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Introduction

The organic chemistry of silicon has existed since 1863 when tetraethylsilane was
prepared by C. Friedel and J. M. Crafts. They obtained tetraethylsilane by alkylating
silicon tetrachloride with diethylzinc. The reaction of orthosilicates or silicochloro-
form with zinc dialkyls to form tri- and tetraalkylsilanes was applied in 1874 by
A.Ladenburg, and in 1884 by C. Pape. The use of the Wurtz coupling reaction was
introduced in 1885 E)f A.Polis. At the beginning of the twentieth century,
F.S. Kipping in Nottingham and W. Dilthey in Zurich applied the Grignard reagent
to the synthesis of organosilicon. Dilthey reacted silicon tetrachloride with
phenylmagnesium bromide, and the chlorides so obtained were hydrolysed to the
silanols. Kipping’s interest in this field centered around the aryl and ethyl derivatives,
including the “‘silicoketones™. He is justifiably recognized as the father of classical
organosilicon chemistry. Over a period of 30 years, he published some 50 papers on
this topic.

The high polymeric substance called “silicone™ (the name was suggested by Kipping),
which contains a silicon-oxygen skeleton, is a valuable synthetic material. It was
developed at General Electric Co.; the method was the hydrolysis of certain
dimethyldichlorosilane-trimethylchlorosilane mixtures which had first been syn-
thesized by E.G. Rochow in a direct process (see Chapter 2). Shortly thereafter,
diphenyl polysiloxanes and methyl phenyl polysiloxanes were joined by dimeth-
ylpolysiloxanes as another class of silicones.

Rochow’s invention led to a tempestuous development of organosilicon chemistry.
New compounds and methods of production were reported in numerous patent
specifications and other publications. E.G. Rochow, H. Gilman, L. H. Sommer and
C. Eaborn made especially important contributions to the development of the field
during that formative period.

The uninterrupted expansion of the field continues. Some of the scientists
investigating particular problems in organosilicon chemistry are G. Fritz (Federal
Republic of Germany), who studies carbosilanes; C. Eaborn (United Kingdom), who
works on sterically hindered organosilicon compounds; D. Seyferth (1TSA), whose
field is silacyclopropanes and propenes; R. West (USA) and E. Hengge (Austria),
who investigate polysilanes; U. Wannagat (Federal Republic of Germany), who
specialises in silicon-nitrogen compounds; and M.G. Voronkov (USSR), whose
specialty is silatranes. The research work of L. Birkofer, R. Calas, R.J.P. Corriti, M.
Kumada, V.F. Mironov, H. Sakurai, H. Schmidbaur and other organosilicon
chemists must also be mentioned.

The application of organosilicon reagents to organic synthesis has been advancing
rapidly since 1970, and this has led to a continual development of new fields.

A precursor of the present monograph was the author’s treatise Methoden zur
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Herstellung und Umwandlung von Organosilicium Verbindungen, which was published
in 1980 in Germany as Vol. 13/5 of the Houben-Weyl series (Thieme, Stuttgart). It
was concerned with detailed descriptions of the methods for preparation of
organosilicon compounds. The present work, by contrast, takes up all the essential
conditions of ‘recent organosilicon chemistry. The literature has been carefully
selected from the publications in the field up to the end of 1984, including in some
cases part of 1985.

This monograph is divided into six chapters. The silicon-carbon bond (Chapter 1)
and the basic compounds of organic silicon (Chapter 2) are discussed first. Chapter 3
treats the preparation and the properties of individual compounds in all organosi-
licon classes. The applications of organic silicon in industry, synthesis and medicine
are discussed in Chapter 4. Chapter 5 describes the analysis of organosilicon
compounds and Chapter 6 presents the topical bibliography.
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_1 ll ‘The Chemical Properties of Silicon and Carbon

‘Both carbon and silicon are members of Group IV of the periodic table. In spite of

this close relationship, there are not only similarities but also striking differences

“ between these elements. Carbon is the basis of vegetable and animal life, the central

element of organic chemistry. Silicon dominates in the inorganic world of rocks.

- Inorganic silicon compounds such as silica and silicates make up most of the rocks of

the earth’s crust. Next to oxygen, silicon is the most abundant element in the
lithosphere: oxygen makes up 50.5% by weight, and silicon, 27.5 %.

There are no natural organic silicon compounds; all of them have been created in the
chemical laboratory. .

The chemical dissimilarity between carbon and silicon is due to the differences
between the periods in which they are found. The silicon nucleus, in the second short
period, attracts its outer electrons less strongly than that of carbon, in the first short
period, because the L-shell electrons effectively screen the nuclear charge of silicon.
Moreover, the chemistry of silicon is affected by the availability of empty 3d orbitals,
the energy of which is not much higher than the silicon 3s and 3p orbitals. These make
it easy for silicon to form 5- and 6-coordjnated complexes, in contrast to carbon.

