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Properties of Silicon

The position of silicon in the upper centre of the Periodic Table
classifies it as the gentlest amongst the metals.

It possesses some metallic features of the heavier elements of its
group, with only very small tendency to form stable divalent
derivatives and conform with the inert pair effect.

It dissolves in aqueous alkali giving orthosilicates and also generates
hydrogen from hydrofluoric acid, thereby indicating distinct
amphoteric behaviour.

Much of the chemistry of silicon has therefore been considered in
the light of elements only mildly metallic in character and the study
of organosilicon compounds was the prerogative of organic chemists
until Rochow introduced the inorganic silicate skeleton.

Silicones were developed to supersede organic polymers, and
inorganic chemists played an increasing role in developing the
chemistry of substituted organosilicon compounds, e.g. R;SiX and
R,SiX, where X # C. The gamut of these compounds is now being
used extensively by organic chemists as synthetic intermediates.



« Substitution at silicon is much easier than that at carbon. Attack
by protic bases and by organic nucleophiles makes
chlorosilanes excellent synthetic intermediates.

« This stems from the high rate of bimolecular nucleophilic
substitution which typifies a second period element, and takes
place with much poorer leaving groups than substitution at
carbon. Thus the Si—F, Si—OR, Si—C and Si—H bonds can
all be cleaved by the appropriate nucleophile.

 The Si—F bond is one of the strongest encountered with the
Si—O and Si—ClI bonds significantly stronger than the rest.

« The extensive use of silicon compounds as synthetic
intermediates in inorganic chemistry is based on the facile
cleavage of Si—C, Si—N and Si—S bonds by chlorides of both
main group and transition metals. Organic compounds silylated
at carbon or oxygen can be readily regenerated using fluoride
ion.



* Multiple bonds to silicon involving (p-p)mt bonding
have long been assumed to be weak, partly because
of size disparity, but also because the Si—X bond is
much longer than the C—X one, thereby decreasing
n-overlap.

* The weakness of the silicon-carbon double bond
precludes competitive elimination in
methylchlorosilanes by methoxide, in sharp contrast
to its reaction with t-butyl chloride
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Preparation of Chlorosilanes

 Before the manufacture of methylchlorosilanes in the
1940s by the Rochow process, silicon tetrachloride was
the main starting material.

* It can be prepared directly from the elements, or from
silica, coke and chlorine, and though this is a high
temperature synthesis, ingredients are cheap.

* Ease of nucleophilic attack renders stepwise substitution
of silicon tetrachloride by the Grignard reagent or
organolithium compounds a facile process.

 In 1904, all ethyl- and phenyl-chlorosilanes were
prepared from silicon tetrachloride and the Grignard
reagent.

* However the reactivity of the chloride decreases with
progressive substitution, so a particular chloride cannot
normally be produced as the only product.



Adding 2.25 mol EtMgCI to one of SiCl, produces mainly EtSiCl,
and Et;SiCl.

Diethyldichlorosilane represents only some 12% of the
chlorosilanes produced.

The competitive alkylation of an equimolar mixture of trimethyl-and
triethyl-chlorosilanes gives a 2:1 mixture of Me;SiEt and Et,Si,
while Pr"MgBr gives Me,;SiPr" only.

Stepwise substitution is easier with the more hindered Grignard
and organolithium reagents.

Diphenyldichlorosilane and /-butyltrichlorosilane result as major
products in the appropriate 2:1 and 1:1 reactions with SiCl,.

Hu'l i

PhM el B i
SPMeB ool Bl pyisicl,

PhaSiCl;
t-butyllithium and dimethyldichlorosilane give t-
butyldimethylchlorosilane in good yield. Like many of the mono-t-
butylsilanes, this is a crystalline solid, and has been extensively
used in organic synthesis to protect alcohols.

MeSiCl, 2 BytMe,SiCl



« Methylchlorosilanes cannot be conveniently prepared by the Grignard
reagent/SiCl, method.

* |In forming the least hindered of the organochlorosilanes, randomization is
greatest and with the four chloro components boiling within 13 °C of each
other, separation of these and of the complexing diethyl ether is difficult.

Rochow Process

It involves the direct synthesis of chlorosilanes from an alkyl or aryl
chloride and silicon in the presence of a copper catalyst, is now used
commercially to produce them on a large scale.

« The conditions are more vigorous than the usual reaction of an organic
halide with a metal, for example magnesium or zinc, but with silicon being
so mildly metallic, most silicon- carbon bonds are stable to the normal
conditions of hydrolysis.

