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1. I n t roduct ion  

This review is an attempt to summarize present knowledge of the Si-Si linkage. 
The most important properties of a compound are conferred by the chemical 
properties of the bonds present in the molecule, so that a study of chemical 
bonds is very rewarding. The Si-Si bond is especially interesting from both the 
theoretical and practical points of view. Silicon is one of the most abundant 
and versatile elements and its compounds range from the silicates one of the 
most stable groups of terrestrial compounds to the extremely air-sensitive 
silanes, from transparent quartz to purest silicon for transistors, to polysiloxane 
lubricants, building protection agents, etc. Pharmacological activity was recently 
observed in organosilicon compounds. Silicon being the second most abundant 
element in the earth's crust, no shortage of supply can be expected. 

Do we now know enough of theoretical and practical interest regarding 
silicon compounds? The answer is, we do not. Many of the silicon-containing 
compounds which today are of great technological importance were unknown 
a few decades ago and have originated from pure research. This basic research 
has generated many unanswered questions so that there is still much to be done 
in this field. 

The chemistry of silicon is quite different from that of  carbon, though there 
are some similarities. This comparison is significant because the two elements 
are close together in the periodic table, but also because carbon is the essential 
element in organic compounds and silicon is ubiquitous in the inorganic struc- 
ture of  the earth. The C-C bond is the most important organic linkage and the 
S i -O-S i  bond the most important inorganic one. What caused these different 
bond systems to develop? Let us look at the properties of the respective ele- 
ments: the C-C bond is more stable than the Si-Si bond because the atom is 
smaller and additional double bonds can be formed. Double bonds involving p 
orbitals cannot be formed with silicon, yet the S i - O - S i  bond is more stable 
than a C - O - C  bond thanks to a d~-p~ effect. 

A direct comparison of the C-C bond with the Si-Si bond requires a 
thorough knowledge of the properties of  the Si-Si bond. 

The most important results that throw light on the Si-Si bond are sum- 
marized in this review. It deals first with the hydrogen and halogen compounds 
having Si-Si bonds, describes the preparation and properties of organic sub- 
stituted disilanes and oligosilanes, and discusses the physicochemical properties 
of the Si-Si bond. 
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The oxidation state of  a silicon atom in a chain of silicon atoms is two. 
Thus the chemistry of silicon in the oxidation state two assumes importance. 
Recent studies of the chemistry of silylenes in connection with polysilanes have 
produced significant results and the controversial silicon monoxide is accorded 
its rightful place in the systematic chemistry of silicon. 

This review would be incomplete without a summary of the properties of 
the Si-Si bond in cyclic and heterocyclic silanes and polymeric compounds 
containing Si-Si bonds. Important results were obtained, e.g. the reason for 
the color of these compounds was discovered. The bibliography is very com- 
prehensive and will lead the reader to a more detailed study of the subject. 
The author makes no claim to have covered the literature completely. 



2. Silicon Hydrides with Si-Si Bonds 

The simplest imaginable compound with Si-Si bonding is the disilane Si2H 6 . 
This disilane was discovered by Moissan in 1902 42°-422). A purer preparation 
was made by Lebeau eta/ .  33, 395) but it was first studied in detail by Stock 
et  al. The disilane was obtained in high purity from the reaction of Mg silicide 
with hydrochloric acid, and major physicochemical parameters were mea- 
suredS98, 603, 683). Stock also demonstrated the reaction with gaseous hydrogen 
chloride and bromide forming halogen-containing derivatives s99), and the ex- 
treme sensitivity of the disilane to oxygen 6°1) and aqueous alkali. All these 
properties are essentially determined by the Si-H bonding. Si2H 6 decomposes 
at 400-500 °C into Sill4 and polymers. This tendency to disproportionate 
splitting into monosilanes and polymer compounds is frequently found in 
silicon chemistry, and is indicative of the relatively low strength of the Si-Si 
bonding and the stability of polymeric structures. 

Attempts to produce higher silicon hydrides from H3SiC1 or H2SiC12 by 
means of a Wurtz synthesis (with Na/K alloy or amalgam) were unsuccessful, 
Sill4 and yellow polymeric silicon hydrides being formed for the reasons men- 
tioned above. 

Besides Si2H6, Stock found a series of siliconhydrides with longer chains 
of the general formula SinH2n ÷ 2 (n < 7); higher silanes seemed to be present 
but could not be isolated 6°5). The extraordinary difficulties experienced in 
investigating the higher silanes (they undergo explosive reactions with very 
small amounts of oxygen, decompose in sunlight, and react with grease and 
similar materials) caused further experiments in this direction to be delayed 
until better experimental techniques had been developed. 

Preparation of the higher silicon hydrides by reaction of Mg silicide with 
aqueous acids gives only small yields of silane mixtures. Decomposition of Mg 
silicide in ammonia with NH4Br was successfully attempted, giving yields of 
silanes three times greater than with decomposition in aqueous medium. The 
content of higher silanes in the product depends on the composition of the Mg 
silicide and on reaction temperature, which should be low as possible for pre- 
paring higher silanes 323). When hydrazine is used as the reaction medium 148), 
monosilane is preferentially obtained from hydrazinium chloride and M~ silicide. 

The preparation of silicon hydrides became much easier in 1947149J, when 
it was found that halides can be reduced with LiA1H4 and that higher silicon 
halides can also be reduced to the corresponding hydrogen compounds: 
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Si2C16 LiA1H4~ Si2H 6 149) 

Si3C18 ,LiAIH4~ Si3H 8 163) 

Nevertheless, decomposition of higher silanes' does occur in this reaction. Besides 
these advances in preparation methods, progress has also been made in isolating 
higher silanes which are difficult to separate, so that the possibility of the exis- 
tence of higher silanes and isomers could be further explored. 

Emeleus and Maddock 4°8) could not find isomers in Si4Hlo isolated by 
fractional distillation of the raw silane mixture. Feher et al. 139) first demon- 
strated the existence of la- and i-Si4Hlo and SisH12 by Raman spectroscopy. 
The first isolations in pure form were made by Borer and Phillips 48), Feher 
and Strack 147) and Gokhale and Jolly 231) using gas chromatography. The 
methods of preparation and handling silanes developed by Feher 
et al. 136-138, 145, 146) made larger quantities available, enabling the existence 
of linear and branched-chain silicon hydrides up to SilsH32 to be demonstrated 
by gas chromatography, nmr, and Raman spectroscopy144). 

Methods other than decomposition of silicides or hydrogenation of halo- 
disilanes available for the synthesis of higher silicon hydrides are silent electrical 
discharge 112, 230, s 31) and pyrolysis of Sill 4 and Si2H 6 to produce mixtures 
of higher silanes s 1,389,460,470). Investigations of the thermal decomposition 
of higher silanes show the presence of Sill4 in addition to polymers s 1,606,627). 
Studies of reaction mechanism show that equilibria are adjusted by means of 
silyl radicals 12 s), but that silylene addition reactions and decomposition are 
also involved 6°6) (see also Chapter 7; Silylenes). Single Si atoms in the excited 
state can also be insered into an Si -H bond s2°), though insertion into an Si-Si 
bond seems to be preferred 80). 

All previous investigations had demonstrated the existence of branched 
and linear chained silanes, though cyclic compounds had not so far been iso- 
lated until the cyclic silane, SisHlo, was recently prepared by Hengge eta/.  2ss) 
by hydrogenation of SisBrlo, obtained by interaction of HBr with Sis~01o, a 
known compound. SisHlo is a colorless liquid and is extremely sensitive to air. 
The boiling point was determined by extrapolation as about 130 °C. IH-NMR 
and Raman spectra were measured (only one singlet at 6.57 ppm, coupling 
constant 195 c/s, ring breathing frequency 382 cm -1 , molecular weight by 
mass spectroscopy : 150). 

The chemical properties of the silicon hydrides are of course determined 
by the character of the Si-Si and Si-H bonding. 

The Si-Si bond is relatively weak, so homolytic decomposition readily 
occurs on application of thermal or electrical energy or radiation (light, neutrons, 
X-ray . . .  )a). As expected from the coordinative unsaturated character of the 
Si atoms, the polysilanes are very reactive with nucleophilic agents as shown 

a) See methods of preparation. 
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for instance by the familiar reaction with OH- ions. Si-Si bonds are also very 
sensitive to oxidation, because the S i -O-S i  bonding is thermodynamically 
strongly favoured. Since the Si-H bonding is also slightly susceptible to oxi- 
dation, the silanes are very readily oxidized and are strong reducing agents. 
Higher silanes spontaneously react with air, igniting or exploding; the explosive 
conditions have been determined 126). 