Carbon and silicon differ in atomic size (covalent radii: re = 77 pm; rg; = 117 pm)
and electronegativity* [1] (xc = 2.50; xs; = 1.74). The electronegativity of silicon is
peculiar. This finding was recently corroborated, and a new electronegativity scale
for the group IV elements estimated from the observed bond distances in the bivalent
and tetravalent halides. The predicted values are C, 2.6; Si, 1.9; Ge, 2.5; and Sn, 2.3
[2]. Table 1.1 shows that the differences between the covalent radii and the
electronegativities of homologoues first and second period elements are similar to
those of carbon and silicon.

These values demonstrate that the covalent radii decrease continuously from left to
right, from lithium to fluorine or from sodium to chlorine, whereas the electronegat-
ivity increases from left to right. Proceeding from the first short period to the second,
one observes a distinct increase in covalent radii and a sharp decrease in
electronegativity. This trend continues in the following periods, although it is not a so
marked there. The result is that fluorine has the smallest covalent radius and the
greatest electronegativity.

* The electronegativity was calculated in-[1] as a function of effective nuclear charge Z*. The other
methods for the calculation of electronegativity - based on the ability of elements to capture electrons
from bonded partners — give values between 1.74 and 2.0 for the electronegativity of silicon.
Substitution of these other values does not cause any essential alteration of the distribution shown in
Table 1.1.



2 1 The Silicon-Carbon Bond

Table 1.1 Covalent radii r in pm and electronegativities y (according to Allred and Rochow [1] of
the elements in the first and second short periods of the periodic table.

Li Be B C N 0 F
First r 152 106 88 77 70 66 64
Period 3 0.96 1.47 2.01 2.50 3.07 3.50 4.10

Na Mg Al Si p Ag cl
Second r 186 140 126 117 110 104 99
Period X 1.01 1.23 1.47 1.74 2.06 2.44 2.83
Differ- ar +34. 437 . 438 +40 +40  +38 . +35
ence Ay +005 -024 -054 -076 —101 —106 —127

According to the electronegativities of the elements (EI) N, O, F and Cl, the
polarisations of the covalent C—EIl bonds are qualitatively the same as that of the
corresponding Si—EIl bonds, but the polarisations of the Si*-H ~ and Si*-S~ bonds
are opposite to the corresponding C™-H* and C~-S* bonds.

1.1.1 Bonds to Oxygen

The linear carbon dioxide molecule O=C=0 has two symmetrically arranged
double bonds. The molecule is stable and complete, and the attractive forces between
molecules are weak. From high to low temperatures, carbon dioxide is a gas which
shows by its behavior that the molecules are nearly independent of each other. Its
stability is attested to by the fact that it is the end product of combustion of all carbon
compounds. However, carbon dioxide is not completely inert. It is assimilated by
plants and reduced to organic compounds using solar energy trapped by chlorophyll
(Eq.1.1).

hi. chlorophyll
—_—

nCOl + nHzO (CHZO)n A< HOJ_ (11)

Metal oxides also react with gaseous CO, to form carbonate (Eq. 1.2).
M0 + CO, - M"CO, (1.2)

Silicon dioxide is quite different from carbon dioxide. Instead, in accordance with the
diagonal relationship, it resembles boron oxide. Only one kind of direct bond is
known for each natural compound of these two elements, namely B—O'and Si—O.
The linkage of the oxygen free electron pair with the free d-orbital of silicon or the
free p-orbital of boron increases the strength of the bond, which then takes the form

o s. o
O viz B
(d ~p), P+ P

(0]

Si

The oxides of silicon (Si0O,), and boron (B,0,), form as tridimensional networks of
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highly polymerised material with high melting points. Orthosilicic Si(OH), and
orthoboric B(OH), acids are easily condensed to the meta acids and furtheY to the
polymeric oxides. The numerous silicate and borate rocks are derived from metal
oxides and oxides or acids of silicon or boron.

Allsilicon bonds spontaneously convert to silicon-oxygen bonds. The reverse process
is possible but difficult, and never occurs spontaneously.

1.1.2 honds to Hydrogen

. Both C—H and Si—H bonds are thermodynamically stable. The dissociation energy

of the C—H bond varies from 438 kJ/mol for methane to 367 kJ/mol for the alpha
C—H bonds of toluene. A value of about 377 kJ/mol was obtained for the Si—H
bond [3]. Since the electronegativity of hydrogen (2.20) is greater than that of silicon
(1.74 to 2.0) and less than that of carbon (2.5), the chemical properties of the Si—H
and C—H bonds are the inverse of one another. This can be seen, for example, in the
action of phenyllithium on triphenylmethane (Eq. 1.3) and triphenylsilane (Eq. 1.4).

