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Silicon and carbon belong to group IVB of the pe-
riodic table, and both have the same constitution of
valence shell electrons: C  1s22s22p2,  Si:
1s22522p%3s23p2. Most compounds of silicon have a
formal valence number of four due to the transition
of one 3s electron to a 3p orbital. Both silicon and
carbon readily form single bonds resulting from sp3
orbital overlap. However, despite the great abun-
dance of stable multiple-bonded compounds of p.-p-
type for carbon, there has been a complete absence
of them for silicon, although silicon does have d or-
bitals available for p.~d, bonding.1:2

Until recently silicon analogs of unsaturated com-
pounds were believed to be nonexistent.? In this Ac-
count we describe the evidence for generation of this
new class of organosilicon compounds and discuss
their synthetic utility. Our main emphasis is on
compounds of silicon which are analogous to olefins
and ketones.? This means that formally, at least,
their structure can be described in terms of 7-bond-
ed silicon. At present there are no data unequivocally
indicating this type of chemical bond with silicon:
alternative structures may also be correct.

R,Si—CH, <> R,Si==CH, < R,§i— CH,

We do not consider such w-bonded intermediates as
:Si0 and :SiS, which are discussed in the fairly re-
cent review? on divalent radicals of group IVB.

The first structures with silicon double bonds were
assigned to compounds obtained in reactions of am-
monia with silicon tetrachloride, trichlorosilane,3
etc. (HN==Si=NH; N=SiNH;). In 1912 Schlenk
and Renning® described the synthesis of a stable
compound with a silicon-carbon double bond by de-
hydration of diphenylmethylsilanol. However, their
work was reexamined by Kipping,” who proved that
they had been dealing with a mixture of diphenyldi-
methylsilane, diphenylmethylsilanol and diphenyl.
By the end of the second decade of this century, it
had become clear that earlier works in which struc-
tures with multiple bonds to silicon were assigned to
stable compounds were wrong and reactions which
lead to formation of double bonds with carbon are

Leonid E. Gusel'nikov was born in Novosibirsk in 1939, graduated from
Gubkin Institute for Petrochemical and Gas Industry, and worked for his
Ph.D. degree under the supervision of Professor N. 8. Nametkin. In 1967
he was on a year's postdoctoral fellowship at Southampton University.
His research interests center around reactions of reactive intermediates
of group 1VB elements.

Professor Nikolai S. Nametkin was born in Moscow in 1816, and grad-
uated from Kazan University. He is a Corresponding Member of the
USSR Academy of Science and Head of Topchiev institute of Petro-
chemical Synthesis of the Academy of Science. His research interests
are in petrochemistry and organosilicon chemistry.

Professor Valentin M. Vdovin was born in Moscow in 1931, and gradu-
ated from Mendeleev Institute for Chemical Technology. His research in-
terests are in chemistry of group VB elements, cyclic compounds, and
organometallic chemistry.

not suitable for synthesis of corresponding com-
pounds of silicon. For example, the loss of water
from one molecule of silanol does not occur, but
rather the elimination of water from two molecules
to form disiloxane. No silicon analogs of olefins can
be obtained by dehydrochlorination of chlorosilanes,
which are fairly stable and can be distilled without
decomposition (even in the presence of quinoline).
Some other attempts to prepare stable compounds
with multiple bonds involving silicon also failed.8-2

In the late 1940’s and early 1950’s, the problem of
the nonexistence of double-bonded compounds in-
volving silicon began to be considered on the basis of
a pictorial presentation of orbitals and quantum me-
chanical calculations (see below).

In 1952, Andrianov and Sokolov announced?® the
existence of dialkylsilanones as unstable intermedi-
ates formed both on heating of organopolysiloxanes
up to 150-200° and on gas-phase hydrolysis of di-
methyldichlorosilane. The intermediates were ob-
served by mass spectrometry.

Two more claims to stable compounds containing
double-bonded silicon were made. These were Me3Si-
CH=SiMey1! and the silicon analog of benzene.l2
Later the first compound appeared to be 1,1,3,3-tet-
ramethyl-1,3-disilacyclobutane which, due to its
ability to react with bromine, was wrongly assigned
the unsaturated structure.l® No confirmation of the
second compound’s structure has been obtained.4

In recent years, silicon analogs of unsaturated
compounds have come to be considered mainly as
short-lived intermediates during the formation of
more stable products. Thus, dimethylsilanone was
postulated as an intermediate in cleavage of polysi-
loxanes by the Jozitsh reagent;1® MeHSi=CH, was
mentioned as only a very minor product of isomer-
ization of dimethylsilylene;1® and Me;Si=CH; was
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introduced into the scheme for the mechanism of py-
rolysis of tetramethylsilanel? to explain the forma-
tion of 1,1,3,3-tetramethyl-1,3-disilacyclobutane. Re-
lated to the above are experiments on dechlorination
of tris(trichlorosilyl)chloromethane with a silicon-
copper alloy.2® Unfortunately, in all the above cases
one deals with complex nonselective processes where
other mechanisms are equally possible.