« Care has to be taken separating the methylchlorosilanes, since the
properties of silicone polymers produced from these halides are critically
dependent upon the composition of the chloride mixture being
hydrolysed, so an extensive fractionating system is employed industrially
to separate these methylchlorosilanes and silicon tetrachloride

IMeCl +  Si sy MesSiCly



* The array of more than 40 by-products tends to support a mechanism
In Rochow Process involving organic radical intermediates, but more
recent results indicate a chemisorption process in which the
dissociative adsorption of the organic halide on the silicon-copper
centre appears to be of decisive importance.

« Suffice it to say here that many of the 40 products resulting from the
production of dimethyldichlorosilane are formed in very small yields,
since the major product is normally between 70 and 90% of the total.

* Nevertheless with dimethyldichlorosilane now a bulk chemical, some
by-products result in significant quantities, and include hydrosilanes
(MeHSICI,, Me,SiHCI, and HSICl;), methylchlorodisilanes and
bis(methylchlorosilyl)methanes as well as a variety of chloroalkanes.
Yields of particular by-products can be increased by changing the
catalyst and reaction conditions.

* The preparation of ethylchlorosilanes by the same method is easier
but more random, with significant yields of ethyltrichloro- and
ethyldichloro-silane resulting if the ratio of chloroethane to silicon is
two.



ProySiH - <5 HSiCl, L pryHSicl Bl prySiH
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* Trichlorosilane HSICl; is a by-product of the Rochow process and is readily
converted to triorganosilanes using the Grignard reagent of relatively
unhindered halides. Isopropylmagnesium chloride only substitutes two chlorine
atoms and the more reactive alkyllithium is needed to replace the third.

« Halosilanes can then be prepared directly using the free halogen (not fluorine).
The reaction takes place conveniently in carbon tetrachloride at 0 °C, though it
is faster in polar solvents. It occurs with retention of configuration at silicon,
possibly through flank attack at the Si—H bond, so is relatively unaffected by
steric hindrance, in contrast to nucleophilic attack at silicon.

« This method usually gives only products of monosubstitution, thereby providing
a useful synthetic route to mixed halohydrides and to the more hindered
trialkylsilanes and their halides. Thus tri-t-butylchlorosilane can be readily
prepared from di-t-butylsilane by stepwise chlorination and alkylation with ButLi,
whereas a poor yield results from di-t-butyldichlorosilane and BulL.i



« Silanes can be polyhalogenated using hydrogen halides, while
triorganohalosilanes result in good yield from the reaction of R;SiH
with alkyl or acyl halides.

* Fluorosilanes can be prepared conveniently at room temperature
using a palladium-carbon catalyst, or by heating the hydride with
antimony trifluoride

MeSiHy HE> MeSiHX  HE>  MeSiHX;
(X=CLI

EuSICl oty RaSiH 2R PhySiBr

EGSIH -t  EtSiX

1, 3% Pd-C, HX, CgHg, r.t.

Bu,SiHCI = Bu';SiF;



Preparation of Si-C bond

* The silicon-carbon bond can be prepared by a wide variety of
methods and several have been extensively studied.

« The most Iimportant Ilaboratory method, comprehensively
surveyed, involves the reaction of an organometallic carbon
nucleophile such as a Grignard reagent or an organolithium
compound with chloro- or alkoxy-silanes.

» The facile reaction of the Grignard reagent with chlorosilanes has
the advantage of leaving reactive functional groups bonded to
carbon unaffected.

CLSICH;Cl + 3PhMgCl —= PhySiCH,CI

CLSICHCHCN  +  IMeMgCl  H8%  Me,SiCH,CHRCN



* However with perchlorosilylalkanes, the carbon-
chlorine bond is both reduced and alkylated.

(CLSIKWCCT +  MeMgBr —= 25 (MesSi)sCH

(Cl3Si)CCly +  PrMgCl — S5 (PrySi)CH;,
88%

(Cl3SilaCCly + MeMgCl — H% MeSICH=CH; + (MesSilyCRMe
B

BS% R=H 2LI%
R = Me, 2.35%

* Halogen exchange between the silane and Grignard
reagent has also been observed.

