectroscopy
(R = C,H;) [74] or as the product of insertion into the
molecule of  2,2,5,5-tetramethyl-1-oxa-2,5-disilacy-
clopentane (R = C¢Hs) [106]. However, usually tetraor-
ganylcyclodisiloxanes are extremely unstable [106] and
readily trap the diorganylsilanone to form hexaorganyl-
cyclotrisiloxane (R,Si0),, the primary stable product of
diorganylsilanone cyclization.

/O\ R,Si0
2R,Si=0 —> R,Si SR, ——— (R,Si0); etc.

“ N/

0 @)
R,Si=0 + —SiOSi& — siOR,Si08iE <20
SSIO(R,SI0),SiE  ete. ()

R,Si=0 + X-M — XR,SiOM
XM = 0C, 0O8§j, CISi, HSi, , OGe, ClGe, OH, CIH [97,118-122].
(6)

XM =0C, OSi, CISi, HSi, OGe, ClGe, OH, CIH
[97,118-122].

Reactions (4) and (5) as a whole are considered as the
third route to the formation of diverse siloxane struc-
tures basing on silanones. It is the generation and
subsequent insertion of silanones into Si—O-Si units of
the corresponding monomers, oligomers and polymers
according to Schemes (4-—5) that should be considered
as one more mechanism of the formation of polymeric
structures together with polyaddition and polyconden-
sation. The surprising thing is that nearly all organosil-
icon chemists, including those dealing with the
chemistry of silanones [86—97,118—124] have given no
attention to the possibility and mechanism of geminal
fragmentation of the >Si(OR)X group. True enough,
in 1917-1919 Stock and Somiesky [107] and in 1952
Andrianov and Sokolov [12] reported a possible in-
tramolecular dehydration (homofunctional geminal
fragmentation) of dialkylsilanediols with the intermedi-
ate formation of dialkylsilanones followed by cycliza-
tion or insertion into the Si—O-Si group (or into the
H-O bond):

R,Si(OH), 1> RoSi=0 - 1/n(R,Si0), (7)
R = H [107], Alkyl [12]

R,Si=O + HOR,SiOSiR,OH

— HOR,SiOSiR,0SiR,0H (8)

However, the idea prevailing in the middle of the
century that existence of the double bond at the silicon
atom is impossible made the Russian chemists forget
and never remember again their experimental data and
the hypothesis proposed. Now nothing else is left but to
feel sorry for it. In 1939-1942 possible existence of
dialkoxysilanones (RO),Si=O [15,125] was reported.
However these data need a supplementary experimental
support.

Let us consider stereoelectronic factors responsible
for geminal fragmentation of Si(OR)X group-contain-
ing silicon compounds with «-climination of silanones.
This process is also favored by the so called anomeric
effect, or a-effect [126—130] known also as n,o *-conju-
gation or negative hyperconjugation [131-134]. These
effects, though differently called, but the same in con-
tent, is of great importance in the transition state and
influences much the geminal fragmentation of
>Si(OR)X systems. The effect manifests itself in
gauche conformers and is caused by delocalization of
the n-orbital of the oxygen atom lone electron pair onto
the antibonding o *-orbital of the Si—X bond. This
leads to the electron charge transfer onto the atom X
and to polarization of the Si—X bond. This type of
electron density distribution in the H >Si(OR)X system
is proved by *°Cl NQR '"H-NMR and IR spectroscopy
[135-137], which indicate the chlorine p,o-electrons,
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1.e. Si—Cl bond electrons, to be involved in the above
interaction, and charge transfer from the oxygen atom
onto the acceptor Si—Cl bond [131,132].

It goes without saying that the n, ¢*-conjugation of
the oxygen atom in R’;Si(OR)X molecules is realized
with Si—R’ bonds less polar than Si—X bonds, (even if
R’ is a hydrocarbon radical). However, its contribution
to the electron density distribution in the molecule is
less sufficient but it can affect the direction of geminal
fragmentation in some instances.

The n,o*-conjugation in the RO-Si—X fragment sta-
bilizes the conformation in which the high occupied
molecular orbital (HOMO) of the donating oxygen
atom p-lone electron pair (LEP) is anti-periplanar with
respect to the electron-withdrawing ¢ *(Si—X) orbital.

Q/
O
VA
,Sl\,)
X
In this case the X atom must be more electronegative
than the silicon atom and less electronegative than the
oxygen atom (X # F) [132,134]. As a result of n, g *-hy-
perconjugation the Si—X bond becomes longer whereas
the Si—O bond shortens. This effect also changes the
valent angles of the central silicon atom and the at-
tached oxygen atom.

The stabilizing n, ¢*-interaction occurs between the
occupied donor n-orbital of the oxygen atom lone
electron pair and the acceptor antibonding ¢ *-orbital
of the Si—-X group. If the n-orbital contribution to
HOMO dominates, the latter is stabilized due to n,o*-
interaction (its energy reduces and ionization potential
increases). Destabilizing interaction takes place between

R

0

TR
.”
X

2 SSi(OR)X

RO;Si

the occupied n-orbital of oxygen lone electron pair and
the occupied bonding g-orbital of the Si—X bond. As a
result of n, o*-interaction HOMO destabilizes, i.e. its
energy enhances and the ionization potential of the
oxygen atom reduces. The considerable effect of n,
Jo*-conjugation on the stereoelectronic structure of
molecules of type R5Si(OR)X is proved by both quan-
tum chemical calculation and experimental studies
[132,134].