Studies of reaction mechanisms by means of pyrolysis, silent electrical 
discharge, or neutron rays reveated that the original radicals or silylenes will 
react with a series of gaseous substances to produce new silane derivatives. 
Some examples are: 

7C2H 2 ~ carbosilanes (see the review of G. Fritz ls6a)) 

NH3 ~ formation of Si-N bonds 113) 

germanium ~ formation of Si-Ge bonds 11, 6s, 405) 

silicon hydrides + PH3 ~ Si2HsPH2, 
(H3Si)2P H 104, 106,109,162,164, 165,232,233) 

AsH3 ----* Si2AsHT, etc. 109) 

~.xPH3/B2H6 ~ H3Si" Sill 2 • PH2 " BH3 104) 

Higher silicon hydrides with Ge, e.g. Si2HsGeH 3 and other compounds 
produced in these pyrolysis reactions, have also been obtained by hydrolysis 
of Mg or Ca germanide-silicides 446' 475,636) and have been separated by gas 
chromatography446, 447). p and As derivatives produced by pyrolysis also be 
obtained in coupling reactions: 

H3SiMH2 + Si2HsX > SiH3X + Si2HsMH 2 

Si2HsBr + LiAI(AsH2)4 • ~ Si2HsAsH3 6) 

Si2HsBr + LiAI(PH2)4 > Si2HsPH2. 435) 

M = P, As 

X = C1, Br 

107) 

The Si-H bond in Sill4 reacts with potassium in 1,2 dimethoxyethane 
giving the SiH3K found by Ring and Ritter 471) in 1960. This silylpotassium 
does afford a synthesis of disilane: 

H3SiH + BrSiH3 ~ Si2H 6 + KBr 377) 

although a series of secondary reactions takes place, as found by Ring et aL 
Metallic potassium 161), KH469) and salts of alkali metals similarly decompose 
disilane (presumably by splitting off a silylene group) and Sill4 and polysilanes 
are produced 3°4, 426): 

salt 
xSi2H6 ) xSiH4 + 1/x (SiH2)x. 
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The catalytic effect of the salts in this disproportionation decreases in the 
order KH > LiD > LiC1304). Ring eta/. 468) decided that the reaction is a bi- 
molecular process (SN1--Si mechanism) in which the activated complex is: 

H 
I . . . . . . . .  H ...... 

HaSi-Si i . . . . . .  SiH3. 
" / " ' " " ' " '  H "°° ' ' ) ' ' ' "  

H 

Silicon hydrides can be halogenated in different ways. As mentioned, 
Si2H 6 reacts with HC1, HBr or HI in presence of ahiminium halides to mono- 
and dihalodisilanes l' s99,662). Hydrolysis of these monohalogen derivatives 
gives disilanylether (Si2H5)20, which can be split with BC13 into monochloro- 
disilanes 118). The halogenation can be effected with free halogens (C12, Br2 143), 
12141)), and cleavage of the Si-Si bonds can be avoided by the use of mild 
reaction conditions. 

The homologous compounds (Si2H5)2S and (Si2Hs)3N have been prepared 
and described in detail: 

~ . / . v  ( Si2H5)2S 

Si2HsI ~ (Si2H5)3 N 

664) 

Ammonolysis of a mixture of Si2HsC1 and Si2H4CI 2 was reported to give a 
mixture of (Si2Hs)aN and (Si2H4)NH 160), but the compounds were not isolated 
and characterized. 

Tri- and tetrasilanes have been partly halogenated in the same way. Bromina- 
tion of di- and trisilanes has been most recently carried cut without any 
solvent 168), so facilitating isolation. BCI3 and BBr3 proved to be good haloge- 
nating media l°a, 105, 120), while neither B Fa 120) nor SnC1432) is suitable. AgCI 
and AgBr can both halogenate Si2H6 and derivatives such as meSi2Hs 648) with 
precipitation of silver 

I I 
- S i - H  + 2 AgC1 ~ -Si-C1 + HC1 + 2 Ag 

I I 

and in the case of the Si2H6 formation of di- to tetrachlorosilanes 29s' 296) 
Chlorination of the Si-H bond with weak chlorinating agents such as CC14 

or CHC13 appears feasible if the Si atoms of the Si-H bond can be further 
bonded to at least two other Si atoms. The IR valence frequency of the Si-H 
bond is found to be mostly under 2100 cm -1. This reaction procedure turned 
out to be effective for halogenation of labile compounds 6s, 26s, 3so, 604) 
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Partly fluorinated disilanes have been prepared by electrical discharge in 
FSiHa ~ 14). Partly chlorinated and brominated disilane and trisilane derivatives 
may be so produced and have been characterized by spectroscopy 1°8). 

Si2HsBr originates by bromination of Si2HsI with AgBr 663) and base- 
catalyzed conversion leads to SisH4Br2 and Si2H6 402). 

9 



3. Silicon Halides with Si-Si Bonds 

In the disilane series, all representatives of the hexahalodisilanes Si2X 6 are well 
known but none of the mixed disilanes substituted with different halogen atoms. 

The methods of preparation of the hexahalodisilanes have long been known 
and are well reviewed 228, 2 s 1). 

Si2F6, a colorless gas (b. p.: - 19  °C), is usually obtained by fluorination 
of Si2C16572' 573) or Si2Br6549) but cleavages of the Si-Si bond can occur. 
Si2F6 can be separated more easily with Si2Br 6 as starting material as the result 
of the greater difference between the boiling points. 

Si2C16, a colorless liquid (b. p.: 147 °C) is normally obtained from the 
silicides of Ca or Fe by treatment with chlorine 416, 461,574). The presence of 
Mn or Cu 254' 638) improves the yield even at the lowest possible reaction tem- 
perature. Si2C16 can also be obtained by reaction of SIC14 and Si 64°), or by 
reaction of chlorine with metallic silicon during grinding at room temperature 
which affords a fresh and reactive surface 354). Si2C16 can also be prepared by 
chlorination of Si2I 6 with HgC12 s, i s3) by heating of HSiC1335), and by elec- 
trical discharge in SIC149' lO, 597) 

Si2Br6 is produced in the reaction of CaSi2 with gaseous bromine sT°) but 
also by treatment of Si and HBr 3s). It is a white crystalline compound (m.p.: 
109 °C), which shows an allomorphlc transition at 95 °C. 

Si2I 6 is obtained by reaction of SiI 4 with silver: 

290-300 ° 
2 SiI 4 + Ag > Si2I 6 + 2 AgI 152, s87) 

or even by reaction of iodine with silicon 396). Si2I 6 is whitish-yellow, undergoes 
sublimation in vacuum above 150 °C, and is the most heat-sensitive compound 
among the halodisilanes; it decomposes in SiI4 and polymers (SiI)n above 250 °C. 

As regards their chemical properties, halodisilanes are (as expected) to be 
very reactive thermally labile nucleophiles. Acid hydrolysis occurs to give poly- 
meric compounds (see p. 92) retaining Si-Si bonds; alkaline hydrolysis yields 
silicic acid with disruption of the Si-Si bonding. Partial hydrolysis carried out 
with Si2C16 led to Si40Cl lo ,  Si602C14 and Si803Cl18 (see p. 93). 

Si2F6 decomposes during acid or neutral hydrolysis to hexafluosilicic acid, 
hydrogen, and silica: 

10 
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Si2F6 + 4 H20 ) 6 HF + H2Si204 

6 HF + H2Si204 ~ H2 + H2 SiF6 + H4Si04 

H4SiO4 + 6 HF ~ 4 H20 + H2SiF6. 

The reaction with ammonia has been investigated in detail by Billy. Since 
they lead chiefly to polymeric compounds, these reactions are reported in the 
chapter on polymeric compounds containing Si-Si  bonds (see p. 93). 

A reaction of  special interest occurs with triethylamine and has been 
described by Urry et  al. 324-327,436,646,647). Triethylamine catalyses conversion 
of  Si2C16 to higher silicon halides such as SisCll2 and Si6Cll4 , besides SIC14672). 
Urry believes that adduct formation with me3N initiates the reaction: 

C1 SiCla 
I / SIC13 I 

meaN : Si-SiSCI + I ~ me3N : Si-Si-C1 + SIC14 
C13 [ r... SiC13 I 

C1 C1 

SiCI3 SiCla 
[ ~ SiC13 I 

meaN Si-Si-C1 + I ~ meaN Si -S i -CI  + SiCI4 
CI3 [ r... SIC13 C13 [ 

C1 SIC13 

SiCla SIC13 
I / SIC13 I 

meaN Si--Si'~C1 + I ~ me3 N Si-Si-SiCIa 
C131 r" SIC13 C13 I 

SIC13 SiCI3 

SIC13 C1 SiCI3 
I I • / S I C 1 3  I C1 

meaN Si-Si  SiZC1 + I ~ ClaSi-Si Si-SiCla 
C13 I I r "  SIC13 I C1 

SiCI3 C1 SiCla 

The reaction with Si3C18 similarly forms higher silicon halides of the follow- 
ing structures: 

11 
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SiC13 SiCI3 
L I c1 

ClaSi-Si-SiC13 C13Si-Si-Si-SiC13 
I I Cl 
SIC13 SiCI3 

Si5Cl12 Si6Cl14 

Corresponding disproportionation reactions have been found by Emeleus 
et  al. 127) using phaAs und phaP: 

n Si2C16 • ~ n SiC14 + (SiC12)n. 

Cleavages of the Si-Si bonding occur not only with fluorinating agents (see 
Si2F6, p. 10) but also with other halogens to yield mixed halogen-substituted 
monosilanes: 

500 °C 
Si2C16 + Br2 ~ SiClaBr + SiC12Br2. 

The method of preparation of asymmetrical substituted disilanes (see p. 
20) devised by Bettler, Sendra and Urry 645) is in principle suitable for prepar- 
ing higher silicon halides. Thus it is possible to synthesize a pentachlorodisilanyl- 
mercury 

2 HSi2CIs + HgR 2 ~ 2 RH + Hg(Si2Cls) 2 

which gives n-Si4C11 o quantitatively by photolysis: 

hi) 
Hg(Si2C15) 2 ; Hg + Si4Cllo. 

The starting material is not readily available but can be made by the reac- 
tion: 

H2SiC12 + Hg(SiC13)2 ~ Hg + HSiC13 + HSi2C15. 

This reaction again affords another opportunity for preparing higher silicon 
chlorides, for example: 

H2SiC12 + 2 Hg(SiC13)2 ~ Hg + 2 HSi2Cls + n-SisC112. 