PhaSiCly + PhMgBr — PhaSiCl 4+ PhaSiBr



Some more reactions

Sily + 4E;0 — (EtO)Si + 4Eiul
MeMgl + MesSiCl — MeMgCl + MesSil

MesSil M MeSIO(CHa)l 2 MeySiO(CH) Mgl

l yq-: \SiCl

MesSiO(CH;)g0SiMey  MeySiO(CH3)SiMey

MesSiCIBr s CIMeySiOCHsBr 2 CIMesSiOCHgMgBr —»
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Alkylsilanes

« Tetraalkyl silanes are remarkably stable compounds. The silicon-carbon bond is strong and
almost non-polar. It is therefore only broken under the most vigorous conditions, unless
assisted by an alkyl group possessing an activating substituent suitably placed.
Tetramethylsilane can be heated to 700 °C before rapid homolysis occurs, and both
tetraphenylsilane and phenyltri(p-diphenyl) silane can be distilled open to the air at 430 °C
and 570 °C respectively. Tetraethyl and tetrapropyl-silanes decompose at temperatures
some 100 °C below that necessary for tetramethylsilane.

« The thermal decomposition of tetramethylsilane has been extensively studied, and the 45
components trapped below 110 °C/2 mmHg alone reflect its complexity without considering
all those of higher boiling point.

* Both linear and cyclic compounds result with bis(trimethylsilyl)methane the main one, and
most contain alternating carbon and silicon atoms. The primary dissociation involves
homolysis of the carbon-silicon bond. The methyl radical then extracts hydrogen to provide
the precursor for bis(trimethylsilyl)methane and the cyclic products. No disilanes were
observed, in part because the silicon-silicon bond is weaker than the carbon-carbon bond

MeSi — MeySic +  Me
MegsSi + Mer —= MesSiCHy —=  (MeySihCH,
]

MexSis + Mer —=  MeSiCHyr —  (MesSiCHgh



Si-C bond cleavage

« Strong bases are needed to cleave alkyl groups from silicon, but the reaction
is facilitated by electron withdrawing substituents, particularly if substituted
beta to silicon, when elimination occurs very readily.

Et3SICHCHCl + H;0 — Ei3SiI0H + CiHy

« Trimethylphenylsilane is reduced by Raney nickel to methane, but palladium
salts catalyse the hydrolysis of its phenyl-silicon bond.

» Electrophilic cleavage of alkylsilanes is much more common, and occurs
readily with halogens and with acids such as sulphuric acid.

» Vinylsilanes resist attack from all but the strongest nucleophiles, unless they
are halogen substituted. Electrophilic attack is easier than that of alkylsilanes
since the group is electron rich,

« and though halogens and the hydrogen halides add to the double bond,
sulphuric acid gives ethylene.



Si-C Bond cleavage continued..

Nucleophilic attack of allylsilanes occurs much more readily than that of vinylsilanes,
due to stabilization of the anion.

Conditions for aqueous hydrolysis are probably more severe than necessary, because
silanes are hydrophobic.

However, alcoholic base hydrolysis is faster, and about 104 times as rapid as cleavage
of benzylsilanes.

Electrophiles such as concentrated H,SO, will attack the allyl group without breaking
the methyl-silicon bond, but as expected, halogens and hydrogen halides add to the
double bond.

The ease of hydrolysis of alkynylsilanes illustrates the facile cleavage with
nucleophiles. Acylation provides a useful synthetic route to alkynic ketones, but
halogens add to the triple bond.

The behaviour of benzyl- and aryl-silanes resembles that of allyl- and vinyl-silanes
respectively.

Benzyltriphenylsilane is reduced to triphenylsilane with sodium hydride, nucleophilic
attack occurring much more readily for benzyl than phenyl compounds which need
very strong base.

With electrophiles however, the benzyl group is substituted rather than cleaved, in
sharp contrast to the facile cleavage of the aryl-silicon bond.



The Silicon Carbon Multiple Bond

* The inability of the second row elements to form pm- prt type
bonds was, for a long time, thought to be due to repulsion
between p electrons of one atom, and the filled inner shell of
the other.

* This postulate by Pitzer was subsequently disproved by the
calculations of Mulliken who showed not only that the
repulsion was no greater than for first period elements, but
that the overlap integral was higher for silicon than for carbon.

* It is now felt that the extra stability resulting from the
formation of two single bonds in an oligomer may provide part
of the explanation.

* Indeed, the pyrolysis of silacyclobutanes provided the first
synthetic route to silene.



The earliest report of compounds containing the silicon-carbon
double bond dates back to 1912, the year that Grignard and Sabatier
won the Nobel prize for chemistry.

Treating silicon tetrachloride with PhMgBr/MeMgl followed by
hydrolysis gave, according to composition and molecular weight, the
dehydrated silanol.

MePh;SiOH — PhSi=CH; + H;0

However lack of reaction with bromine or permanganate led Kipping
to repeat the reaction. He found a mixture of products, including the
silanol, diphenyldimethylsilane and biphenyl, which fortuitously
analysed for the silene. Dehydration gives the disiloxane.