An alternative interpretation of the electron charge
distribution in the >Si(OR)X system, that involving an
electrostatic directly through field interaction of the
oxygen atom charge with the electron cloud of the
Si—X bond is also possible [126].

For accomplishing the reaction of «-elimination of
silanones it is necessary that the substituent R attached
to the oxygen atom in the Si(OR)X group display
though weak electrophilic properties. Nucleophilic at-
tack of the atom X on the carbon atom attached to the
siloxane oxygen proceeds very easily if the latter is
sp3-hybridized and shows the least electron charge. It
should be mentioned that the R—X bond is formed as a
result of overlapping of the nucleophile X HOMO with
the O-R bond LUMO (the synchronous transition
state comes about from mixing the nucleophile X
HOMO with the O—R bond LUMO). If R is a hydro-
carbon radical, the O—-R bond splitting on gem-frag-
mentation of this group is rather facile when the
substituent R structure favors stabilization of the form-
ing carbocation (R =CMe,;, CH,-CH=CH,, CH, _
nPh,, n =1-3 etc.). Thus, for example, «-climination of
dichlorosilanone from benzyloxytrichlorosilane occurs
readily at 500—650°C [87].

Cl,SiOCH,CH; 5 CLSi = 0 + CICH,C H, 9)

In contrast to this, methoxytrichlorosilane is stable at
as high as 700°C. At this so high temperature
C1;SiOCH; does not form even traces of CH;Cl and
only 5% is disproportionated to give Me,SiCl, and
SiCl, [138].

In this connection it should be emphasized that for
organosilicon compounds containing a >Si(OR)X
group where R = hydrocarbyl, X =halogen (alkoxy-
halosilanes, alkylalkoxyhalosilanes, etc.) gem-fragmen-
tation can follow two directions: (i) intramolecular
a-elimination of the corresponding silanone according
to reaction (3) and (ii) intermolecular reversible dispro-
portionation (equilibrium redistribution of substituents)
according to Scheme (10) without formation of the
SiOSi group [1,2,139].

~——= Si(OR), + >SiX, (10)

Reaction (10) involves intermediate transitional four-
centered state with pentacoordinate silicon atoms and
can be illustrated by a simple example [1,2]:

2(RO)SICl; == (RO),SiCl, + SiCl, (11)

The alkoxyhalosilanes affinity for disproportionation
according to Scheme (10) enhances with a decrease of
the atomic number and with an increase of the halogen
nucleophilicity, whereas that for geminal fragmentation
according to Scheme (3) shows an inverse order. The
disproportionation reaction (10) proceeds very readily
when X =F (at as low as 20°C). With X = Cl it occurs
under more rigid conditions (100-200°C), the rate of
alkoxyfluorosilane rearrangement (RO),_,SiF, (R =
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CH,;, C,H;) increases with the number of fluorine atoms
in the molecule (). Compounds of this series with n =2
and 3 easily disproportionate already at nearly room
temperature [140-149,162]. Thus, CH;OSiF; dispropor-
tionates at — 40°C to form mainly (MeO),Si and SiF,
[142].

Alkoxyfluorosilanes and dimethylfluorosilanes are ex-
tremely unstable owing to a different electron density
distribution in the >Si(OR)F group compared with
>Si(OR)CI (which is indicated, in particular, by the IR
spectra of Me,Si(OR)X, X =F and CI [143] and by
enhanced nucleophilicity of the fluorine atom with re-
spect to the silicon atom.

Alkoxy- and phenoxybromosilanes have not been
studied much [125,144—147]. No disproportionation has
been observed with them. It has been suggested [125] that
triethoxybromosilane can disintegrate with elimination
of diethoxysilanone:

(C,H,0),SiBr — (C,H;0),Si=0 + C,H,Br 12)

Alkoxyiodosilanes have not been known till the present
time (see below).

There is also evidence for the possibility of dispropor-
tionation of aroxychlorosilanes. In particular, this was
demonstrated with dimethylphenoxychlorosilane [148].
However, disproportionation of diphenylphenoxy-
chlorosilane was unsuccessful [149].

The generation of silanones from R,Si(OR")X
molecules is suggested to follow the scheme below:

O-R L |
RS —> RySiFORX —> RySi=O + RX 13
X

However, the formation of a four-centered transition
state followed by electron transfer without charge sepa-
ration (resulting in a decrease in the energy of activation
of gem-fragmentation and o-climination of the corre-
sponding silanone) seems even more possible.

O
RZSi/V\‘z

SR a4

Compounds having a highly electrophilic substituent
R (such as R = SiF;H, for example) or a readily polar-
izable Si—X bond (X =1) are most prone to gem-frag-
mentation according to the above scheme.

If R in the >Si(OR)X group is a non-activated
aromatic substituent such as C¢Hs, for example, no
gem-fragmentation is normally observed in these sys-
tems. This is conditioned by an increased strength and
order of the O—Ar bond and by the fact that the
formation of carbocation at the aromatic carbon atom
attached to the siloxane oxygen is very hindered owing
to the impossibility of stabilizing the carbocation at the
expense of internal conjugation (the vacant p-orbital axis
is perpendicular to the nucleus z-orbital), the more so

that the electron density on the carbon atom is enhanced
due to the electron-density transfer from the oxygen atom
onto the aromatic ring.