Branched chloropolysilanes can be obtained as follows: 
SiC13 
I 

HaSiC1 + 3 Hg(SiC13)2 ~ Hg + 3 HSiC13 + C13Si-Si-SiC13. 
I 

C1 

12 
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Higher silicon halides Sin Xn +2 with n > 2 but of limited molecular weight 
have been known for a long time, above all from chlorine, but a few from 
bromine, and none from iodine. In the case of fluorine, some higher silicon 
fluorides derived from difluorosilylene have been recently discovered (see p. 
60). 

Gatte rmann 166,167) Besson34) and Martin 41 s) produced perchlorinated 
silicon chains with n = 3, 4 and 5, but the separation of the individual species 
by distillation is very difficult. Nowadays gas chromatographic methods enable 
separation6S 1). Using the method of Schwarz et  al. 58o), SIC14 is converted in a 
hot-cold tube into a series of higher silicon halides (e.g. Si25C152) and from 
these it should be possible to obtain cyclic derivatives such as the bicyclic 
SiloC128584-586). 

Admittedly, their structures have not been investigated. In a hydrogen 
atmosphere, a halide of the composition Si~oC12oH 2 is formed sg°). 

These studies by Schwarz have been questioned by Kautsky and 
Kautsky337, 344) who produced higher siliconhalides by an arc reaction in a 
mixture of Si and SIC14 suspension and found Si6Cl14 as the highest distillable 
chloride, while all higher halides were thermally decomposed on distillation. 
Bonitz 47) obtained higher silicon halides by the reaction of Si with chlorine 
in a special fluidized-bed reactor, though they were not preasely characterized. 

In summary, a series of higher (and presumably also cyclic) siliconhalides 
undoubtedly exists, but their actual structures seem uncertain at present. 

Recently, a decabromocyclopentasilane SisBrlo was prepared in a com- 
pletely different way (see p. 6) and its cyclic structure seems to have been 
proved by IR and Raman spectral investigations 2ss). 

13 



4. Organic Substituted Disilanes 

Detailed investigations of organic derivatives of disilane have begun, particularly 
in the last years. Reviews by Kumada e t  al. 368) of aliphatic substituted disilanes 
have appeared, while older results are summarized in Gmelins' handbook 228). 
Some details of these compounds are summarized by Gilman e t  al. ~8°' 19o, 684), 
Schott 557) and MacKey and Watt 4°6). 

The possibilities of synthesis are limited by the general properties of the 
Si-Si bond to a small number of reaction types. Disilane derivatives were 
usually synthesized by a Wurtz-like reaction of monosilane halide derivatives 
with alkali or alkaline-earth elements. Some pyrolysis reactions that have yielded 
disilane derivatives are also known. Often, new disilane derivatives were prepared 
from common derivatives by an exchange of substituents. Some rearrangements 
have been observed in recent years. 

4.1. Preparations by Formation of the Si-Si Bond 

The first organic substituted disilane was obtained by Friedel and Ladenburg 
in 1869 with a reaction of Si 2 I6 and Znme21 s 4, 1 s s)~ Hexaalkyldisilanes are 
also formed in 50% yield by reaction of Si2C16 with Grignard reagent (R = et, 
pr, tolylS77)). The preparation of hexamethyldisilane with this reaction is pos- 
sible only in small yield because a cleavage reaction of the Si-Si bond occurs 69). 
With Znmez this cleavage does not take place and the yield of Si2me 6 increases 
to 85% 25, 1 ss). Besides the cleavage reaction, metal exchange and other coupling 
reactions occur. In the reaction of SIC14 with the cyclohexyl-Grignard compound 
for example, not only the expected cyclohexylmonosilane, but also 
[(C6H11) C12Si]2 was found (Kipping and Palmer441)). 

These difficulties and generally low yields in the preparation of organic 
disilane derivatives by the reaction of disilane hexahalide with organometallic 
compounds lead to the conclusion that the better method for preparation of 
these compounds is the Wurtz-type synthesis starting from organohalomono- 
silane. 

First preparations were made by Schlenk e t  al. 546) who synthesized Si 2 tp6 
by the reaction of Si~3C1 with sodium. Kipping 381) prepared the first mixed- 
substituent disilanes by reaction of the corresponding organochlorosilanes with 
sodium, but was not able to separate the optical isomers. Kraus and Nelson 391) 
obtained Si 2 et6 by this method. 

14 
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However, the limitations of these methods were soon discovered, and 
Kipping 38s) found that the reaction 0f¢2(0¢ ) SiC1 with Na does not yield the 
expected disilane derivative. A S i -O-C cleavage occurs and some reaction 
products (Si¢2)4, 0¢ (Si¢2) 0¢ and ¢2 (0¢)2Si result, perhaps via radicals. 
Similar observations were sometimes made on the cleavage reaction of the 
S i -O-C bond systems: 

¢3Si (Ome)  Na/K > 5 i2¢  6 + po lymer s  30) 
¢3SiC1 

¢3Si (Oet )  N a  8i¢4 + polymers 226) 

mezSi(Ome)2 Na/K Si(Ome)4 + polymers. 273) 

Formation of ( ¢ 0 ) 6 8 i  2 alone was found in the reaction of sodium with 
(0¢)SiBr and (0¢)2SiBr, respectively 448). This result contrasts with the results 
of Kipping. He found only derivatives of monosilane and metallic silicon in an 
analogous reaction with the chlorides. 

Metal-exchange reactions were also observed, as in the reaction of phenyl- 
chlorosilanes and phenyl-silylhydrides, when products in addition to the ex- 
pected Si¢4 were formed 195). This may be due to the formation of metal-silyl 
compounds during the reaction. It is known that organometallic compounds 
are easily formed with phenyl-substituted silane derivatives and with the Si -H 
bond. 

Wurtz-like reactions were carried out with many organohalosilanes and it 
is not possible in this review to present details on all the compounds formed. 
Some examples of the general reaction 

2 R1R2R3SiX alkali metal ) ( R I R 2 R 3 S i )  2 
(Na/K or Na/Hg or Mg) 

are summarized below: 

R 1 = R 2 = R 3 = R Refs. 

R=~p 
R = p-tolyl 

p-biphenyl 
me 
et 
bn 
i-Am 
-C6H4X (X = F, CI, CH 3, OCH 3) 
C6H5 

29,173,189,  375) 
57, 189) 
189) 
58 ,214 ,355 ,535 ,650)  
391,497,650)  
6so) 
650) 
375) 
278) 
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R 1 , R 2, R 3 Refs. 

R 1 = R 2 = me, R 3 = ~  214) 
R 1 =R 2=~p,R3=H 
R 1 = tp, R 2 = me, R 3 = H 594) 
R 1--tp,R 2 = e t , R  3 = H  
R 1 = R 2 = me, R 3 = H, me, Ome, Nine 2 [N me2H] + 375) 
R 1 = R 2 = ~, R 3 = H, CI, Br, p-tolyl 680) 
R 1 =me, R 2 =R 3 =H 95) 
R 1 = et, R 2 = pr, R 3 = C1 497) 
R 1 tp, R 2 = R 3 = et 86) 

More complex organic groups do no t  interfere with the Wurtz reaction so long 
as no  steric hindrance occurs. 

The following reaction takes place: 

Li me I ,92) 2 - - ~  llle 

bu t  tr is(cyclohexyl)chlorosilane does n o t  react 431). 
The results of  the Wurtz-like reaction depend on the reaction conditions.  

An impor tan t  factor is the k ind  of  solvent. The ethers are generally bet ter  than 
hydrocarbons,  b u t  with the cyclic ethers like te t rahydrofuran (THF),  dioxane 
and other f requent ly  used agents, a cleavage reaction of  the ethers was ob- 
served 392). Hexamethylphosphoricacid amide was recently used with good 
results in combina t ion  with l i th ium 497). 

Synthesis o f  asymmetric  derivatives of  disilanes is also possible: 

~P3SiC1 + Mg + me3SiC1 ~ ~p3SiSime3 116) 

~2meSiC1 + Li + C1Si¢3 ~ ~o2meSiSi~p3 2o8) 

However, side reactions occur. The symmetr ic  compounds  were sometimes 
formed, probably due to format ion  of  metal  silicon compounds  during the 
reaction. 

The format ion of  disilane derivatives is no t  possible only with metals; 
organometall ic compounds  also react wi th  halosilanes. West et  al. s°9) ' found 
format ion of  disilanes in the reaction wi th  Grignard compounds :  

~3SiC1 RMgX> tp6Si2" 
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West postulated a silyl magnesium compound (a silyl Grignard!) as the follow- 
ing reaction cannot be explained in any other way: 

¢3SiC1 + meaSiC1 hexyl-MgCl> CaSiSime3. 

In a similar manner, various phenylated disilanes were obtained by the reaction 
of me3SiC1 with C6HsMgC1 in the presence of hexamethyldisilane 7°). 

Organosilicohydrides with one S i - ¢  bond or one trimethylsilyl group react 
with trimethylchlorosilane in the presence of secondary or tertiary Grignard 
compounds to form asymmetrically substituted disilanes: 

R~R2SiH + C1Sime3 R3MgCI> R21R2SiSime3 

R 1 = ~ R 2 = H, me, ~, 299) 

R 1 = me R 2 = Sime3, R 3 = -Cme3, -CHrne2. 

The Grignard compounds do not react directly with the starting materials, 
and the results can only be explained by the formation of a silyl magnesium 
compound during the reaction. 