In 1965 we found a selective gas-phase thermal de-
composition of monosilacyclobutanes1?:20 which en-
abled us to obtain both kinetic and chemical evi-
dence for the existence of silicon olefin analogs as
reaction intermediates.20-23 As a result, silicon ana-
logs of unsaturated compounds attracted the atten-
tion of chemists, and a series of publications on the
subject has subsequently appeared. Below we discuss
the results of this new stage in the chemistry of sili-
con analogs of unsaturated compounds.

Silicon Analogs of Olefins

During a study of the pyrolysis of monosilacyclo-
butanes, we observed the elimination of ethylene and
the clean formation of 1,3-disilacyclobutanes®-20 in
accord with the following scheme.

RS- 40 RySi
o] — ZL_éiR,Z + 2CH,

The only products of the thermal decomposition of
1,1-dimethyl-1-silacyclobutane were ethylene and
1,1,3,3-tetramethyl-1,3-disilacyclobutane. By analo-
gy with the reaction of cyclobutanes2+

>400°
RO 222, R.c=CH, + CH~=CH,

we suggested that 1,3-disilacyclobutane was formed
from an unstable silicon olefin analog.20-21

RS (Rsi=CH] + CH~=CH,

RSt
9[R,Si=CH,] — "‘S‘__éiRz

Kinetic data22-25 appeared to be in good accord
with this suggestion, since the Arrhenius parameters
of homogeneous unimolecular thermal decomposition
of 1,1-dimethyl-1-silacyclobutane?® and the thermal
decomposition of 1,1-dimethylcyclobutane?5 were
very similar.

Mezs\_‘] —> [Me,Si=CH,] + CH,=CH,
k(sec™!) = 10°°°exp(—62300/RT)

MeCT] —» MeC=CH, + CH,=CH,

k(sec™) = 10"**®exp(~61000/RT)
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The biradical mechanism for decomposition is
widely accepted for the gas-phase thermal decompo-
sition of cyclobutanes.28 By analogy, for monosilacy-
clobutane an initial cleavage of either the car-
bon-carbon or the silicon-carbon bond of a four-
membered ring results in the formation of the corre-
sponding biradical intermediates, further decomposi-
tion of both radicals leading to ethylene and the sili-
con analog of isobutene,

|-—-——> “Si(Me, )CH,CH,CH ——l

Me.87 [Me,Si=CH,] + CH,=CH,
L crsioeycrcH, _

Carbon-carbon bond cleavage is in accord with the
observed isomerization of 1,1,3-trimethyl-1-silacyclo-
butane27,28 into allyltrimethylsilane, which, occurs
together with decomposition.

Me,Si
Ll e —
l—————* {Me,Si==CH,! + CH,

Me CH;-—-H

/ e
Me CH,—CH Me Me
\_/
Si

CH,
7N\ 7"
Me  CH(CH

Because of the short lifetime of a silicon analog of
isobutene under conditions normally used, its forma-
tion and disappearance processes cannot usually be
separated, However, in a flow system at pressures
below 1 Torr, cyclodimerization occurs beyond the
reactor. So if one places a low-temperature trap in
the space where the reactive intermediate exists, it
will be condensed along with other products. Fol-
lowing this idea, we have observed the formation of
(Me2SiCHs)x polymer and the related decrease
of 1,1,3,3-tetramethyl-1,3-disilacyclobutane among
products (Figure 1) due to polymerization of Mes-
Si=CH,; on the cold surface.2®

Using our kinetic data on the 1,1-dimethyl-1-sila-
cyclobutane pyrolysis23 and the data of Davidson, et
al., on pyrolysis of trimethylsilane,30 Walsh estimat-
ed a value of 30-42 kcal/mol for the =-bond energy
in the silicon analog of isobutene.3! Barton and Mec-
Intosh32 observed a 1407-cm~1 band for the products
of thermal decomposition of 1,1-dimethyl-1-silacy-
clobutane trapped at —196°, which in the authors’
opinion was due to MesSi=CH, absorption. The ion
[MegSiCHz]-+ is readily formed under electron-
impact fragmentation of 1,1-dimethyl-1-silacyclobu-
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Figure 1. Pyrolysis of 1,1-dimethyl-1-silacyclobutane in a flow
system. Dependence of CsHi/(MesSiCHz)> on pressure: (upper

curve) distance between pyrolysis and condensation zones 30 mm,
(lower curve) 250 mm.

tane33.34 (the peak m/e 72 is the most intense one in
the mass spectrum).

Some chemical evidence for the existence of silicon
analogs of olefins is considered below.