N\
5~ % H.GLi*

(HsCg)s C—H ———— C(H, + (H,C,):C Li* 1.3)
aF - HGLi* M
(HsCq);Si—H ——" (H,C,),Si + Li*H (1.4)

The negatively polarised phenyl of phenyllithium acts as a nucleophile and removes
the positively polarised hydrogen of triphenylmethane, forming benzene. However,
in triphenylsilane it is the silicon which is positively polarised, so it is this atom which
undergoes nucleophilic attack by the phenyl to form tetraphenylsilane.

The hydrosilanes can be easily hydrolysed in the presence of a catalytic amount of
base (Eq. 1.5, 1.6), whereas the hydrocarbons cannot be hydrolysed (Eq. 1.7, 1.8).

/_\
|6+ o~ Ou |
_?I—H —_— —?I_OH + A - (1.5)
3+ 8- 2
H™ + HOH - H, + OH (1.6)

These reactions yield a silanol.

ls- 5+ |

—C—H 2 H,0+ — (1.7)
| s+ 8- s 5+ |

—(lfT + HOH - —(lf—H + OH (1.8)

A hydrocarbon molecule is unchanged.
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1.1.3 Bonds to Sulphur, Phosphorus, Nitrogen and Halogens

The carbon-sulphur bond resists hydrolysis and oxidation; mercaptanes are an
important component of petroleum. Although it is homeolytically stable (dissoci-
ation energy 330 kJ/mol [4]. the silicon-sulphur bond is sensitive to oxygen. It is easily
converted to a Si—O bond by water or oxygen compounds with Ge, Sn or Pb.
Analogously, the C—P bond is stable, but the Si—P bond iz sensitive to oxygei.

The thermodynamic bond energies [5] of silicon bonds to nittogen, fluorine and
chlorine are higher than those of carbon bonds to the same elements: (in kJ/mol)
C—N. 285; Si—N, 335; C—F, 485; Si—F. 582; C—Cl, 327, Si—Cl, 391.

The bond lengths of C—EIl and Si—El can be calculated according to the rule of
Schomaker and Stevenson from covalent radii and differences electronegativity of
the bound atoms. In the case of Si—H, Si—S and C—EIl bonds, these values are in
good agreement with experimentally observed internuclear distances. Significant
discrepancies are found for the Si—F and Si—Cl bonds; the observed internuclear
distances are about 5- 12 pm shorter than the calculated values. It has been supposed
tiat these additional bond shortenings are due to (p — d) backbonding, i.e. not only

" O butalso Si ———- N, Si §1 —2— iCl

Si 5
o+ p) (d =~ p), (d + p), < p),

In spite of the fact that the Si—N, Si—F and Si—Cl bonds are reinforced, they (and
also the Si—Br and Si—1I bonds) can easily be changed into the Si—O bond in a
Jlvolysis reaction. Hydrolysis or alcoholysis proceeds rapidly by an Sy2 reaction
mechanism. A transition state is generated involving the vacant silicon d orbitals and
thus increasing the silicon coordination number. The hydrolysis of the C—Br and
C—T bonds, which are easily polarised, also proceeds by an Sy2 reaction mechanism,
and 1s also rapid. For example, the hydrolysis constant K[CH;Br] [OH ] in an
ethanol/water mixture (4:1) at 55 C is 0.0021 1-mol~'-sec ™" [u].
The interpretation of a transition state with a penta-coordiuated carbon atom is very
difficult. It was supposed [7] that the orbital of the frec electron pair in the hydroxyl
ion and the backlap of the C—Br antibonding orbital might be overlapped. The
HO—C bond could thus be formed before the C—Br bond was dissolved. Such an
overlap is probably difficult for the C—Cl bond. CCl,, CHCl;, CH,Cl, and CH,Cl
can only be solvolysed by prolonged contact with water at 180-225°C or a
concentrated alcoholic alkali-hvdroxide solution at 100°C.

1.1.4 lonic Components and the Reactive Intermediate Stages
|

The carbenam cation —C™ and the carbeniate anion —C:~ are always trivalent.

I'he silaonium cations and the silicate anions always have a valence greater than four,

g .g.
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»(2,2'-bipyridyl) methyl hydrosilaonium iodide [8] (b.p. 157-159°C).
H
A cp
N*(C,H,) Tl
i Ol
4t19/4 C/ | \C
14 C, N
2 (6] H, O
Bis( tetrabutylammonium) [bis(oxalato) diphenylsilicate] [9] (m.p. 183-185°C).

The —C and —C: radicals are essential reaction intermediates in carbon chemistry,

but by contrast, the reactions of organosilicon chemistry proceed for the most part
without radical formation. For example, the “direct process” (Chapter 2), the
hydrosilation of alkenes and alkynes in the presence of a transition metal catalyst
(Chapter 3) and the preparation of silicones (Chapters 3 and 4) do not involve radical
formation.