The mechanism of the Wurtz-like reaction in organosilicon chemistry is 
controversial. In some cases, for instance with phenylated derivatives, the forma- 
tion of an alkali silicon compound may be significant, but the formation of a 
silylene during the reaction is generally assumed (see also Chapter 7: Silylenes). 
This intermediate occurs in the synthesis of pentamethyldisilane by Skell and 
Goldstein s 18). The carbon analog dimethylsilylene is formed as a short-lived 
compound carried in a helium gas stream after contact of dimethylchlorosilane 
gas in He with sodium/potassium alloy at 260-280 °. This dimethylsilylene 
reacts as a dilute gas with trimethylsilane to give SizmesH. 

Disilanyl radicals are also observed. Pentamethyldisilane reacts with d-t- 
butylperoxide in toluene to form pentamethyldisilanyl derivatives such as (o, 
m, p-)meC6H4-Si2me s, me3CO-Sizme5 and others. The intermediate can 

482) only be the pentamethyldisilanyl radical . However, formation of asym- 
metrically substituted disilanes with a Wurtz-like synthesis starting from a 
mixture of the halosilanes is not the best method for preparing these com- 
pounds. A better way is reaction with organoalkali compounds: 

R~SiM + C1SiR3 ~ RaSiSiR3 M = Li, Na, K, etc. 

but this method is generally limited by the need for a suitable organometallo- 
silicon compound. 

The first preparation of such an alkali-organosilicon compound was made 
by Kraus 391) and Benkeser 30. Gilman and Wu 224) first cleaved hexaphenyl- 
disilane with potassium/sodium alloy and obtained triphenylsilyl potassium as 
a dark solution in ether. 
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The preparation of the pure compound was not possible. However, in solu- 
tion, asymmetric disilanes are formed if triphenylsilyl potassium is treated with 
organosilicon halides. Some examples of these reactions are given in the follow- 
ing equations: 

~03SiK + 

~3SiK + 

tp3SiK + 

tp3SiK + 

~oaSiK + 

¢3SiK + 

tP3SiK + 

C1Sime3 ~ ~3SiSime3 ~ 31,224) 

C1Si et3 ~ ~3SiSi et3 [ 

(C7H7)3 _ ntPn SiC1 , tP3SiSitPn(CTHT)3_ n 

CISi~C12 ,~ ~03SiSkpC12 225) 

C1Si et2~o ---* ~03SiSi et2~o 214) 

CISimen ~03_ n ~ ~03SiSi~03- n men 

C1Si~02C1 ~ ~03SiSi~02C1 227) 

~3SiK + C14Si ~ ~p3SiSiC13 225) 

H3Si K + C1Sime 3 ~ H3SiSime 3 14) 

¢3SiK + (benzyl)~2SiCl ~ ¢3SiSi¢2(benzyl). 

225) 

187,202~ 208) 

ss) 

The expected products are not always obtained, e.g. when a metal rear- 
rangement takes place and the reaction becomes more complicated, as in the 
reactions described by Gilman and coworkers 172): 

me2~SiLi + Si2¢6 ~ me2¢SiSi¢me2 + CaSiLi 

me2~pSiLi + me2tpSiSitp 3 .* me2¢SiSitpme 2 + ¢3SiLi 

me¢2SiLi + me¢2SiSiC3 ~ me¢2SiSi¢2me + ~03SiLi 

etc. 

Gilman's significant observation that triphenylchlorosilane is a catalyst in 
Wurtz-like reactions forming cyclic silanes appears to be due to intermediate 
formation of triphenylsilyl lithium (see Chapter 9: Cyclic Silanes). The tri- 
phenyl compounds are particularly good catalysts because the corresponding 
alkali-triphenylsilyl compounds are the most stable among the alkali-organo- 
silicon compounds. 

In recently reported investigations by Kumada et  al. 361,366) a mechanism 
is postulated for the reaction with triphenylsilyl lithium as catalyst. Starting 
with a, a, a, co, co, ~-hexaphenylpolymethylpolysilane, the reaction yields 
polysilyl lithium compounds and may be represented by the equation: 

x=6 
~3Si(Sime2)nSi¢3 + Li(Sime2)zSitp3 -----~x~=0 ~p3Si(Sime2)xSkp 3 + 

y=6 
+ Z Li(Sime2)ySi~p3. z = 0 -  4 

y=0 
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l f y  is five or six, a cyclization occurs: 

/ - - x  

/ ~o3Si ,~me2 
/ / Si.~ 

I / 

" -52<  Si me2 

rne~Si...si/Si me2 
me~ 

" (Sime2)s + ~°3 Si ki 

Complications in these reactions between an alkali-organosilico compound and 
a halogenated silane result from a frequent symmetrization of the disilanes 
formed, caused by a metal exchange. Kelling 37s) found the following unexpected 
products: 

tpaSiK + (p-C1C6Ha)3SiC1 ) Si2tP6 + (p-C1C6H4)6Si 2 . 

If  formation of silicon-element bonds by a reaction of the alkali-organosilicon 
compound and a halide of the corresponding element is attempted a disilane 
is usually formed: 

I AsC1B 
~3SiK + SbC13 ~ ¢p6Si2 + • • . 170) 

BiCl3 

tpaSiLi + HgC12 ~ ~P6Si2 + . . .  171) 

~paSiK + C1C~3 s6) # > ~3SiC~3 ~ ~3SiCl + NaC~o 3 

~ * S i 2 ~  6 + C2~ 6 

Hexaphenyldisilane is also obtained in the reaction of triphenylsilane or 
triphenylmethoxysilane with Na/K alloy after the decomposition of triphenyl- 
silyl lithium: 

tP3SiH 1.) Na/K ¢P6Si2 + ~3Sime 30) 
2.) CH3I 

tPaSi(Ome) 1.) Na/K ~ ¢3SiSiet3. 30) 
2.) et 3SiCl 

Polyhalogen compounds of methane react with triphenylsilyl lithium to form 
hexaphenyldisilane and the expected compounds do not Occur 175-177) 

It has been confirmed that the availability of such reactions depends upon 
the existence of the metal-organosilicon compound. The cleavage of disilanes 
is only possible if there is at least one phenyl group in the compound; e.g. it is 
not possible to cleave hexamethyldisilane. 

- - -  1 259) or tneth lsil 1 The synthesis of tfimemyl- • y • y lithiumSa8, 653) may be 
effected via the corresponding mercury compound: 
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Hg(Sime3)2 Li 2 me3SiLi + Hg 

meaSiLi + C1Si(Ome) 3 ---* meaSiSi(Ome)3. 
259) 

The easy decomposition of the mercury compounds can be used in direct 
synthesis of disilanes: 

(R3Si)3Hg hu.~ (RaSi) 2 + Hg. 

A reaction mechanism via silyl radicals is plausible 121). B ettler, Sendra and 
Urry37, 645) treated bis(trimethylsilyl)mercury with SiHC13 : 

HSiC13 + Hg(Sime3)2 ~ Hg + HSime3 + me3SiSiC13. 

A simple method was thus shown for the formation of 1,1,1-trimethyl- 
2,2,2-trichlorodisilane, previously formed only with great difficulty; the method 
might permit formation of similar compounds, for example, the series of com- 
pounds Si2me6_ n Cln : 

meSiHC12 + Hg(Sime3)2 ~ Hg + meaSiH + meaSiSimeC12 

(me3SiCH2)2Hg + 2 me2SiHC12 -2 Sime4~ Hg(Sime2C1)2 .... ~ Hg + 

+ me2C1SiSiClme2 

etc. 

Formation of inorganic silicohalides via silicohalide-mercury compounds is also 
possible (see Chapter 3: Silicon Halides with Si-Si Bonds): 

2 H SIC13 + Hg[CH2Sime3]2 • ~ 2 Sime4 + Hg(SiC13)2 

2 H Si2Cls + HgR2 ; 2 RH + Hg(Si2Cls)2. 

Diphenylmercury reacts with iododisilanes to form the corresponding phenyl 
derivatives Si2H5¢ and (HaSi)2SiH¢, probably via a disilanylmercury com- 
pound 142). Other known disilanylmercury compounds 3s7, 652) are, for 
example: 

etaSiSiet2 H + et2Hg 
160 °C 

C2H 6 + etHgSiet2Siet3. 6s2) 
19h 

A recent method for formation of alkali organosilicon compounds by cleav- 
age of hexamethyldisilane with sodium methylate is described by Sakurai et al. 498): 

Si2me 6 + NaOme ~ meaSiNa + meaSiOme. 
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The cleavage takes place only in hexamethylphosphoric acid triamide (HMPT) 
but this solvent hinders the reaction to the expected disilane with chlorosilanes. 
The chlorosilane reacts with the oxygen in the solvent, first forming a complex 
and then the corresponding disiloxane. Substituted phosphines are by-products 262). 
A similar attempt to cleave n-propylpentamethylsilane leads to a rearrange- 
ment496): 

NaOme, HMPT 
2(n-pOme2SiSime3 [(n-pOme2Si]2 + (me3Si)2. 

A practicable reaction mechanism is the nucleophilic attack by the silyl anion 
on the Si-Si bond, which leads to the symmetrical disilanes: 

me3Si- + (n-pr)me2SiSime3 ; Si2me6 + (n-pr)me2Si- 

(n-pr)me2Si- + (n-pr)me2SiSime 3 - -~  Si2(n-prme2) 2 + Sime~-. 

Lastly, a thermal Si/Si redistribution was observed by Sakurai and Hosomi483): 

2 Rme2SiSime37 --~ me6Si 2 + (Rme2Si)2 

The symmetrical products are formed by a radical mechanism. 