It has already been mentioned that, in the absence
of trapping agents, silicon olefin analogs form a
dimer in the gas phase and a polymer in the con-
densed phase.

Me, Si—|

LSiMe,
Me,Si==CH,] —
\

—~Me,SiCH,~+

If two different monosilacyclobutanes undergo copy-
rolysis, products of direct and cross cyclodimeriza-
tion are formed.20.35

MGZSij
L-SiMe,
,Sie —CH,
I\’Ie.slj —> [Me,Si=CH,] +
MeCISi—
+ L—SiMe,
: —C,H,
MeCl?:l — [MeClSi==CH,] +
MeCISim
L-SiMecl

It is significant that among the products we have
never observed either “head-to-head” dimers or cy-
clic trimers.

Trapping agents form adducts with silicon analogs
of olefins when they are involved in copyrolysis with
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monosilacyclobutanes. We have found that water
vapor, ammonia, and alcohols readily form addition
products with Me;Si=—CH,.22,23

Me\ /Me
/Si\ > Me,SiOSiMe,
HOH Me OH
Me Me
MeOH
[Me,Si==CH,] — >s<
Me OMe
HNH, Me_ Me
——— >Si< —> Me,SiNHSi Me,
Me NH,

A similar reaction was observed recently with aceto-
nitrile and its derivatives.36a

Me Me
CH,CN
Me,Si==CH,] > \Si/

MezSLi] A, —C.H,
— [

PN
Me

CH,CN

Another reaction of silicon olefin analogs is cy-
cloaddition to olefins. However, since the rate con-
stant of this reaction is negligible compared to one of
cyclodimerization at the temperatures of pyrolysis,
the contribution of cycloaddition is noticeable only
when the concentration of olefin is much higher than
that of the short-lived compound of silicon. For ex-
ample, the consequence of the contribution of this
reaction results in a deviation from the straight line
of the first-order plot for the thermal decomposition
of 1,1-dimethyl-1-silacyclobutane only at conversion
above 60%.28

" Kinetic evidence for the reaction of Me,Si=—CH,
with ethylene has been obtained by pyrolysis of 1,1-
dimethyl-1-silacyclobutane in the presence of ethyl-
ene.28 Thus, the apparent first-order rate constant
appeared to be dependent on the concentration of
ethylene, as predicted by a kinetic scheme including
a reversible first step of decomposition.

Chemical evidence for the reversibility of the first
step of decomposition of monosilacyclobutanes has
also been obtained from the study of copyrolysis of
both 1,1-dimethyl-1-silacyclobutane in the presence
of excess propene and 1,1,3-trimethyl-1-silacyclobu-
tane with excess ethylene.37:38 Apart from the nor-
mal decomposition products, 1,1,3-trimethyl-1-sila-
cyclobutane and 1,1-dimethyl-1-silacyclobutane were
formed in the first and in the second case, respec-
tively.

S —cH FCH,  MeSi
Me,Simy O | ope Si=CH] et
HCH, —CH, Me

l

MQESi‘]
L SiMe,
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Figure 2. Pyrolysis of 4-silaspiro[3.3]heptane. Dependence of rel-
ative amounts of decomposition products on temperature.

Silicon analogs of olefins readily react with com-
pounds containing a carbonyl double bond. Copyrol-
ysis of 1,1-dimethyl-1-silacyclobutane with isobutyl
methyl ketone,3? as well as copyrolysis of 1,1-diphe-
nyl-1-silacyclobutane with 2- pentanone, 2-heptanone
or benzophenone,4? resulted in the formation of cy-
closiloxane (mainly trimer), ethylene, and a corre-
sponding new olefin. The following course of reaction
has been suggested.

stli_—] —C.H,

R,Si-0

R',C=0
[R,Si==CH,] —>

~R/,C=CH
R — [R,Si==0] ---> (R,Si0),

Barton and Kline found that at 600° the adduct of
MeoSi=CH: and isobutyl methyl ketone was the
major product of copyrolysis. A possible 1,2-silaoxe-
tane structure has been assigned to this product.
However, we have isolated a similar adduct from py-
rolysis of 1,1-dimethyl-1-silacyciobutane with ace-
tone and identified it as isopropenyloxytrimethylsil-
ane. We believe that formation of the latter is due to
the isomerization of the silaoxetane resulting from
1,5-hydrogen atom migration in the biradical formed
by cleavage of the C-C bond in a four-membered
ring which is apparently unstable under reaction
conditions.