The trimethylsilyl radical, (H ;C),Si results from the pyrolysis of tetramethylsilane at
700°C (Chapter 3) and from the photolysis of bis(trimethylsilyl)mercury [10] or
trimethylsilane/di-z-butylperoxide [11, 12] at room temperature. Hexaorganodisi-
lanes usually do not dissociate to triorganosilyl radicals on heating. The cleavage
R,Si—SiRy —2 R,Si" was first achieved in 1984 [13]. The Si—Si bond in
hexamesityldisilane dissociates reversibly, even between — 60 and — 30°C. The
resulting radical, Mes,Si, reacts irreversibly, e. g. by forming a substituted aroinatic
or by abstracting H.

The latest review [14] includes the characteristics of silyl radicals —Si’, and all the
literture pertaining to them. |

Silylenes, —Si:, are the silicon analogues of carbenes. Dimethylsilylene, (H;C),Si:,
can be prepared thermally by heating certain appropriate compounds, e.g.
hexamethyl silinane [15] (Eq. 1.9), substituted disilanes [16] (Eq. 1.10) or Diels-Alder
adducts [17] (Eq.1.11):

(H;0),C_ 65 70°C )
| _~Si(CH,;), (H;C)5Si: + (H,C),€=C(CH,), (1.9)
(H;0),C

OCH,
OCH,

(H,C),Si—Si(CH )2 —— (H,C),Si: + (H3C),Si(OCH,), (1.10)



6 1 The Silicon-Carbon Bond

SiCH ), C.H.
H;C,,

ANE . (H,0).S5i: OO
H:Cy

C.H.

Chloromethylsilylene  [18]. H 4sC—Si—Cl and methylphenylsilylene
H;C—Si—C H; have also been synthesized (Eq.1.12. 1.13):

cl Cl Cl
= b 600 € 3 ‘
H,C—Si—Si—CH; —— H,C—Si: + H,C—SiCl,
Cl Cl
g
CHY by , ey
\ [(H.0),8i1,8i ¢ o -"— H,C,—Si: + (H;C);Si—Si(CH,),

(1.11)

[19].

(1.12)

(1.13)

Silylenes are intermediates and react with a variety of compounds by insertion, i.e.

(Egs. 1.14, 1.15, 1.16):

CoHs
CH; H

|
(H,C),Si: + (HyC),8i—H — (H,C).81—Si(CH,),

H, - Si
HC\ : : CH,OH \
A/Ql T 51 - C.H,
S
mesie ) — () + ()
/.“\

1.1.5 Nucleophlic Substitution at Silicon

(1.14)

(1.15)

(1.16)

In recent years, a great number of stereochemical studies of substitution at silicon by
nucleophiles have been carried out. The earlier work, up to 1964. is the subject of a
monograph by Sommer [20], and more recent studies have been summarised by

Corriu [21, 22].
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The majority of nucleophiles displace the halogen from open-chain chloro-, bromo-
and iodosilanes with inversion of configuration at silicon: The chiral silanes used to
establish these and other points of stereochemistry are based on the methylnaphth-
ylphenylsilanes, R;SiX. This reaction has been formulated as a direct displacement
involving a triangular bipyramidal transition state, and is referred to as the Sy2—Si
reaction (Scheme 1.1):

R! R!
) la ' |
Y® + RZ—SiE-X —— Ye-__s. —— Y—Si&R? + X® Scheme 1.1
o R

Notall Sy2 reactions at silicon occur with inversion. Many retain the configuration at
silicon, particularly if they involve a leaving group like hydride or alkoxide. The
explanation proposed for the retention of configuration is that an intermediate is
formed in which the leaving group is in an equatorial position. One pseudorotation
allows the leaving group to reach the apical position, and the rotation shown in
Scheme 1.2 is the result:

‘. 3
i ’|" "
X +Nu N - " R =¥= "N 2 s 5
Si—=X —— Si=X| — /l —Nu e '/Sl Nu Scheme 1.2

The stereochemistry of nucleophilic substitution at silicon is the result of a fine
balance between the electronegativity of the leaving group X, the size of the valence
orbitals around X, and the length of the Si—X bond. All factors which increase the
delocalization of the nucleophilic charge increase the extent of inversion. The more
this charge is concentrated, the more retention is favored. This agrees with the general
trend: observed experimentally, ndmely

OAc, Cl, Br> F>SR>H > OR

Inversion ------ T-Z---Retention

-

1.2 The Chemical Properties of the Silicon-Carbon Bond

The silicon-carbon bond is thermodynamically nearly as strong as a single C—C
bond. Indeed, the bond dissociation data available for silicon compounds are often
contradictory, an obvious reflection- of the variety: of techniques employed. The
following values have been reported (the publication year in parentheses) for the