Geminal fragmentation of the Si(OR)X system occurs
very easily if the substituent R is a metal ion or
metal-containing cation such as MgBr, HgCl, etc. for
example. The intermediate products containing geminal
fragments of this kind, such as nSi(OM"X,, _ )X, where
M = n — valent metal, X = Cl, Br, I, are formed during
the interaction of H,SiX, or R,SiX, with metal oxides
[38,63-66,77,107—111,150], as well as in the reaction of
organomagnesium compounds with oligodimethylsilox-
ane-a,w-diols or permethylcyclosiloxanes [1,2,113—115].

As early as 1961, basing on X-ray diffraction analysis
of silicates we showed first [151,152] the Si—-O ~M * bond
in geminal systems (Si)O-Si—-O~M™*to be shorter
(1.50-1.60 A) and the (Si)O-Si bond to be longer
(1.70—1.88 A) than the normal value of Si—O distance
(1.64 A). This points to an increased order (double-bond-
ing) of the Si—OM bond, i.e. ‘pre-existence’ of the >Si=0
group and enhanced ionicity of the (Si)O—Si bond, which
is in agreement with present ideas on the electron density
distribution in >Si(OR)X systems.

The double-bonding character of the Si—O bond in
alkali metal trimethylsilanolates is also implied by its
average length of about 1.60 A [1,2]. In the (Si)O-Si-
OM group, along with the increase in the dynamic
coefficient and in the Si—OM bond order a decrease in
the Si—O-Si bond order (ionicity increase) occurs. In so
doing the Si—O-Si angle becomes §-10° smaller too,
which facilitates gem-fragmentation. These conclusions
were proved by spectroscopy [153—158]. An increased
Si—O bond order in alkali metal trimethylsilanolates was
established by '"H NMR spectroscopy [154]. In the IR
spectra of alkali metal trimethylsilanolates [154,155],
owing to the increased Si—O bond order the frequencies
of antisymmetrical stretching vibrations corresponding
to the Si—OM bond dynamic coefficient are enhanced in
going from M = Li to M = Cs. In going from M = H to
M = Li, Na, K in tetramethyldisiloxanes-1,3-diol and its
silanolates MO(CHj5),Si0Si(CH;),OM the frequencies of
Si—O-Si v, and v, vibrations are diminished [156]. The
IR spectrum of sodium trimethylsilanolate and calcula-
tion of the frequencies and vibrational modes of its
molecule show the SiO~Na* bond to be chiefly ionic
[157,158].

The formation of silanones as a result of geminal
fragmentation according to Eq. 3 proceeds with great

ease, if the silicon atom of the
O—R
>si
X
fragment is bonded to an electronegative atom X possess-
ing a lone electron pair, which is responsible for the
nucleophilic nature of the substituent. The above frag-

mentation is facilitated by an increase in the X atomic
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radius, the Si—X bond length and polarizability as well
as by the associated decrease in the bond energy. This
is especially true when X =1, since the I~ anion is the
most readily leaving group among halogen ions. With
X =F the electron density distribution in the
RO(F)Si< system is opposite to that with other X
groups®. Nevertheless, the Si—O bond is shortened
(1.56-1.58 A) in MeOSiF; and F,SiOSiF, seemingly
owing to a strong + I-effect of fluorine atoms, whereas
the O-R bond polarity is enhanced. Therefore the
o-elimination of silanones from geminal systems
>Si(OR)F occurs only when the substituent R is a
rather powerful electrophile (R = SiMe; _,,F,, n=1-3,
[100,162—-169], BF, [100], metal ion, etc.). Gem-frag-
mentation of this kind is characteristic of the Si—O-
Si—F systems since the fluorine atom is the most
powerful nucleophile with respect to the silicon atom.
We have even found stable Si—F — Si bridges [170].

The thermal destruction of peralkylcyclosiloxanes
starts with o-elimination of dialkylsilanone [1,2,118-
122,171-175]. This process can be illustrated by the
following scheme:

O \S'/ 0
—3S1
QL e N i ~c:” N
/SI{-\‘ .XO - /SI—O + /Sl\ /81\ etc.
0O=—S1 O
/
15

or, in a more general form,

. A . .
(R,S10), RS — o0 (R,Si0),, _; et O(R281O),, _, etc.
(16)

Scheme (15) explains why the hexamethylcyclo-
trisiloxane D5 is most stable in the thermolysis of
permethylcyclosiloxanes D,, [171-175]. At a first glance
this seems to be surprising, since the cycle D; existing
exclusively in a planar strained conformation, turns out
to be most reactive of all the permethylcyclosiloxanes
(with the only exception of D,) in heterolytic reactions.
This is also in agreement with the lower energy of Si—O
bonds in Dy compared with those in D, and D5 (104.4,
105.9, 106.6 kcal mol —!, respectively) [176—179].