Me,Si-O

—_—
Me,
Me O—-—C/Me C/Me
\Si/ \CH — \ / \CH
2 / \ 2

Me” CH-H

The mechanism involving the addition of the enol
form of ketone to MesSi=CHy%° seems to be less
probable. The argument based on the nonoccurrence
of the addition reaction in copyrolysis of 1,1-diphe-
nyl-1-silacyclobutane with benzophenone is not con-
clusive, since in this case 1,5 migration of hydrogen in
the biradical is not possible either. Actually, the lat-
est mechanism suggested for this reaction362.0 ig fair-
ly similar to ours. A similar reaction of RsSi=CHs

(39) T. J. Barton and E. Kline, presented at the 3rd International Sym-
posium on Organosilicon Chemistry, Madison, Wis., 1972,

(40) D. N. Roark and L. H. Sommer, J. Chem. Soc., Chem. Commun.,
167 (1973).
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has recently been realized with the imines
PhCH=NPh, Ph;C=NPh, and PhoC=NPh,36c
Silicon analogs of olefins readily react as dieno-
philes in a reaction of the Diels-Alder type. Thus,
formation of 1,1,3,3-tetramethyl-1,3-disilacyclobu-
tane was completely suppressed and the correspond-
ing 1-silacyclohex-3-enes were formed when 1,1-di-
methyl-1-silacyclobutane pyrolysis was carried out in
the presence of butadiene,38 isoprene,38 or 2,3-di-

methylbutadiene.4!
S0

O

Formation of one adduct in the reaction with butadi-
ene and two adducts with isoprene is in accord with
one-step 1,4 cycloaddition.

Hence, there are a number of reactions proving the
formation of short-lived silicon olefin analogs in py-
rolysis of monosilacyclobutanes. A similar pathway
was observed in pyrolysis of 1-methyl-1-vinyl-1-sila-
cyclobutane2? and 1,1-diphenyl-1-silacyclobutane.40

Interesting results have been observed when
studying the pyrolyses of silaspiroalkanes.

CH ~=CHCH=CH,

MBQE —CH

[MeZSJ——CH ]

CH, =CHO=CHZ

Me

SR SR
CH, Si (CHy),
N_/ N\_~/
cH, “cH

x=12and 3

4-Silaspiro[3.4Joctane (x = 2) and 4-silaspiro-
{3.4]nonane (x = 3) form corresponding 1,3-disilacy-

clobutanes.
/CHZ\ /CHZ\ CHQ\
CH Si Si (CHy),
NN Nt )
CH, CH, H,

4-Silaspiro[3.3]heptane27-42 undergoes an abnormal
thermal decomposition. In a flow system on a helium
stream, an oily product with a composition corre-
sponding to the loss of ethylene from the starting
material is formed. Under low pressure this com-
pound decomposes to hydrogen, ethylene, propene,
butadiene, and 1-silacyclopent-3-ene in ratios de-
pending on the temperature of pyrolysis (Figure 2).
No 1,3-disilacyclobutane compounds are formed.
Deposition of metallic silicon is observed on the re-
actor wall. We suppose that formation of 1-silacyclo-
pent-3-ene is due to isomerization of silicon analogs
of methylenecyclobutane. Further pyrolysis of the
isomeric compound could be responsible for other
decomposition products.

(41} W. J. Bailey and M. S. Kaufman, 157th National Meeting of the
American Chemical Society, Minneapolis, Minn., April 1969, Abstract
ORGN-55.

(42) N. S. Nametkin, L. E. Gusel’nikov, R. L. Ushakova, V. Yu. Orlov,
and V. M. Vdovin, Dokl. Akad. Nauk SSSR, 211, 108 (1973).
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CH,  CH,
VRNV AN —CH,
CHZ\ /Sl\ /CH_ —

CH, CH,

1) ~ ]

Considering gas-phase thermal decomposition of
monosilacyclobutanes as the method for generation
of silicon analogs of olefins, it should be pointed out
that in the series cyclo-(CHz)3ER2 (where E = C, S,
Ge) the selective decomposition to form compounds
of the olefin type is typical only for the compounds
of carbon and silicon. In the case of the germanium
compound#3 the reaction is more complex because of
the carbenoid decomposition (i.e., formation of
MesGe and C3Hg). Monosilacyclobutanes also seem
to be effective sources of silicon analogs of olefins in
liquid-phase photolysis.4

MeOD
Ph,SiCH,D

' ) OMe
Ph,Simy k.55 )
7] =%~ CH, + [PhSi=CH,]

The formation of the silicon analog of isobutene
emerges from the study of pyrolysis of eight-mem-
bered cyclocarbosiloxanes containing siloxane and
silmethylene fragments.45-47

#
Me,Si——CH,—SiMe, Me,
) /S1\
550" - QM
0 0 " (S;Hg Cé) %11\162
Me, Si.___Si-—CH,
Me, Si—CH,—SiMe, 0 \Me_
MeKSi‘]
L-SiMe,

Me,
_Si
C

L [ + [Me,Si==CH,]
Me:Sl\O/SiMez

However, in this case alternative decomposition to
dimethylsilanone also occurs.