4.2. Preparation of Disilane Derivatives by Exchange of Substituents 
(Including Side Reactions) 

A good general method for preparing organic derivatives of disilanes is the 
exchange of substituents, starting from simple derivatives with reactive sub- 
stituents. One can expect difficulties with this method if the reagents are liable 
to cleave the Si-Si bond. Many side reactions, cleavages, rearrangements and 
other reactions which illustrate the reactivity of organically substituted disilanes 
are observed. 

4.2.1. Reactions with Organometallic Compounds 

4.2.1.1. Reactions with Grignard compounds 

An obvious reaction for formation of organic derivatives of disilanes is the reac- 
tion of Grignard compounds with halogenated disilanes. But the Grignard reagent 
usually cleaves the disilane and only monosilane derivatives are 
observed~ 24, 203, 272,413) 
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Generally, the Si-Si bond tends to be cleaved 261) when 
a) the Si-Si bond is asymmetrically substituted by different substituents and 

the Si-Si bond becomes slightly polar. 
b) more than two silicon atoms are grouped together, as in trisilanes, etc., 
c) in cyclosilanes which have a sufficiently large ring strain. 

Under suitable reaction conditions, the Grignard reaction is a useful means of 
forming disilane derivatives. Some examples following the general reaction: 

I I i I 
-S i -Si -X + RMgX --~ -S i -S i -R + MgX2 

I [ I I 

should demonstrate that: 

C3HTMgBr ] 
Si2C16 C2HsMgBr ~ corresponding organodisilanes R6Si 2 577) + 
Si2Br6 tpMgBr 

tolyl MgBr 

(etO)2meSiSime(Oet)2 + meMgBr ) me3SiSime2(Oet) 
(Oet)me2SiSime2(Oet) 371) 

Si2C16 + e t M g B r ~  Si2Clset 678) 
Si2C14et2 

mesSi2Cl + viMgC1 ~ viSi2mes 499) 

Si2C16 + meMgBr ~ Si2me 6 69,414) 
Clme2SiSime2C1 + ~oMgC1 ~ Cme2SiSime2~o ass) 

Clme 2 SiSime 3 me 
I 

CH2=C-MgBr 

Clme2SiSime2Cl 

[CH2=C(me)]me2 SiSime3 

[ CH2 =C(me)]me2 SiSime2 [C(me)=CH2 ] 364) 

(C12CH)men Cl5-nSi2 meMgBr~ (Cl2CH)menSi2mes_n 356) 

(etO)me2SiSime2(Oet) e M i r  ~ome2SiSime2(Oet ) 3s8) 

me 
/...------- SiF 

(c )4 I + 
~ -  SiF 

me 

meC12-Si 

+ ~MgBr---+ 

meC12-Si 

B rMg - - ~  

(CH2)4 
arMg 

f si----~ 

~ -  Si ~ 

622, 625) 

me~lSi  me¢ii 

[ BrMg(CH2)4Mg~r, ~ ( C H 2 )  4 

me~lSi me~Si 

623) 
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me3SiC6H4MgBr me3SiSime2Cl > me3SiOC6H4_Sime2_Sime3 

me 
[ / O-CH2 

BrMgC6H4-C \ I 1.) Si2mesC1 > Si2mesC6H4COCH 3 
2.) H + 

O-CH2 

L 
I 48,) 

C1CH2(Sime2)2C 1 ~pMgC1 C1CH2(Sime2)2~ 

me me 
I I 

C1CH2Si-Si-C1 ~pMgCI > C1CH2Si(me ' ¢)Sime2% ° 

C1 me 

I 621) 

Si2mesCl + allyl MgBr ~ Si2mes allyl 

Si2mesCl + vi MgBr--+ Si2mesvi 

Si2mesC1 + ~MgBr > Si2mes¢ 

Si2mesCH2MgCl + allyl Br---~ Si2mesbutenyl 

Si2mesCH2MgC1 + CO2 > Si2mesCH2COOH 

86) 

et2meSiSime2CH2MgC1 + HgC12 ~ et2meSiSime2CH2HgC1 

me3SiCH2MgC1 + Si2mesCH2HgC1 > me2SiCH2HgCH2Si2me5 I 

I me3SiCH2MgC1 + et2meSi(me2)SiCH2HgCl > 
me3SiCH2 HgCH2 Si(me2)Siet2 me I 3s7) 

meMgBr + meaSiSime2CH2HgC1 ~ Si2mesCH2HgCH3 

meMgBr + et2meSiSime2CH2HgC1 ~ et2me(Sime2)CH2HgCH3 • 

4.2.1.2. Reactions with Organoalkali Compounds 

The reactions of organoalkali compounds are similar to those of Grignard com- 
pounds. A cleavage of the Si-Si bond sometimes occurs I s9). For example, 
pentafluorphenyl lithium reacts with Si2C16 giving only monosilane deriva- 

666) fives , but partly chlorinated disilanes like ClmesSi 2 or C12me4Si2 give the 
expected disilanes ~pFmesSi2 and ~Fme4Si2, respectively 666). Other examples 
of reactions investigated are: 

Si2C16 + 6 Nag > Si2%06 + 6 NaC1 s78) 

Si2C16 + 6 NaCH2~ ~ Si2(CH2~p)6 + 6 NaCI 

Si2~sC1 + ~Na > Si2%06 + LiC1 191) 

s78) 
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R3SiSiC13 + 3 LiR' ~ R3SiSiR~ ] 

R3SiSiRC12 + 2 LiR' ) R3SiSiRR~ / 225) 

R3SiSiR2C1 + LiR' ~ R3SiSiRER'. 

Metal-exchange reactions are observed, giving unexpected products as with 
alkali metalsSS): 

Si2RsC1 + buki + 
' / S-CH2\ 

R \ C  CH 2 -bull 
H / "- / S_CH 2 -LiCI 

t 
R \  / S~CH2\ 

Si2R4C12 + 2 buLl + 2 C CH 2 ) Si2R 4 
H / "" S-CH2 / 

RsSi2\ /S_CH2\ R = me, ¢ 
R' 

R,/C. S_CH2/CH2 = ~p, me 

~ C//O °Ydr°l"-'~'~ RsSi2 ' lYsis \ R ' 

c ~ C ~ .  R4Si2(COR')2 

S-CH 2 ~ ° ' ~  ~'¢~s 
[ \C / \CH2~ 
kR / "S-CH2 / J2 

CH2C12 + n buLi + C1Si2mes ) C12CHSi2me 5 504) 

Unexpected reaction products are also due to steric hindrance. Gilman and 
Smart 2 is) found sym-tetra-o-tolyl-dihydroxydisilane after hydrolysis of a reac- 
tion product of  Si2C16 and o-tolyl-Li. 

The S i -H  bond as well as the Si-halogen bond reacts with organoalkali 
compounds and this fact can be used formation of  new derivatives: 

Si2H6 + Lime ~ Si2Hsme + LiH 44, 234) 

Si2Hsme + Lime ~ meH2SiSiHzme + LiH. 234) 

In certain experiments, alkali or alkaline-earth elements are used in the 
metallic state. With a Wurtz-like synthesis, new substituents can be inserted 
at the Si-Si  bond: 

me3SiSime2C1 + C1CHaOCH 3 Mg ~ me3SiSiCH2OCH3 362) 
THF 

BrCH2C1 + C1Si2me s + Li ~ C1CH2Si2me s s04) 

but sometimes cleavage of  the Si-Si  bond occurs. Thus, Si2C16 does not react 
with sodium and an alkyl halide to the expected hexaalkyldisilane s71), and 
oligosilanes react with lithium to mono- and disilane lithium derivatives 6ss) 
(see p. 49). 

4.2.2. Reactions With Halides and Halogens 

Hexaalkyldisilanes can be cleaved very easily by free halogens 367' 616). The 
cleavage becomes slower691)with hexaaryldisilanes, and hexahalodisilanes 
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cleave only at high temperature. Cleavage seems to become more difficult 
with increasing electronegativity of the substituents. IC1 also cleaves Si2me6 to 
form me3SiI, meaSiCl and I2 s12). 

Bromine radicals are able to cleave the Si-Si bond, as demonstrated by 
Hosomi and Sakurai for the reaction of alkyl- or phenyldisilanes with dibromo- 
ethane in the presence of dibenzoyl peroxide3°°): 

Br. + R~SiSiR3 ) BrSiR~ + R3Si" 

R3Si" + Br(CH2)2Br -) R3SiBr +'CH2CH2Br 

• CH2CH2Br ) CH2=CH2 + Br" 
R~SiSiR 3 + BrCH2CH2Br ~ R~SiBr + R3SiBr + CH2=CH2 . 

Methylated tri- and tetrasilanes will be cleaved by bromine or iodine to 
monohalodisilanes 61°). The cleavage of the last Si-Si bond does not occur. 
The same products were obtained from the halogenation of the corresponding 
hydrogen compound: 

I Br2, I2 Siame8 
Si2mesBr(I) ~ Si2mesH. 

Si4melo I Br2(I2) 

Photochemical chlorination of hexamethyldisilane yields chloromethyl- 
disilanes. The halogenation takes place 3s6) on the methyl group: 

C12. (C1CH2)men_l C16-nSi2 365,620) 
menZi2C16_ n 

(C12CH)men_ 1 C16-nSi2. 356) 

Halogenation is generally possible in the presence of peroxides as catalyst 
(see p. 29) for example: 

me3SiSiCl3 peroxide ~ CICH2(Sime2)SiCI3. 
S02C12 

In the reaction with trimethylsilylchlorosulfinates an exchange occursS°): 

Si2me6 + C1S03Sime3 ~ me3SiC1 + meSOa(Sime2)Sime3. 