Certain difficulty encountered by geminal fragmenta-
tion of peralkylcyclotrisiloxanes according to Scheme
(15) is caused by conformational rigidity which hinders
the formation of the four-centered transition state pre-
ceding the a-elimination of disilanone. The tetramethyl-
cyclodisiloxane D, formed along with Me,Si=O in D,
thermolysis is unstable and instantly decomposes to
give two molecules of dimethylsilanone. The latter at

2 According to the rule, proposed by us [159,160], in the geminal
Y-C-X systems the electron density transition occurs from a more
electronegative atom Y onto a less electronegative atom X whereas in
the vicinal Y-C-C-X systems the transition is quite the reverse,
from X onto Y. This is convincingly supported by 3°Cl NQR data
[159,160], vibrational and electron spectroscopy data as well as by
quantum chemical calculations [161].

once inserts either into the D, molecule to form D5 or
into the D5, D,, D5 cycles, etc.

— Me,Si=O . .
(Me;Si0); | = (Me;Si0), = 2(Me;Si-0) 17)
Me,Si = 0 + (Me,SiO), — (Me,Si0), , | 18)

The SiO bond in cyclosiloxanes is exclusively stable
to homolytical cleavage [1,2] and their splitting into
biradicals ‘R,Si(OSiR,),,O" is practically unreal.

According to Scheme (3) where R = SiMe;, X = Me
the destruction of thermally stable hexamethyldisilox-
ane (conversion ~ 5%) proceeds slowly at 500°C
through the intermediate formation of dimethylsilanone
to afford linear permethyloligosiloxanes and te-
tramethylsilane [175]. This process is depicted by
Schemes:

Me,SiOSiMe, > Me,Si=O + SiMe, (19)
Me;SiOSiMe; + nMe,Si = O
- Me,;SiO(Me,SiO), SiMe;,
n=1-3 (20)

Later the formation of Me,Si=O and SiMe, by ther-
molysis of Me;SiOSiMe; has been confirmed [92].
HMDS Destruction in plasma proceeds analogously
involving the formation of permethyloligosiloxanes and
tetramethylsilane although the authors suggest another,
less probable scheme of this process [180]. The degree
of thermal destruction of low molecular linear perme-
thylsiloxanes Me;SiO(Me,SiO)nSiMe, with n=1-6 in-
creases with the chain length. In this process all their
lower homologs down to n =0 [9,181] and permethylcy-
closiloxanes (Me,Si0),, with m = 3-6 are formed. The
formation of all the above products of thermolysis can
be explained in terms of only the intermediate genera-
tion of dimethylsilanone and its further insertion into
the Si—O-Si groups and by oligomerization, as was the
case with the thermal destruction of permethylcy-
closiloxanes [1,2,118—-122,171-175]. However, the rate
and character of thermal destruction of high molecular
permethylpolysiloxanes (n = 30—100) are no longer de-
pendent on the macromolecule length [182—188]. This
can be explained by a very low content of terminal
methyl groups.

The proposed [179] free-radical mechanism of ther-
mal destruction of hexamethyldisiloxane, permethy-
loligosiloxanes and permethylcyclosiloxanes with
homolytic cleavage of the Si—O and Si—C bonds cannot
be regarded as correct. However, in 1970 Sobolevsky et
al. [175] failed to explain the mechanism of thermal
destruction of permethyloligosiloxanes without accept-
ing the possibility of intermediate formation of
dimethylsilanone which they dared to modestly denote
as biradical Me,Si'O". Nevertheless, it is, beyond any
doubt, a pioneering research, suggested first the inter-
mediate formation of dimethylsilanone (though never
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called so by the authors). Ultrasound-induced fragmen-
tation of polydimethylsiloxane chains has been assumed
[189] to follow a molecular mechanism without formation
of macroradicals involving the generation of terminal
silanone groups, — MeSi=0:

~ Me,SiO — Me,SiO — SiMe, ~ — ~ MeSi = O +
Me,Si — O — SiMe, ~ Q1)

Thermal destruction (depolymerization) of oligo- and
polydialkylsiloxanes containing one or two terminal
silafunctional substituents X is of special interest. The
destruction of «,w-functionally substituted polydialkyl-
siloxanes with the intermediate formation of dialkylsi-
lanone at the expense of gem-fragmentation of terminal
OSiR,X groups can occur under mild conditions as well.
Thus, for example, the reaction of oligodialkylsiloxane-
o,w-diols with organomagnesium compounds of the
acetylenic series has been reported to proceed step-by-
step involving the intermediate formation of dialkylsi-
lanones [115—117] according to the following scheme:

HO(R,Si0), H = HO(R,Si0), _, + R,Si=0 22)
R,Si=O + R'MgX — R,R'SiOMgX 5
- R,R'SiOH + HOMgX 23)

Further destruction of HO(R,Si0O), _ ,H follows the same
scheme to form finally (n — 1) R,Si = O further reacting
with R'MgX.

The authors noted the difference between terminal
and internal Si—O-Si groups in the molecules of oligo-
dialkylsiloxane-o,w-diols. In their opinion, in the
HO[-R,Si0-], _;—R,Si0-R,SiO-R,SiOH  molecule
the Si« -O- — Si conjugation effect is changed under the
influence of the R,Si«-O-H hydroxyl group. This
weakens the SiO bond and favors the migration of hy-
drogen at the Si—O bond splitting site and dialkylsilanone
elimination from the molecule. At the same time, the
interaction of terminal silanol groups with an organo-
magnesium reagent to form a geminal SIOMgBr group
is quite possible. Such, indeed, should be the case. We
can say that Komarov’s ideas were rather courageous at
that time.