Barton and Klinet® have found that pyrolysis of
2.3.bis(trifluoromethyl)-7,7-dimethyl-7-silabicy-
clo{2.2.2]octa-2,5-diene at 400° results in the forma-
tion of MesSi==CH.j according to

/SiMeg
- A
Ll N T
éF ’ Me,Siny
’ L—SiMe,

CF,
© + [Me,Si==CH,
@CFJ [ Me,Si==CH, ]
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However, liquid-phase photolysis#® of this compound
gave only traces of 1,1,3,3-tetramethyl-1,3-disilacy-
clobutane.

Formation of silicon analogs of olefins has been
postulated in gas-phase thermal decomposition of
some noncyclic organosilicon compounds, but these
reactions are not clean, and the yields of products
which may be due to silicon analogs of olefins are
usually low. One example is thermal decomposition
of tetramethylsilane.1?

Me,Si —> Me;Si+ + Me:
Me+ + Me,Si —> Me,SiCH,» + MeH
Me,;SiCH,» — [Me,Si=CH,] + Me-

However, Davidson and Lambert39:49 have shown
that, under pyrolysis conditions, disproportionation
of radicals to form a silicon olefin analog is a more
favorable process than decomposition.

HMe,Si+ + +CH,S5iMe,H —> Me,SiH + [MeHSi==CH,]
Me,Si+ + +CH,SiMe,H —> Me,SiH + [Me,Si=CH,]
2+ CH,SiMe,H —> Me,SiH + [Me,Si==CH,]

Cyclodimerization of these intermediates results in
the formation of three corresponding 1,3-disilacyclo-
butanes. As has been estimated recently,3° dispro-
portionation is an even more important reaction of
silyl radicals than recombination under pyrolysis
conditions. The ratio of the rate constants of dispro-
portionation and recombination reactions of trimeth-
ylsilyl radicals is 1.2 at 900 K and only 103 at 300
K 51

Rather ambiguous results were obtained from
studies of the pyrolysis of allyltrimethylsilane. Bailey
and Kaufman4! found that at 600° this compound
decomposes to give 1,1,3,3-tetramethyl-1,3-disilacy-
clobutane together with other products, whereas in
the presence of 2,3-dimethylbutadiene a Diels-Alder
adduct with 1,1-dimethyl-1-silaethylene is formed.

Me CH,—CH
e’ Ncu
e 2
Me \Me
Me XCHECHX e IMe
/Sl\ ,/’CHE Me
Me CH,~H
l fTIe l\lie
Me_;Sij — . CH,~C—(==CH,
LSiMGQ [MeQSI—— CH_J

Sakurai, Hosomi, and Kumada®? found that de-
composition of allyltrimethylsilane occurs even at
500° to form methylene and vinyltrimethylsilane by
o elimination, in contrast to the above.

(49) 1. M. T. Davidson and C. A. Lambert, J. Chem. Soc. D, 1276
(1969).

(50) R. P. Clifford, B. G. Gowenlock, C. A. F. Johnson, and J. Steven-
son, J. Organometal. Chem., 34, 53 (1972).

(51} P. Cadman, G. Tilsey, and A. F. Trotman-Dickenson, presented at
the Gas Kinetics and Photochemistry Meeting, University College, Cardiff,
1970; see ref 50.

(52) H. Sakurai, A. Hosomi, and M. Kumada, Chem. Commun., 767
(1970).



Vol. 8, 1975

A
Me,SiCH,CH=—=CH, —> MeSi-~--- CH=CH, —

CH,
Me,SiCH==CH, + CH,:

We believe that data presented in ref 41 may be
better explained in terms of decomposition of allyl-
trimethylsilane to produce trimethylsilyl radical fol-
lowed by its disproportionation.

ME3SICH2CH:CH2 — Me3sj. + CH2:CH:CH2
2Me;Sis — Me,ySiH + [MeZSi:‘CHz]

Me;Si=CHs was also postulated in gas-phase pyrol-
ysis of hexamethyldisilane.53

R+ + Me,SiSiMe, —> RH + Me,SiSiMe,CH,s
Me,SiSiMe,CHy» —> Me;SiCH,SiMe,
Me,SiCH,SiMe, —= Me,Sic + [Me,Si==CH,]

Among other reactions generating intermediate sil-
icon analogs of olefins, gas-phase dechlorination of
‘(chloromethyl)dimethylchlorosilane with sodium-
potassium vapors® and vacuum photolysis of meth-

Me2Si—]

A,Na—-X
MeSICH,Cl ——> [Me,Si==CH,] — | &\

Cl

ylsilane53-56 should be mentioned.