Organofunctional chlorinated disilanes are also formed in low yields in the 
reaction 619): 

C12meSiSimeC12 + 2 CH2N 2 ~ CI(C1CH2)meSiSimeCI(C1CH2 ) 

meMgBr (C1CH2)Si2me4(CH2CI) 
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Si2me6 + t-bu OC1 
Si2mesCH2C1 

) 

Si2mesCHCl2 
515) 

but not in the chlorination of a methoxy group by BC13 because a rearrange- 
ment occurs 619): 

me3Si Si m e 2 C t t 2 0 m e  

Si nae3 
[ "-~. 

m e ~ S i - - C H ,  
BCI~ / , - I  " 

('1 : Ome 

\B ~--cl 
I 

Cl 

C1 me2 Si CH2Si ille 3 
> O ° C  

• - + 

BCI2 (Ome)  

It is remarkable that brominated or iodinated organofunctionaldisilanes 
can be formed by reaction of the corresponding methoxy derivatives with tri- 
phenyldib romophosphorane619): 

~Si-Si-CH2Ome + tp 3 PBr 2 ~ -~Si-Si-CH2Br + meBr + ~03PO 

or with KI + H3PO 4 : 

~Si-Si-CH2Ome + 2 KI + 2 HAP() 4 > ~-Si-SiCH2I + meI + 2 KH2PO 4 + 

+ H20. 

A halogen exchange is also possible 619): 

(BrCH2)me2SiSime2(CH2Br) 2 NaI (iCH2)me2SiSime2(CH2i)" 

Another method of forming iodomethyldisilanes is by the careful iodina- 
tion of the corresponding thioethers with methyl iodide 489) : 

me3SiSime2CH2SCH 3 + meI 

(me2S + meI ~ [meaS]I-). 

[me3SiSime2CH2S]+[me2I] - 
11 

me3SiSime2CH2I + me2S 

Bromination with N-bromosuccinimide is not possible, because a cleavage 
of the Si-Si bond occurs 71,487) CuC12 also cleaves the Si-Si bond on chlorina- 
tion 71 ). 

Mixed disilane derivatives with Si-me and Si-C1 bonds were prepared, 
usually by the methods of Kumada e t  al. These methods were recently re- 
viewed 368). Two principal methods are known, firstly methyl exchange by 
H2SO 4 and subsequent chlorination or fluorination by NHaC1 or NH4F, 
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respectively, and secondly, demethylation and chlorination by HC1 or acetyl 
chloride in presence ofA1Cl3. 

a) The reaction with H2SO4/NH 4 salts: This reaction yields monochloro-(or 
monofluoro-)pentamethyldisflane or dichloro-(or difluoro-)tetramethyl- 
disilane 371 ); 

Si2me6 
H2SO4 

~j.Y~ne2SiSime3 

2 

Xme2SiSime2X 

The reaction is also possible with organofunctional methyldisilanes 36s). The 
intermediate compound after treatment with sulphuric acid can be assumed 
to be a pentamethyldisilanyl sulfate. This compound was isolated by Kumada 
and Meada 363): 

2 me3SiSime2C1 + H2S04 , (me3SiSime2)2SO 4 + 2 HC1. 

In the reaction with sulfuric acid rearrangements may involve a Si-Si 
cleavage. The following example was shown by Kumada et al. 364); 

CH2=C___(Sime2)Sime3 H2SO4) [(HSO4)me2Si_C(me2)_Sime3] 
I 
CH3 

HO(me2)SiC Sime3 
me 2 

-% 
F me2Si(eme2)Sime3 

+ 
F me2Si(Cme2)Sime2F 

CH2=C(Si2me4)C=CH2 1.) H2SO 4 
I I 
CH3 CH 3 2.) NH4F 

me2 F Si(Cme2)SimeF • Cme3 
7 me2F Si(Cme2)Sime2F 

b) Methyl/chlorine exchange with dry HC1 or CH3COC1 in the presence of  
A1CI3: this reaction yields different chloromethyldisilanes, depending on the 
reaction temperature: 

• ~ I Si2mesC1 
Si2me4C12 sol) 

$12me6 HCI | Si2me3C13 
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Si2me6 A1C13 '> Si2me6_n Cln n = 1, 2, 3, 4 5Ol, 506) 
CH3COC1 

~3SiSime 3 AICI3 C13SiSime3 
HC1 

620) 

R.COX + R~Si 2 > R.COR, + X Si2R ~ (X = hal, _OCOR). 151) 

Gaseous HCI without A1C13 does not react with the Si-CH 3 group, which cleaves 
between 350-700 °C, yielding monosilanes. Partially methylated disilanes proved 
more stable 514~. 

Aluminium chloride is also a catalyst for exchange reactions, and can be used 
for the preparation of chloromethyldisilanes: 

Si2me6 + Clme2SiSime2C1 A1C13 .~ ~ me3SiSime2C1" 5oo) 

or for skeletal rearrangements of higher polysilanes: 

me(Sime2)nme A1CI3 > (meaSi)aSime + (meaSi)4Si + (me3Si)aSime2Simea + . .  
(n = 4, 5, 6). 308) 

A similar electrophilic reaction occurs with phenyltrimethylsilane 5°°), 
which reacts with a chlorinated methyldisilane faster than with p-methylphenyl- 
trimethylsilane, indicating the electrophilic character of the reaction: 

Clme2SiSime3 + ¢Sime3 > gnne2SiSime 3 + C1Sime3. 314, 500) 

The last reaction affords a newer and better method of forming mixed- 
substituent methyl/halogen disilanes by the reaction of trimethylchlorosilane 
with hexamethyldisilane in presence of A1C13 as a catalyst 314). 

Si2me 6 + 2 meaSiX AIX3* Xme2SiSime2X X = C1, Br 

AIX3 
Si2me6 + me3SiX ~ Xme2SiSirne 3 X = C1, I.  

The reaction is not limited to disilanes; trisilanes may also be used 314). 
Aluminium halides are not only able to split methyl groups, but to undergo 

other reactions, too. The chloromethyldisilane derivatives can be further reacted 
by rearrangement 365). The products depend on the reaction conditions. Kumada 
et al. 356) found that, under mild conditions (reaction temperature 70-80  °C), 
only migration of the trirnethylsilyl group from silicon to carbon takes place: 

28 



Properties and Preparations of Si-Si Linkages 

meaSi 
I 

me-Si-CHC12 
I 
me 

C1 C1 
I I 

meSi-CH-Sime3 
I 

me 

meaSi 
AICI 3 I ~9 

> me-Si-CHC1 
70-80 °C t 

me 

Sime3 1 
me-Si-CHC1 

I 
me 

At higher temperature, and employing a large amount of catalyst, a second 
rearrangement was effected: 

C1 C1 C1 C1 
I I AlCl3 I I 

me-Si-CH-Sime3 ~ m e - S i - C H - S i - m e  
[ 140-150 °C I l [ 

me me me me 

These rearrangements are also possible with halomethyldisilane derivatives with 
direct Si-C1 bonds. The greater the total number of Si-C1 bonds in the mole- 
cule, the less readily the rearrangements occur 62°). 

Some data are available on the mechanism of these rearrangements, which 
also take place with monosilanes 49' s9s, 671). In the case of disilanes, Kumada 
et al. 620) postulated a mechanism involving an initially stow rate-determining 
ionization of the carbon-halogen bond, where the migrating group plays a 
minor (if any) role, with a subsequent or synchronous, fast nucleophilic attack 
by the halide ion on the silicon atom followed by migration of the silyl group 
from silicon to carbon. 

Other Lewis basis like BF 3 are not able to cleave the Si-Si bond: 

(S i2mes)20  BF3~ Si2me5 F 404) 

(Si2mes)2N H BF_~3 Si2mesF 404) 

(Si2Hs)2NH BF_~3 Si2HsF" 2) 

4. 2. 3. Substituent Exchange Reactions Catalyzed by Peroxides 

The hydrogen atom of an alkyl group or of a Si-H bond can be captured by 
organic radicals such as benzoyl peroxide, etc. The disilanyl radicals formed 
in this way are readily halogenated. 
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Some reactions are known for preparation of halogenated disilanes by the 
following mechanism: 

SO2C12 ~ 2 me3SiCl + me3SiSime2CH2Cl 2 Si2me 6 (¢COO)2 

Si2mesH + CH + t.bu202~ 
+ ¢CH 3 

Si2rnes¢ 482) 

o,m,p-meC6H4Si2me s + ¢CH2Si2me5 + me3C-Si2me 5. 

Other similar substitution reactions are possible: 

Si2mesH + 1-0ctene t-bu202"- Si2mes-n-octyl [ 

1 
644) 

Si2me4H2 + 1-octene t-bu202~ Si2me4(n-octyl)H 

Di-t-butylperoxide or benzoylperoxide reacts with Sizme6 in CC14 primarily 
producing Si2mesCH2 radicals which further react with chlorine atoms from 
the solvent 492). In an inert solvent, the radicals are able to react with for 
example CH2=CH. Si2mes, or, in the absence of another reagent, between 
themselves to form dimers: 

Si2me6 di-t-bu-peroxide CC14 Si2mesCH2 • -~ Si2mesC1 
or ~p. CO(OOH) 

di-t-bu-per 
Si2mes H + CH2=CHSi2mes ~ Si2mesCH2CH2Si2mes. 