The initial rate of thermal destruction of polydimethyl-
siloxane-o, w-diols diminishes with molecular mass, i.e.
with decreasing the content of terminal hydroxyl groups.
In this case hexamethylcyclotrisiloxane (primary stable
product of dimethylsilanone cyclization) is the only
product of vacuum thermolysis [1,2]. The depolymeriza-
tion of these compounds is also favored by thermal
destruction of polydimethylsiloxane-o,w-diols in the
presence of water vapors hindering intermolecular anhy-
drocondensation according to Scheme (1).

Gem-fragmentation involving the formation of termi-
nal OSi(=0)Me group can also be responsible for the
appearance of negligible quantities of methane during
the thermal destruction of permethylsiloxane-o,w-diols

HO(Me,Si0),SiMe,OH. The rate of destruction of o,w-
disubstituted polydimethylsiloxanes X(Me,SiO),SiMe,X
depends much on the nature of terminal substituents X
[1,2,9,188]. This is markedly confirmed by the fact that
the replacement of terminal hydroxy groups in poly-
dimethylsiloxane-o,w-diols by methyl group decreases
the rate of thermal destruction of these polymers by a
factor of 30—35 [9,184]. Simultaneously, the initial tem-
perature of the destruction process increases from 350—
370 to 390-420°C.

In the presence of thermally stable terminal sub-
stituents blocking the polydimethylsiloxane macro-
molecule (X = CH,, C4H;, etc.) the chain rupture with
dimethylsilanone elimination can also occur in the inter-
nal sites through a four-centered transition state in a way
analogous to that mentioned for permethylcyclosiloxanes
according to Scheme (15). Dimethylsilanone evolved in
this case brings about further formation of permethylcy-
closiloxanes. Just only this is responsible for the fact that
of permethyloligocyclosiloxanes (Me,SiO), withn =3 —
10 are the products of the thermolysis of linear permethyl-
polysiloxanes. Their formation due to homolytical
rupture of two Si—O bonds at certain sites of the siloxane
chain is unlikely. The homolytical stability of the Si—O—
Si group is indicated, in particular, by inability of
peralkylcyclosiloxanes to undergo free-radically medi-
ated polymerization and their extremely hindered poly-
merization under the exposure to ®°Co y-irradiation. The
radiation-induced polymerization follows an ionic mech-
anism and its rate is not affected by the presence of
diphenylpicrylhydrazyl [1,2]. And, at last, if the thermal
destruction of linear and cyclic permethylsiloxanes in-
volved the formation of free radicals, it is the methyl
radicals that had to be the primary products of homolytic
decomposition, since the Si—C bond energy is consider-
ably lower than the Si—O bond energy (72 and 105 kcal
mol ~ !, respectively). At present it has convincingly been
proved that in the depolymerization of polyalkylsilox-
anes there is no thermal dissociation of the Si—O bonds
very stable to homolytic cleavage [185—188]. Destruction
of polydimethylsiloxane chains by intramolecular coordi-
nation of silicon and oxygen atoms separated by more
than two O—Si groups is rather unlikely because it is very
difficult for so remote macromolecular centers to ap-
proach each other. All the accumulated experimental
data show that the thermal destruction of linear polydi-
alkylsiloxanes starts with the polysiloxane chain ends and
proceeds by a mechanism of avalanche-like gem-frag-
mentation of terminal Si—O-SiR,X groups, which prop-
agates along the chain with elimination of dialkylsilanone
further undergoing cyclization (effect of ‘falling down
dominoes ’). This process of polydialkylsiloxane chain
destruction involving «-elimination of dialkylsilanones
can be presented by the following scheme:

X(R,8i0),8iR; = X(R,Si0), _SiR,
—  X(R,Si0), ,SiR, (24)

—R,Si-0
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etc. till the final formation of XSiR; (with n = 0).

Depending on the nature of terminal substituents X
presenting initial active centers of the depolymerization
of a,w-difunctional polydialkylsiloxanes [185-188], the
rate of thermal destruction of X(R,SiO),SiR,X de-
creases in the following order of changing X:

M(K,Na,Li) > 0SO;H > OH > CH, > C,H, (25)

[1.2]

Independently of the nature of ionic catalyst, the
ionic and cationic polymerization of peralkylcyclosilox-
anes, their depolymerization and reactions of equi-
librium distribution occur with ring opening and
intermediate formation of an «,w-difunctional oligomer
which contains the same number of silicon atoms and is
blocked with ions of the decomposed catalyst at both
chain ends:

(OSiR,), + X" Y~ - X(OSiR,), _,0SiR,Y (26)

Since «,w-difunctional oligo- and polydialkylsilox-
anes are readily decomposed according to Scheme (24)
with elimination of highly reactive dialkylsilanones it is
suggested that the latter play an essential role in the
above mentioned transformations of peralkylcyclosilox-
anes. This is completely confirmed by many experimen-
tal data summarized in reviews [1,2,9] which cannot be
discussed in the present paper.