Intramolecular dehydrohalogenation does not occur on prolonged
heating of methylchlorosilanes, even in the presence of base, nor
when Grignard reagents attack tertiary chlorosilanes. Both these
reactions produce alkenes from chloroalkanes.



Preparation of the Silicon-Carbon Double Bond

 The first conclusive evidence for the transient existence of silenes
came from the thermal decomposition of silacyclobutanes at
temperatures above 400 °C.

* In the absence of trapping agents, the only products were ethylene
and 1,3-disilacyclobutanes, but with water or ammonia present,
addition to the intermediate silene gave siloxane or silazane through
condensation

MR cmcc, 4 MegSimCH; — MEISi_|
1H 4 2" H:
SiMe;
II;{y \{ulh

(Me3Si) 0 =— MeiSiOH MeySiNH2  —= (MeaSi)aNH




« The copyrolysis of a mixture of two silacyclobutanes differently
substituted at silicon gives three products

o
H3yC—Si—

CD;y
1

DyC—Si

(H3C)ySi=CH;

(D4C)Si=CH;

.l

]

{ HaC )aSi
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(HaC l:Sl:]

SHCDy);
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SHCDs);



Silenes also result from the pyrolysis or photolysis of the silabicyclooctane.

Irradiation of 1,1-diphenyl-I-silacyclobutane or silyldiazomethanes also gives silenes, in
the latter case the rate of alkyl migration decreasing in the order Me > Ph ~ PhCH.,.

The two disilanes photolyse to give the silene which can be trapped with an alcohol, with
a diene to give a Diels-Alder adduct, or with a ketone to give the alkene and
cyclosiloxane

MesSi s CFa e
o {F QL+ s, K Y
154 nm (‘I"ﬁ-
CFa
PhaSi 55 e _ _
21]___! h]S:rm:! Ph;Si=CH, %%  Ph,Si(OMe)CH,D

RMe;SiCHN; = RMeSiCH  —  MeSi=CHR ¥, Me,Si(ORICH,R

PhiSiSiPhMe =25 PRSIH +  PhySi=CH,

__{Ph e Ph Me
T i - PhCH
fSiMe; . SiMe;  Meto CH; | Me
MesSi Me3Si MesSi—0

MeCH |

’/ T
Me3SiCH;C{ PhIHSiMe;OMe Ph Me
= +  LiMesSi0),

PhCH3 Me



Other Multiple Bonds

* Intermediates containing the silicon-oxygen and silicon-nitrogen double
bonds can readily be prepared. The former is generated from the disilene
(which can itself be trapped) through a retro-Diels-Alder reaction, and gives
silanone and silene with benzaldehyde.

Ph
J—LH IiMC]

ML MeSi=SiMe; ™ - T
SI-MEI

Am Ph

MesSi—SiMe;
| | —» MesSi=0 + MesSi=CHPh

Ph / ll‘h['H{}

Mﬂ:.i
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Ph Ph




« With imines, the silene gives the unstable silazacyclobutane
which decomposes to styrene and cyclodisilazane.

N— _N—SiMe;

" Ph

Ph
7’
P Me;Si— o, MeSi—N
Me,Si=CH, DN" Fh, T A . MeSi=NPh — |
A
Ph Ph

 The polarity of the Si=C bond is also emphasised by its

insertion into the Si—Cl or Si—OEt bonds of HSiX; (X = Cl or
OEt).

HSiXs + MeSi=CH; —= HX3SiCH;SiMe X
(X = Cl or OMe)



Silylenes

» Silylenes are the silicon analogues of carbenes. They can be
generated thermally by heating substituted disilanes

> 240 *C MeySiDde

{MeOSiMez)y —— MeSi{OMe)y +  Megbu

CIMeSiSiMeCl; 25 MeSiCl, +  MeClSis Q* Q + O
N N

* The Diels-Alder adducts of  silacyclopentadienes or

silacycloheptatrienes.
Ph ~
4’:0 e [0 -
Ph

|i SLM:; b |M:= — 0 +  MeSi
Ph Ph
:Silm’ P, AQ EC O + RR'Sk 2N ELGeSIRR'H
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* Photolysis of cyclic and linear polysilanes also provides a useful method.