The dimeric compound was also prepared by an independent synthesis 492). 
Similar investigations had been carried out before with ethyl derivatives 686). 
Kinetic measurements are available for the radical H-splitting by t-butylper- 
oxide 486). 

Perbenzoic acid reacts with organic disilanes by oxidation to the correspond- 
ing disiloxanes 488) in a second-order reaction. A substitution on the phenyl 
group of the phenylpentamethyl-disilanes increases the nucleophilic reaction 
rate of the Si-Si oxidation and increases p~-d~ conjugation from the phenyl- 
group to the silicon. 

4. 2. 4. Preparation of  Derivatives of  Disilanes by Hydrogenation 

Like all silicon-halogen bonds, halogenated disilanes are hydrogenated by com- 
plex hydrides. A series of new disilane derivatives are thereby synthesized! 
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Si2mesC1 

Si2me4C12 

(RO)2meSiSime2(OR) 

C12meSiSimeC12 

(RO)2meSiSime(OR)2 

Si2tpsC1 

i Si2mes H 644) 
Si2me4H2 3s8) 

H2meSiSime2H ] 
LiAIH4) I H2meSiSimeH2 644) 

I H2meSiSimeH 2 
Si2¢sH 681) 

Hydrogenation with hydrogen in presence of Raney nickel can be effected 
without cleavage of the Si-Si bond 33°). 

H2(Ni) 
~P6Si2 > (hexyl)6Si 2 . 

110-200 ° 

However, cleavages of the Si-Si bond were observed during hydrogenation in 
presence of an A12Oa/KOH catalyst. Kumada et al. 61 s) found cleavage and 
formation of Si-H bonds with partially chlorinated methyldisilanes. 

4.2. 5. Nucleophilic Substitution Reactions 

A large series of compounds can be prepared by nucleophilic exchange. The 
method is limited by the susceptibility of the Si-Si bond to nucleophilic attack. 

4. 2. 5.1. Hydrolysis 

One of the most frequent reactions in silicon chemistry is the hydrolysis of 
Si-halogen bonds: 

t I 
-Si-C1 + HOH ----+ -Si -OH + HC1. 

I I 

This reaction can be carried out with disilanes sTs). 

2 Si2mesC1 H20 > (Si2me5)20 + 2 HC1 96) 

but the reaction medium must not become alkaline or the Si-Si bond will be 
destroyed: 

I [ OH') ] 
-S i -S i -  + 2 HOH 2 -Si -OH + H 2 

I I I 
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Detailed investigations of the hydrolysis of disilanes to form heterocyclic com- 
pounds were carried out by Kumada et al. a60) (for more details, see Chapter 
9.2: Heterocyclic Silanes). 

Hydrolysis of the Si-H bond in alkaline solution in presence of a Si-Si 
bond destroys both linkages. Separation of the two reactions is not possible. 
This was investigated by Schott and Langecker for the case of the hydrolysis 
of tetraalkyl and tetraaryldisilanes s6s). Substitution on the phenyl group changes 
the reaction rate. A relation between the rate constants and the Hammet con- 
stants was observed, but for linearity the Hammer constants have to be reduced 
to take into account a mesomeric factor. Special Osi constants are therefore 
necessary (there are similar differences in the 0 constants of other Si com- 
pounds 16,628). 

4.2.5.2. Solvolysis by Alcohols 

Some papers have described the preparation of alkoxy disilanes by the reaction 
of halogenated disilanes with alcohols. Several examples are given in the follow- 
ing equations: 

R = 438 )  me 
Si2C16 ROH Si2Cln(OR)6_  n n = 0 - 6  i et 4, 388 ,416 ,438 ,439)  

I i-pr 439,612) 

R = et, CHme2, nC3HT, -CHet 60) 

me 

SiEmesC1 ROH Si2mesOR 

Si2me6_nC1 n ROH Si2(OR)nme6_ n n = 1, 2, 3, 4 260) 

¢5Si2C 1 ROH Si2~9s(OR) R = et, CH2~p 191) 

The equations indicate that solvolysis is also possible. However, in most cases 
the reactions give only small yields. Many side reactions, cleavage of the Si-Si 
bond, rearrangements, and condensation reactions to polymers take place. 

For example, methanol also reacts with the Si-H bond: 

H(Sime2)nH CH30H ~ meO(Sime2)nOme + H2 n = 2,  3 ,  4.  21) 
trace of buLi 

Sometimes it seems to be better to use alkoxy derivatives like the ester of 
nitrous acid instead of free alcohols for the preparation of alkoxydisilanes: 

JSi2C16 + 6 NO(Ome)---~ Si2(Ome)6 + 6 NOC1 674) 
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or acetic anhydride: 

Si2C16 + 6 acOac , Si2(Oac)6 + 6 AcC1. 376) 

With acetate ions in acetic acid, a two-step reaction occurs, firstly a sub- 
stitution to (acetylmethyl)-pentamethyldisilane and secondly a rearrangement 
to acetoxypentamethyldisilylmethane: 

Si2mesCH2C1 + me- COONa/meCOOH 

me2Si-CH2-Sime3 
I 362) 0 • CO • me 

> Si2mesCH200C " me----* 

Sulphur compounds can be similarly prepared with mercaptans and 
mercaptides: 

Si2mesCH2C 1 C2H5SNa/C2HsSH~ Si2mesCH2Set 362) 
or HX 

(with X = Set, S~,) 

Cleavages of the Si-Si bond mostly occur in alkaline solutions in the pres- 
ence of alcoholates 641). Detailed investigations were carried out by Kumada 
and by Atwell and Weyenburg, Kumada et al. 614) investigated the cleavage rate 
of  methylalkoxydisilanes by sodium alcoholate in alcohol. It  is initially directly 
proportional to the concentration of the disilane and of the alcoholate ions. 
The splitting is facilitated, when the disilane is substituted by some electrophilic 
groups. Symmetric disilanes have a greater activation energy and entropy change 
in the reaction than do asymmetric substituted disilanes. 

21) Atwell and Weyenburg investigated in detail the base-catalyzed rearrange- 
ment of methoxymethyldisilanes, previously discovered by Ryan 477) 

(meO)2meSi-Sime(Ome)2 , meSi(Ome)3 + ,,polysilanes" 

(meO)me2 Si-Sime2(Ome) 
LiOme 

' me2Si(Ome)2 + meO(Sime2)3Ome 
100 ° 

LiOme I 
(meO)(Sime2)sOme + me2Si(Ome)2 

180 ° 

The reaction mechanism will be assumed to be a four-center process: 

B. Si 
• ....... 

meO-Si  Si-Si 

""°',o / 
0 
me 
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In the nucleophllic splitting of chloromethyldisilanes both splitting and 
rearrangement reactions were observed as 6,362,369, 621 ) and three possible 
mechanisms postulated: 

I 
- S i -  

/7---N i 
(etO)- + -S i -CH2X 

( e t O ) -  

I [ 
e tO-S i -CH2-S i -  + X- I 

I I I 
I I e t O n  [ I 

-Si -Si -CH2X e tO-S i -  + etOSi-CH3 + X -  
I t I I 

I 
- S i -  etOH J I 

I > e tO-S i -  + etO Si-CH2X + H2 
-Si-CH2X I I 

I 

III 

II 

Methylated chloromethyldisilanes react according to I (2/3) and II (1/3). 
Phenylation on the a-silicon atom leads to the pathway II reaction. 

A plausible mechanism involving formation of a silylene anion is given by 
the authors: 

-S i -Si -CH2X > R O - S i -  + : -CH2X ROH> RO-Si -me  + X- .  
I I I I 

The preference of the cleavage (II) with a-phenylated disilanes is due to the 
higher stability of a phenyl-substituted silylene anion. The alkoxy ion primarily 
attacks the/3 silicon atom. 

Chloromethyldisilanes with partial chlorination directly at the silicon atom 
also react by route I or II, except for the derivative C13SiSime2(CH2C1), which 
is decomposed with of evolution hydrogen. The following mechanisms were 
discussed: 

C13SiSime2(CH2C1 ) . .v 
RO- ) 

CIaSi : ] -  + ROSime2(CH2C1) 

ROH 

Si(OR)4 + H2 + RO- 

In titration with N/10 alkali solution, all chlorine atoms react in 
C12meSiSiC12(CH2C1) but in C12meSiSiC12(CHC12) and C13SiSime2(CH2Cl) 
only the silicon-halogen bond is acid enough for reaction with the alkali. 
/~-elimination takes place under these reaction conditions (reaction is only 
allowed to proceed to the neutral point) with C12meSiSiC12(CHEC1). Such 
/~-elimination is also believed to occur with ~-chloroethylchlorosilane: 
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I l 
HO- + - S i - C H 2 - C H  2-C1 ~ HO - S i -  + CH2=CH2 + C1-. 

I I 

For the second compound, a splitting of the whole CHC12 group has to be 
assumed: 

RO- 
C12meSiSiC12(CHC12) 

ROH 
meSi(OR)3 + (RO)4Si + CH2C12 + H2 

The reaction of the third compound was described previously. Ketones 174), 
aminoxides 49°) and NO2 s32) are also able to cleave the Si-Si bond by a nucleo- 
philic reaction yielding siloxanes. 

A completely different reaction takes place if Si2me6 is reacted with 
meONa in presence of hexamethylphosphoric acid triamide 498) (see p. 21). 
Trisilane thiols readly undergo a radical-induced skeletal rearrangement: 

Sime3 H 
I I 

meSi-SH ~ m e - S i - S - S i m e  a 
I I 
Sime3 Sime3 

providing examples of 1, 2 shifts of the silyl and disilanyl groups which occur 
in solution under mild conditions 3°2). 