It should be mentioned that «,w-difunctional poly-
mers and oligomers are formed in the thermolysis of
polyalkylsiloxanes containing an admixture of base and
acid polymerization catalysts. Moreover, the catalysts
break not only terminal and internal Si—O-Si groups
but Si—-O bonds as well to form the corresponding
silicon-functional substituents X =OH, ONa, OK,
OSO;H etc., [1,2,185].

The mechanism of destruction of o,w-difunctional
oligo- and polydialkylsiloxanes with the intermediate
formation of alkylsilanones is conveniently supported
by the first members of this homologous series, Si-sub-
stituted disiloxanes of general formula X,R;_,-
SiOSiR; _, X, (n=1-3). Gem-fragmentation of these
compounds is illustrated by general equation:

XnR3 _ nSiOSlR} _ an g Xn _ 1R3 _ ,LSl:O
+ Xn + ISiR3 —n (27)

Reaction (27) seems to occur through the four-centered
transition state (28). It proceeds very easily with X =F
and I. However, the electron density distribution in the
transition state is not equal due to a sharp difference in
the electronegativity and nucleophilicity of fluorine and
iodide atoms. At the same time, an analogous cleavage
of compounds with X = Cl and Br is observed only at
high temperatures or under the catalytic action of
Lewis and Brentsted acids. Coordinating to the siloxane
oxygen atom these acids polarize (and weaken) the

Si—O bond, thus increasing the Si atom electrophilicity,
which facilitates cleavage according to Scheme (28):

« 0
| % A
X—Sli—O—%}—X — >Six‘v>Si—<X —> S0 + >SiX,
<

(28

In accord with the above said, the thermal stability of
hexahalodisiloxanes, their near homologs
X;5S81(0SiX,),, X and cyclic analogs (X,Si0), depends
much on the nature of halogen X atom. The lability of
fluorosubstituted disiloxanes enhances with the number
of fluorine atoms in the molecule.

Thus, hexafluorodisiloxane and octafluorotrisiloxane
are very unstable and easily decompose already at room
temperature to form SiF, and SiO, [163,166—169].
Analogously, the gem-fragmentation of ethylpen-
tafluorodisiloxane leads to polyethylsilsesquioxane
(C,HsSi0,5), and SiF, at 130°C. 1,3-Diorganylte-
trafluorodisiloxanes readily decompose according to
general Scheme (27) to form the corresponding organyl-
trifluorosilanes [169].

Under analogous conditions 1,3-dimethyl- and di-
ethyltetrafluorodisiloxanes are converted to the corre-
sponding alkyltrifluorosilanes and a polymer, whereas
1,1,3-triethyltrifluorodisiloxane are transformed to
Et,SiF, and 1,3-tetracthyldifluorodisiloxane. The latter
can be regarded as the product of Et,Si=O insertion
into the Et,SiF, molecule. At the same time, pentaethy-
Ifluorodisiloxane is stable at temperatures even exceed-
ing 110°. All the above alkyldifluorodisiloxanes were
the reaction products of the corresponding
chloroderivatives with NH,F. Tetramethyl-1,3-difluoro-
disiloxane slowly but completely decomposes already at
room temperature to give (Me,SiO);, (the product of
trimerization of Me,Si=0) and Me,SiF, [100]. The gem-
fragmentation of extremely labile 1,3-dimethoxyte-
trafluorodisiloxane leads to CH,OSiF;, (CH;0),SiF,
and polymeric products [169].

Unlike isostructural fluoroderivatives, hexachloro-
disiloxane and alkylchlorodisiloxanes are more ther-
mally stable. Only at a temperature of 500-1000°
hexachlorodisiloxane and octachlorotrisiloxane decom-
pose according to Scheme (27) to afford SiCl, as well as
linear and cyclic perchlorooligosiloxanes [190] with in-
termediate formation of dichlorosilanone. At even
higher temperature (above 1000°C) the thermolysis of
these compounds leads to SiCl, and SiO, [191,192].

In the presence of tertiary amines the geminal frag-
mentation of hexachlorodisiloxane slowly proceeds in
the same direction already at the boiling point (136°)
[190,193,194]. The reaction mechanism proposed by the
authors involves an initial stage which is beneath any
criticism [193]:

R,N + C1,Si0SiCl, = R N * SiCl, + ~ OSiCl, (29)
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The catalytic action of tertiary amines on the dispro-
portionation reaction of hexachlorodisiloxanes (and its
homologs) is based on the primary formation of their
adduct containing a pentacoordinate silicon atom. This
gives rise to the electron density transfer onto the
oxygen and chlorine atoms which makes further gem-
fragmentation much easier

R,N + CLSiOSiCl; — CLi(R,N)SiOSiCl,
— CL,Si=0 + R;N + SiCl, 30)

The thermolysis of 1,1,1-trimethyltrichlorodisiloxane
proceeds in two directions involving o-elimination of
dichlorosilanone and dimethylsilanone.

—> Me,8i=0 + MeSiCl, (a)
Me,SiOSiCl, — (3D
CLSi=0 + Me,SiCl (b)

L

These silanones were fixed as the products of insertion
into the initial Me;SiOSiCl;—Me;SiOSiClL,0SiCl; and
Me;SiOSiMe,0SiCl;, and into Me;SiOSiMe; used as a
trap, —Me;SiOSiCl,0SiMe; and Me;SiOSiMe,OSiMe;,
respectively [92]. The reaction mechanism scheme pro-
posed by the authors:

Me,SiOSiCl,
Me,Si* + *0SiCl, MgSiO® + *SiCl,
0=SiCl, + Me,SiCl

is unlikely. As mentioned above, the homolytic cleavage
of the Si—O bond is rather difficult and the less strong
Si—CH; bonds should be split first under the conditions
studied.