The idea of the formation of silicon analogs of ole-
fins has been used to explain some liquid-phase reac-
tions. Thus, Kumada, et al.,57 suggested a Mesz-
Si=CHj intermediate resulted from 8 elimination in
the reaction of ethanol with 1-chloromethylpenta-
methyldisilane, and Jarvie and Rowley?3® also intro-
duced Me2Si=—CH,; into the mechanism for reaction
of dimethylsilylmethylmagnesium bromide with ben-
zophenone. However, in both cases, alternative reac-
tion mechanisms, including no silicon analog of ole-
fin, are equally probable.58.59 Besides the work on
liquid-phase photolysis of 1,1-diphenyl-1-silacyclobu-
tane** already mentioned, the recent work on photo-
chemical dehydrosilylation of pentaphenylmethyl-
disilane in the presence of methanol-d8° is of interest.

PhSi—CH, , PhSiH MeOD

———> [Ph,Si=CH,] — Ph,SiCH,D
PhSi H

OMe

Thus as expected, photolysis of Phe(CD3)SiSiPh;s in
methanol results in Phe(CD:H)SiOMe and triphen-
yldeuteriosilane.

(53) I. M. T. Davidson and A, B. Howard, J. Chem. Soc., Chem. Com-
mun., 323 (1973); I. M. T. Davidson, C. Eaborn, and J. M. Simmie, J.
Chem. Soc., Faraday I, 70, (2) 249 (1974).

(54) P. S. Skell, communication presented at the 3rd International
Symposium on Organosilicon Chemistry, Madison, Wis., 1972,

(55) O. P. Strausz, K. Obi, and W. K. Duholke, J. Amer. Chem. Soc.,
90, 1359 (1968).

(56) K. Obi, A. Clement, H. E. Gunning, and O. P. Strausz, J. Amer.
Chem. Soc., 91, 1622 (1969).

(87) M. Kumada, K. Tamao, M. Ishikawa, and M. Matsumo, Chem.
Commun., 614 (1968).

(58) A. W. P. Jarvie and R. J. Rowley, J. Organometal. Chem., 36, C7
(1972).

(59) K. Tamao and M. Kumada, J. Organometal. Chem., 30, 349 (1971).

(60) P. Boudjouk, J. R. Roberts, C. M. Golino, and L. H. Sommer, J.
Amer. Chem. Soc., 94, 7926 (1972).
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Some information has appeared on silicon olefin
analogs containing two w-bonded silicon atoms. Con-
sidering data on cocondensation of SiFy with a num-
ber of unsaturated compounds and low-temperature
ir and esr spectra of SiFs, Margrave, et al., sug-
gested that it forms the diradical, SioFy4, at —196°.

SiF, + Si

l 1150°

[SiF;]
l —196°

SiF,  oH, CH/~CHCH==CH, -

E; b psieE,) S, SIE

SiF, : SiF,
lCHECH

l[_SiF2

éin

Similar conclusions were reached in studies of reac-
tions of SiF; with BF3, benzene, propyne, 2-butyne.
However, “a reaction mechanism involving diradi-
cals seems doubtful”’$2 when SiFs reacts with
MeOH, H;0, Hs:S, I, GeHy, etc.81 Although some of
the given cyclic structures were criticized®® as not
well identified, the recent publication®* on the syn-
thesis of hexamethyl-1,2-disila-3-cyclobutene from
dimethylsilylene and 2-butyne is in agreement with
the above. It is interesting that the reaction took

place in a gas-flow system, the proposed mechanism
involving no SigF4.

Me ,Si:
———

MeZSi——jJMe
Me;zéi— Me
Moreover, observation of an esr spectrum when SiFs
(which is originally a singlet) condenses on a cold
surface seems not to be considered as evidence for
SioF4. It may be due to the polymeric species,
-SiF5(SiF2),SiFs:, where n = 1, 2, 3..., and not
necessarily to SizFy.

Peddle and Roark®3-662 found that pyrolysis of
7,8-disilabicyclo[2.2.2]octa-2,5-dienes  results in
MeoSi=SiMez, an unstable intermediate which can

SiM62
260°, —Ph—Ph
————

Me\ Me
Me,Sii + MeC=CMe —> /s@
Me Me

Me,Si”

Ph
H H
PhCH—CHCH—CHPh _ H
[Me,Si==SiMe,] ——m8m >
Ph Si—si”  Ph
Me, Me,

(61) J. L. Margrave and P. W. Wilson, Accounts Chem. Res., 4, 145
(1971), and references therein.

(62) J. L. Margrave, K. G. Sharp, and P. W. Wilson, Inorg. Nucl. Chem.
Lett., 5,995 (1969). ,

(63) R.Damrauer, Organometal. Chem. Rev., 8, 67 (1972).

(64) W. H. Atwell and J. G. Uhlmann, J. Organometal. Chem., 52, C21
(1973).
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be trapped by naphthalene, anthracene, or trans,-
trans-1,4-diphenyl-1,3-butadiene to give adducts.