"-.‘IE

Me SiPhMe )
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 the silylenes readily adding to alkenes and alkynes, to the Si—O, Si—H and
Ge—H bonds, and to protic reagents. The novel bis(trimethylsilyl)silylene,
which can be generated thermally from the ftrisilyl-chloro or -methoxy-silane,

rearranges to give the isomeric trisilacyclopentane through what is thought to
be a series of intramolecular insertions



* The photolysis of phenyl-substituted permethyl di- and tri-silanes, in
addition to giving the silylene, also produces a conjugated silicon-
carbon double bonded intermediate. This forms adducts with alkenes
and methyllithium

. SiMe;
PhMeSiSiMe; —= g +  PhSiMes; +  MeSi
SiMe;y

(I‘HMEI / ‘}IMEt HiME] H.IM'E].
O - X
SiMe;CHCHMe, ; SiMey SiMea

SiMe,
SiMeSiMes
g a— (MesSi)SiMePh  —= MePhSi: + MeSis
SiMey l
MeaSi Eﬁ
| SN

@,Eil Me 'H Ph Me



Silyl Radicals

* |In sharp contrast to its carbon analogue, hexaphenyldisilane does not
dissociate to triphenylsilyl radicals on heating, in part because of its
long silicon-silicon bond.

 However, hexamethyldisilane does dissociate at 400 °C wunder
pressure, the radicals interacting to give the isomeric silylmethylsilane
as the major product.

(MesSi)y; —=  2MesSir -2+ MeiySiCH;SiMe;H

 The trimethylsilyl radical also results when trimethylsilane/di-t-
butylperoxide or bis(trimethylsilyl)mercury are photolysed at room
temperature. Some recombine to the disilane, but disproportionation
gives trimethylsilane and the silene which adds t-butanol.

IMesSir — MesSiH + MeSi=CH; —.  By'OSiMes



« The deprotonation of silanes provides one of the most convenient
synthetic routes to silyl radicals, the bridgehead bicyclic example
having an ESR spectrum supporting a non-planar environment at

silicon.
< SIH + Bu'Or —» BuOH + < :5':-

« The 2°Si hyperfine splitting for the trimethylsilyl radical lends support
to a pyramidal structure and indicates that organic radicals are the
exception among Group |V in being planar.

 Aryl-substituted silyl radicals normally undergo aromatic substitution,
but hyperfine coupling constants have now been observed for the
tris(3,5-di-t-butylphenyl) silyl radical

— SiMezH
SiMez + iMe;H — @
SiMe



 Trimethylsilyl radicals add to electron-rich sites, cyclopentadiene and
tetramethylallene giving the cyclopentenyl and 1r-allyl radicals.

MesySi

MeaSi |
M:,E'?fg"?cmcz

» Diones give stilbenes while unusually long lived a-aminoalkyl radicals
result using nitriles.

Ph  OSiMey
PhCOCOPh + (MesSi)Hg 22+ PhC(OSIMe;)COPh <=  PRC(OSiMes)=C(OPh  —= o
e Ph

BuCN + 4MesSik —  (MesSi);C—N(SiMes);



Some Reactions

(MesSiyHg —

EtySe

(RCHKS

—— MeSiPPh; + PhyP
MexSie —t—— MeySiIOR + (RORKP
MesSIOR  +  PhyP-

»  ELSISCHR; + R;CH
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Polysilanes

* A Wurtz-type coupling reaction of chlorosilanes provides the main method of
preparing both linear and cyclic polysilanes. By carefully modifying the
reaction conditions, yields of these catenated compounds are being improved
all the time.

« Hexamethyldisilane (b.p. 113 °C) can be prepared in 97% vyield by refluxing
trimethylchlorosilane with lithium in THF for 8 h.

* The permethyl polysilanes are colourless liquids or low melting solids though
tetrakis(trimethylsilyl)silane, prepared by the same method using silicon
tetrachloride, is a yellow sublimable solid, m.p. 261-263 °C.

IMeSICI + SiClhk —Ts  (MesSilSi

« Hexaphenyldisilane (m.p. 370 °C) shows remarkable thermal stability but
unlike its carbon analogue does not dissociate into radicals in solution. It can
also be prepared from triphenylsilaneand lithium.

WhiSiH + 2Li % PhsSi» + 2LiH



« Mixed disilanes result using a silyl—alkali metal derivative as
intermediate.

- KH o MeySil | .
RiSsiH ME RaSik —— RysiSiMey

(R = EL, Ph) 75% (R = Et})

PhaSIK  + EuSICl — PhySiSiEty +  KCl

* The first evidence for the existence of compounds containing the silicon-
silicon double bond appeared in the early 1970s, when it was found that
the disilabicyclo[2.2.2]octadienes |, Il and Ill all thermally eliminated
tetramethyldisilene.

JSiM:*;
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