Upon prolonged heating at 175°C 1,3-dichlorote-
traalkyldisiloxanes (CIR,Si),0 decompose according to
Scheme (27) to form R,SiCl, and (R,SiO); [99].

Hexabromodisiloxane is considerably less thermally
stable than hexachlorodisiloxane. Upon long heating
(200-260°) it slowly decomposes to give SiBr,, SiO,
and a small quantity of Br(Br,SiO),SiBr;, n=2—4.
Dodecabromopentasiloxane (n=15) has not been
formed a even higher temperatures [166,195—198]. Hex-
aiododisiloxane 1;Si0Sil; is unknown and hardly could
exist in normal conditions because of decomposition to
Sil, and SiO,.

The thermal destruction of hexachlorodisiloxanes to
the corresponding tetrahalosilane and silicon dioxide
can be demonstrated in the following way:

X,Si0SiX; — X,Si = O + SiX,
2X,8i=0 — X;Si0Si(=0)X — X,Si + SiO,;
X =F,Cl, Br, I (33)

Our investigations over many years of compounds con-
taining Si—I bonds, in particular, [52-54,70,78,197—
213], have shown first their capability for cleavage of

O=SiMe, + MeSiCl,

C-0-C, C-0-Si and Si—O-Si groups. And not once
we tried to synthesize and isolate organic derivatives of
silicon-containing I-Si—O-C and 1-Si—-O-Si groups,
such etc. as ISi(OC,Hs);, (CH;),Si(OC,HJ)I,
I(CH,),Si0Si(CHs;);, I(CH;),Si0Si(CH;),1 for example,
but always without success. The existence of I-Si—-O—
Si containing organosilicon compounds had not been
established prior to our investigations. The reactions
studied which presumably led to the formation of com-
pounds of this kind formed only the products of gem-
fragmentation. All attempts to prepare
>Si(OR)I-containing alkoxyiodosilanes by the reaction
of tetraalkoxysilanes with PI; and HI were a failure
[125,214]. Alkyliodide and polymers were only the reac-
tion products. The persistent desire to transform
alkoxychlorosilanes to the corresponding alkoxyiodosi-
lanes has not been realized either [215]. The reactions of
alkoxysilanes (RO)SiH; (R = Me, Et) with iodine and
mercury iodide have failed to lead to alkoxyiodosilanes
[216]. Nevertheless, the intermediate formation of
alkoxyiodosilanes has repeatedly been suggested
[125,214,215,217]. And it has been stated that, even
unstable, triethoxyiodosilane seems to exist at a temper-

(32)

ature below 30° [215]. At the same time, triphe-
noxyiodosilane proved to be thermally rather stable. It
was even possible to distill it in vacuum at 290°, though
with partial decomposition [214].

Dimethyliodosilane is likely to be formed as an inter-
mediate in the reaction of iodine with al-
lyldimethylethoxysilane  leading to  allyliodide,
ethyliodide and permethyloligocyclosiloxanes [218]. The
process which occurs can be illustrated by the following
scheme:

Me,(CH,=CH-CH,)SiOC,H; + 1,
— Me,(ICH,—~CH-CH,)SiOC,Hj
S — elimination . .
ety CHcH, Me,Si(OC,H4)I C—;HSIMele:O

— 1/n(Me,Si0),, (34)
The reaction of R(CH,=CH-CH,)Si(OC,H;s),c R =
Me, Ph with iodide proceeds in the same way.
Dimethyliodoethoxysilane is supposed [218] to be the
intermediate of reaction (34). However, in the fifties,

the decomposition of this compound was interpreted as
follows:

Me,Si(OC,H;)I - [Me,Si + OC,H,]I
=[Me,Si—O0 " CHJI ™

—[Me,Sit -0~ ]— polymer (35)
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In the reaction of iodine with methallyltriethoxysilane
only ethyodide has been isolated. Evidently, the reac-
tion occurs is as follows:

CH,=CMeSi(OC,Hy), + I, » ICH, - ICMeSi(OC,Hs),

f — elimination - ISI(OC2H5)5 N (CZHSO)zsIZO + IC2H5
(36)

— CH,-CIMe

The difficulty encountered in the isolation of free
alkoxyiodosilanes is caused by their geminal fragmenta-
tion at already room temperature.

- HI
HMe,SiOSiMe,H + 1, ST IMe,Si0SiMe,H —E

Me,SiOSiMe,] —> Me,Si=O + LSiMe,

Ando has developed an elegant method for the re-
duction of «-arylalkanols with dimethyldiiodosilane
[219]. However, he has not elucidated the reaction
mechanism. At present this process can be presented by
the following scheme:

Me,Sil, + HOCRR'Ar - Me,Si(OCRR’Ar)l  —
I — HI — Me5Si=O

—ICRR'Ar =" HCRR'Ar + 1, (37)

Cyclization products of the intermediately forming
dimethylsilanone (Me,Si0),, =4 and 5 have been
identified.