An intense peak corresponding to a w-bonded in-
termediate is also observed in mass spectra of these
compounds. On the other hand, low-pressure pyroly-
sis in the absence of trapping agents gives 1,1-di-
methyl-1,3-disilacyclobutane (30%), 1,3-dimethyl-
1,3-disilacyclobutane (10%), and polymer. A reason-
able, although unproven, pathway for the formation
of 1,3-disilacyclobutanes is suggested.662

[Me, Si==SiMe,]
Me, i /CHZ
i—Si
Me (HMe
Me,Sim Me(H)Si—
L &m, | LSi(H)Me

r !

/ \
MeSi—CH, Me,Si—SiMe(H) Me(H)Si—CH,

: |
CHSiH, 1 CH, Si(H)Me
~ 7 ' ’

Me,SiCH,Si(H)Me

Since MesSi=SiMe. formation occurs in a singlet
state by a thermally initiated concerted retrodiene
reaction, it may be regarded as having a silicon-sili-
con w-bond unless steric repulsion of the vicinal
methyl groups is greater than the n-bond energy.652
It has been shown recently®8? that MeoSi==SiMes re-

sults in unstable Me,Si=0 and Me;Si=CHPh inter--

mediates when pyrolysis is carried out in the pres-
ence of benzaldehyde.

Silicon Analogs of Ketones

Thermal decomposition of eight-membered cyclo-
carbosiloxanes containing alternative siloxane and
silmethylene groups results in products which are
formed by the elimination of monomeric frag-
ments.4547 One of them is due to the loss of dimeth-
ylsilanone.

#

Me,Si—CH,—SiMe, gliez

500° (I)/ CH.~-SiMe,

0 L —
‘ 1 MezSi\CﬁSi""O

Me,Si—CH,~—5SiMe, 2 \Me._,

Me, == (Me,SiO),

_Si |
© 4 [Me,Si=0]

| I
Me,Si.,__SiMe,
CH,

Similar results were obtained during the study of
pyrolysis of cyclosiloxanes, D, (where n = 3-7).67.68
Compounds of D,-1 appear to be the main products
of unimolecular decomposition at a very early stage
of the process. Among D, type products, the only

(65) G. J.D. Peddle, D. N. Roark, A. M. Good, and S. G. McGeachin, J.
Amer. Chem. Soc., 91, 2807 (1969).

(66) (a) D. N. Roark and G. J. D. Peddle, J. Amer. Chem. Soc., 94, 5837
(1972); (b) T. J. Barton and J. A. Kilgour, ibid., 96, 2278 (1974).

(67) T. Kh. Islamov, Ph.D. Thesis, Institute of Petrochemical Synthesis,
Moscow, 1970.

(68) L. E. Gusel'nikov, N. 8. Nametkin, T. H. Islamov, A. A. Sobtsov,
and V. M. Vdovin, Izv. Akad. Nauk SSSR, Ser. Khim., 84 (1971).

Accounts of Chemical Research

product was Dy, 1 7. This corresponds to the loss of di-
methylsilanone and formation of either a cyclic tri-
mer or the product of insertion into the Si-O bond of
starting material to give D, 41.

D, — [Me,8i=0] + D, ;
[(Me,8i==0] + D, ~—> D,,,
3[Me,Si==0] ---» (Me,SiO),

While the loss of dimethylsilanone is favorable for
the cyclic tetramer and pentamer, higher cyclosilox-
anes decompose to yield stable D3 or Dy. The activa-
tion energy for thermal decomposition of Dj is 61
kcal/mol.

Similar results have been obtained by Davidson
and Thompson,8® who studied pyrolyses of octa-
methyleyclotetrasiloxane. The main products, D3 and
Ds, observed in the ratio 1.3:1, are in accord with the
above-mentioned mechanism. The activation energy
for the decomposition of Dy is 71.9 kcal/mol; the
lower limit of 7w-bond energy of dimethylsilanone is
estimated to be 38 kcal /mol.

Silanones are also formed upon condensation of
silicon monoxide with organic compounds at —196°.
However, unlike the above, they undergo an uncon-
trolled polymerization.”® One more route to sila-
nones has been mentioned above in the copyrolysis
of silicon analogs of olefins with carbonyl com-
pounds.

Conclusion

As one can see from the results considered above,
there is a vast body of data consistent with the idea
of the existence of silicon analogs of unsaturated
compounds as short-lived, unstable intermediates.
More support is lent by mass spectral evidence,
which is only briefly mentioned in this Account
(such data are discussed in ref 71).

Unlike the unsaturated compounds of carbon, the
silicon analogs are highly reactive in bimolecular
reactions, and their isolation is difficult. However,
they are quite resistant to unimolecular decomposi-
tion.

A number of attempts have been made to explain
the low w-bond stability for the elements of the third
and subsequent rows. Thus, on the basis of pictorial
presentations of orbitals, Pitzer has postulated
that low w-bond strength is due to the repulsion of
bonding orbitals and filled inner shells of heavier
atoms (“inner-shell repulsion”).

However, Mulliken73-7* concluded from overlap in-
tegral calculations that this repulsion is not larger
for the third-row elements compared to the second-
row elements and hence it may not be the reason for
the low =-bond stability. According to Mulliken’s
concept, nonexistence of stable double-bonded com-
pounds with silicon might be due to the fact that
formation of two ¢ bonds is more favorable than one
double bond, i.e., there is a stronger tendency to
form polymer rather than unsaturated monomer.

(69) 1. M. T. Davidson and J. F. Thompson, Chem. Commun., 251 (1971).

(70) E. T. Schashel, D. N. Gray, and P. L. Timms, J. Organometal.
Chem., 35, 69 (1972).

(71) V.Yu. Orlov, Usp. Khim., 42, 1184 (1973).

(72) K.S.Pitzer,J. Amer. Chem. Soc., 70, 2140 (1948).

(73) R. 8. Mulliken, J. Amer. Chem. Soc., 72, 4493 (1950).

(74) R.S. Mulliken, J. Amer. Chem. Soc., 77, 884 (1955).
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Levin, Syrkin, and Dyatkina? estimated the value
of p--pr interaction for both carbon and silicon
atoms from the heats of sublimation of diamond and
silicon and found that the Hiickel parameter, 8, for
silicon is approximately half that of carbon. In the
authors’ opinion, it may be regarded as a possible
reason for nonexistence of stable w-bonded com-
pounds of silicon. Very recently, calculations by Cur-
tis782 for the HoSi=—CH, and H,Si=SiHs molecules,
using Hoffmann’s EHMO theory, have indicated
that the contribution of 3d orbitals to the m-overlap
population is high. Moreover, p,-d. contribution to
the = overlap is larger than p,—p. contribution when
the valence-state ionization potential of 3d orbitals is
taken as —5.50 eV,

m-overlap population

(pvr - pw) (pvr - dw) (dn- - dﬂ')
CH,—S8iH, 0.130 0.197 - = 0.327
H,Si=—S8iH, 0.227 0.348 0.038 =0.663

Total overlap populations and atomic charges in
ethylene and its silicon analogs are given below (ac-
cording to Curtis?%2),

H H H H_ . H

1.29 0.88 1.59 /..

B g™ 08 \ommgy” 07 Si==8i_ 077

H/ —0.11\ H{l.ll +1.61\H H/ +0.62 H
+0.55 +0.05 —0.30 —0.31

(75) A. A. Levin, Ya. K. Syrkin, and M. E. Dyatkina, Zh. Strukt.
Khim., 8, 317 (1967).

(76) (a) M. D. Curtis, communication presented at the 3rd International
Symposium on Organosilicon Chemistry, Madison, Wis., 1972; (b) M. D.
Curtis, J. Organometal. Chem., 60, 63 (1973).
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Although the EHMO method clearly displays seri-
ous deficiencies in the calculations reported,®@ the
author concluded that silicon-silicon double-bonded
compounds should be more stable than silicon-car-
bon ones. More theoretical studies of the compounds
with double-bonded silicon have been done recen-
tly,760-77 and significant =-bond: order and short
bond distances between Si and C strongly indicate
a certain stability for silicon analogs of olefins.

Considering the nature of the = bond in silicon an-
alogs of unsaturated carbon compounds, one should
mention the recent research™ on the structure of
silyl radicals. From the esr spectra of H3Si-, a pyra-
midal configuration was deduced. Substitution in
the silyl radical of a hydrogen atom by a methyl
group affects its geometry very little. It might be that
the low tendency to sp? hybridization of silicon is re-
sponsible for poor 7 overlap.

Therefore, the nature of the bonds in the SlllCOI’l
analogs of oleflns remains an unresolved chemical
problem. The technique of low-temperature stabili-
zation of these unstable compounds will no doubt fa-
cilitate bonding studies. Further physical studies in
gas phase are also needed.

As one can see from data presented monosilacy-
clobutanes and 7-silabicyclo- and 7,8-disilabicy-
clo{2.2.2]octa-2,5-dienes are now the most efficient
sources of silicon analogs of olefins. Doubtless the
development of new clean reactions resulting in sili-
con analogs of unsaturated compounds from accessi-
ble starting materials will promote the synthetic use
of this new type of organosilicon compound.

(77) R. Damrauer and D. R. Williams, . Organometal. Chem., 66, 241
(1974).

(78) For references, see R. A. Jackson, Chem. Scoc. Spec. Publ., No. 24,
295 (1970).