The reaction of iodine with 1,3-dicyclohexyldisilox-
ane has not formed the corresponding monoiododeriva-
tives either [220]. Cyclohexyliodosilane C¢H,,SiH,I and
oligocyclohexylhydrosiloxanes (CcH,;SiHO), probably
with n=3,4 are the products of this reaction. This
points to gem-fragmentation of the intermediate 1,3-di-
cyclohexyliodosiloxane I(C4H,,)SiHOSiH,(C4H,,). The
reaction of disiloxane H;SiOSiH; with iodine does not
lead to iododerivatives of disiloxane. The only reaction
product was iodosilane H,Sil [221].

1,3-Dimethyldisiloxane reacts with iodine in an
analogous way to form methyliodosilane CH,;SiH,I
[222]. The reaction of diiodosilane with copper oxide
gives only cyclotetrasiloxane (H,SiO), rather than 1,3-
diiododisiloxane [150].

During the last years together with S.V. Basenko,
V.I. Rakhlin, R.G. Mirskov, E.I. Dubinskaya and I.P.
Tsyrendorzhieva we have managed to show that com-
pounds containing an >Si(OM)I group where M = Si,
C not only exist, but serve as donors for silanones.
However, they are rather stable at only low tempera-
tures. In particular, they could be fixed as the products
of the reaction with oxacycloalkanes (oxyran, tetrahy-
drofuran) [79,81]. We have found that organosilicon
compounds containing such a fragment are readily
decomposed according to Scheme (3) to form the corre-

sponding silanone already at room temperature and
below [70-85]. Thus, pentamethyliododisiloxane, for
example, is easily decomposed according to the scheme
[73,76,77,80,81]:

IMe,SiOSiMe; — Me,Si = O + ISiMe;, (38)

Tetramethyliododisiloxane and tetramethyl-1,3-di-
iododisiloxane smoothly forming in the reaction of
iodine with 1,1,3,3-tetramethyldisiloxane in a mole ratio
of reagents of 1:1 and 2:1, respectively, are decomposed
in a similar manner:

Me,Si=0 + Me,SiHI

(39

2> IMe,SiOSiMe,I + HI

40)

These reactions provide a simple and convenient syn-
thetic route to dimethyliodosilane and dimethyldi-
iodosilane. The intermediate dimethylsilanone is
transformed to a mixture of permethylcyclosiloxanes.
The thermal destruction of tetramethyl-1,3-diacetoxy-
disiloxane leading to dimethyldiacetoxy silane follows a
similar pathway [11,20].

An original reaction leading to dialkylsilanone and
alkylhalodisiloxanes has been found by us in studying
the interaction of hexaalkyldisiloxanes with gallium or
indium triiodides and tribromides. The reaction occurs
according to a general scheme [71,72,76,77,79-82]:

s~y MX3 . .
R;SiOSiR; - Me,Si=0 + SiR,

R=Alk; M=Ga,In; X=1, Br (41)
The dialkylsilanones formed have been identified either
as the products of the insertion into hexamethyldisilox-
ane serving as a trap, or as the cyclization products,

peralkyloligocyclosiloxanes. The mechanism of reaction
(41) is interpreted in the following way:

MX, + R;SiOSiR, - RMX, + XR,SiOSiR, 42)
XR,SiOSiR; - R,Si = 0 + XSiR, (43)
RMX, + XSiR; - MX; + SiR, (44)

Thus, reactions (41-44) can be performed catalytically.
In this case Gal; is the most powerful catalyst, whereas
InBr; shows the least catalytic activity. The reaction of
generation of silanones also was carried out with
branching permethyloligosiloxanes (Me;Si0),SiMe, _,
(n=2-4). The reactivity of these siloxanes enhances
with the number of trimethylsiloxy groups (n).

An alternative new pathway found by us for the gen-
eration of dialkylsilanones is provided by the reaction of
dimethylsulfoxide with dialkyldichlorosilanes (as well as
with RSiCl; and SiCl,) [74]. 1t is very nice that our data
have been supported by the American colleagues [106].
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It is the investigation of new ways of the formation
and destruction of organosilicon compounds containing
I-Si—-O-Si and 1-Si—-O-C groups that has led us to
the new concepts discussed in the present paper. In
conclusion, we would like to report a completely new
method for the generation of dialkylsilanones, based on
gem-fragmentation, namely the reaction of dior-
ganyldichlorosilanes with metal or ammonium salts of
many oxygen-containing acids [104,105]. For example,

R,SiCl, + MONO,, - R,Si=0 + CINO,, + MCl (45)
M=Na,NH,etc.;n=1,2

Thus, the third route to the formation of disiloxane
Si—O-Si group and diverse siloxane structures involves
the reaction of a-elimination of silanones in gem-frag-
mentation of monomeric, oligomeric and polymeric
organic and inorganic compounds of silicon, containing
a >Si(OR)X group, and further processes of their
cyclization, polymerization and insertion into the Si—O
bond of the attendant reagents.

I cherish a hope that the data and ideas presented in
this paper will lead not only further theoretical and
synthetic investigations into the o-elimination of
silanones and their subsequent transformations, but will
enable new technologies in the production of silicones
and silicone-based materials to be developed.
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