4.2.5.3. Solvolysis by Ammonia and Amines 

Pentamethylchlorodisilane reacts with ammonia to bis-(pentamethyldisilanyl)- 
amine 404) : 

2 Si2mesC1 + NH3 > (Si2mes)2NH + 2 HC1. 

Si2C16, too, certainly reacts with amines. With secondary amines, not only is 
the hexasubstituted compound obtained but partially substituted compounds 
can also be isolated. 

Si2C16 + 12 HNme2 ~ Si2(Nme2)6 + 6 HNme2 • HC1 675) 

Si2me6_nCln + 2 n HNme2 ~ Si:me6_n(Nme2)n + HNme2 • HC1. 

In a side reaction, nucleophilic Si-Si cleavage sometimes takes placeS2): 

Si2C16 + 7 HNet2 ~ Cl2Si(Net2)2 + C1HSi(Net2)2 + 3 HNet2 • HC1. 

270) 
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Reactions with organofunctional disilanes are also known a62): 

Si2mesCH2Cl + etzNH ~ Si2mesCH2(Net2) 

SizmesCH2C1 + ¢NH2 ~ Si2mesCH2(N~oH) 

Ammonia reacts to polymeric compounds (see p. 93). 
Monobromodisilane reacts with dimethylamine to form the expected 

mono(dimethylamino)disilane 2 which was found to be more stable than the 
corresponding monosilane derivative. In this reaction additional formation of 
the bis(dimethylamino)disilane was observed. This can be explained according 
to the equation: 

2 S i2Hs (Nme2)~  Si2H4(Nme2)2 + Si2H6. 

The reaction is probably caused by an excess of me2NH, which can form an 
addition product with the tx silicon atom: 

H 
I 

H3Si-Si-Nme2 
I~,,, 
H Nme2 

I 
H 

H 
"~ Si-Nme2 

HaSi/ I 
H 

H 
I 

H3Si-Si(Nme2)2 

Si2H6 

The disubstituted product is more stable than the monosubstituted one and 
remains stable for several days at room temperature. 

Alkali amides cleave the Si-Si bond, forming compounds with Si-N 
bonds: 

Si2me 6 + bu2NLi -~ me3SiNbu2. 98) 
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Derivatives of hydrazine are also known, produced by the following reactions: 

H2N.NH2 
Si2mesCl 

(Si2mes)2N NH2 
+ 

(Si2mes)NH-NH (Si2m%) 

NH2 
[ NH2 

H/N~H I 
./C1 CI~ / N ~ .  

me2Si Si me2 .-------.- me2Si Si, me~ 

c I /S I  me2 me2Si~" C1 " me 2 Si..N./Si nie2 
H~N/H I 

] Ntt~ 
NH2 

me2 Si CI me2 Si-NH-N nle2 
I + 4 me2NNH2 ~ [ 

me2Si C1 me2Si-NH-Nme2 

1 /l~" 89) 

661) 

Nonsubstituted hydrazine reacts to form cyclic compounds. With substituted 
hydrazine derivatives, no cyclization takes place. 

Si2C16 reacts with ammonium halides giving cleavage of the Si-Si bond 
and formation of monosilanes and polymeric material 678). Mixed alkylhalogeno- 
disilanes also react, but not hexaalkyldisilanes. 

The reactions of trialkylamines with hexachlorodisilane were discussed in 
Chapter 3 (see p. 11). 

A nucleophilic cleavage also takes place with phosphine oxide: 

RI RI 
Si2C16 + O=P/-R2 ~ : P-/R2 + Si20C16 

NRa "Rs  

429) 

4.2.5.4. Reactions with Cyanides and Cyanates 

Chloroalkyldisilanes react with cyanides and cyanates to form the expected 
derivatives. Whether the derivatives are in the n or the i form was investigated 
in some cases. 

The i form was characterized by IR measurements of a cyanate obtained 
in the reaction: 

Si2mesC1 + AgCNO ; Si2mesNCO + AgC1. 404) 

The cyanide Si2HsCN obtained in the reaction of Si2HsI with AgCN 96) seems 
to be a mixture of n and i forms with strong association. A Si-Si cleavage occurs 
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on warming pentamethyldisilanylcyanide reacts above 175 ° to trimethylcyanide 
and methylcyanopolysilanes643). The corresponding trisilanes react in a similar 
way: 

n me3Si-(Sime2)2CN ~ (n - 1)meaSiCN + me3Si(Sime2)2nCN. 

A four-center mechanism will be assumed in this as in similar reactions. 
Cyanates are also known: 

Si2R4C12 + AgCNO > Si2R4(NCO)2. R = ~0, me 449) 

The i cyanate formed reacts with dry piperidine without cleaving the Si-Si 
bond: 

O O 

( C H 2 ) s N - C - N H - S i - S i - N H - C - N  (CH2) s . 
~ - J  R2 R 2 

It should be possible to incorporate the tetraorganodisilane unit into polymeric 
systems by reaction through these isocyanate linkages. 

Organofunctional reactions are also known: 

Si2mesCH2C 1 (CN)2) Si2mesCH2CN. 362) 

The cyanide formed reacts with alcohol in the presence of a trace of cyanide 
ion: 

CN- 
Si2mesCH2CN + C2HsOH '> Si2mesOC2H 5 + meCN. 362) 

4.2.5.5. Noble Metal-Catalyzed Reactions of the Si-Si bond 

Disilanes and trisilanes with olefinic substituents (such as vinyl- and allyl- 
disilanes) react in the presence of H2PtC16 • 6 H20 undergoing a Si-Si cleav- 
age 692). A second reaction sometimes occurs so that simple cleavage products 
are not obtained. For example, vinylpentamethyldisilane reacts with the cleav- 
age product trimethylsilane, giving an ethane derivative: 

mesSi2CH=CH2 + HX [Ptl> me3SiH + Xme2SiCH=CH 2 

mesSi2CH=CH2 + me3SiH [Ptl > mesSi2CH2CH2Si2me3" 

The catalytic effect of platinum salts can be explained by the intermediate 
formation of an olef'm-metal lr complex in which the electron density of the 
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a silicon atom is decreased so nucleophilic attack becomes easier. Other nucleo- 
philic cleavages such as alcoholysis are facilitated and side reactions also occur. 

me3SiSime2CH=CH2 + etOH H2PtC16 " 6 H20 ) mesSi2CH2CH2Sime 3 

+ etOme2SiCH2CH2Sime3 

meaSiSime2CH=CH2 + etOH ~ me3SiOet + CH2=CHSime2Oet 

+ etOme2Siet + mesSi2et. 

Under the same reaction conditions, alkyl disilanes without olefinic groups do 
not react. 

Recent investigations of Kumada et  al. 693, 694) show that the catalytic 
action of platinum compounds leads to rearrangements of pentamethyldisilane 
and tetramethyldisilane to higher silanes: 

me3SiSime2 H [Pt]> Z me(Sime2)nH n = 1-6  

Hme2SiSime2H [Pt]> Z H(Sime2)H n = 1-6  

The reaction mechanism can be explained by the formation of a dimethylsilylene 
intermediate which is able to undergo an insertion reaction into a Si -H bond 
(for more about this type of reaction, see Chapter 7: Silylenes). The formation 
of the silylene can be explained by an ct elimination from the 7r metal-complexed 
disilane. The presence of the silylene has been proved by a capture reaction with 
diphenylacetylene, when the expected 1,1,4,4-tetramethyl- 1,4-disilacyclohexa- 
diene could be isolated. 

4.3, Stereospecificity of Disilane Derivatives 

Kumada, Ishikawa and Tamoa 617' 61 s, 623) reported the preparation of disilane 
derivatives with cis-trans isomerism. A mixture of cis-trans 1,2-diphenyl- 1,2- 
dimethyl-1,2-disilacyclohexane was obtained from the following reaction: 

Cl2me Si-Si me CI~ + 2 p-XC6H4MgCI 

Si Si 
/ \ 

CH2 CH 2 
\ / 
CH2--CH 2 

[ p - X  C6H4meC1Si ]2 

) 1 
"BrMg (CH2)4 MgBr 

II 

X=H,CI 
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The optically active derivative I was founded in a mixture of d-, 1- and meso- 
forms. The cis-trans isomers of  II could be separated by careful fractional 
distillation or by gas chromatography. The configuration of the chlorophenyl 
derivatives could be estimated by dipole measurements. The chlorine atoms 
were exchanged with hydrogen by Grignard reaction and hydrolysis, so the 
configuration of the phenyl compounds was also determined. The cis and trans 
forms differ in their physicochemical constants and in their NMR spectra. 

The described cleavage of organic groups from the silicon atom by inter- 
action with sulphuric acid enables exchange of the phenyl group for chlorine 
or fluorine: 

CH2 CH2 ~/ - , .~ . . , .me / ~ - _  ,..me 
t~. 2 az, x 1.) H2SO 4 CH2 " S i \ v  
CIH~ . / S l i ~ e  2.)NH4X ~ / j s l i ~ n e  X=F,C1 

CH2 ~0 CH2 X 

In this reaction a mixture ofcis and trans isomers always occurs irrespective 
of the starting material (cis, trans, or a mixture). Separation into isomers may 
also be effected by gas chromatography. The different forms were identified 
from the phenyl derivatives obtained by reaction with phenylmagnesium chloride. 

The formation of both isomers after the fluorodephenylation seems to 
occur not only in the interaction with sulphuric acid, but also with alcohol or 
moisture. The authors postulated a mechanism similar to the racemization of 
1-naphthylphenylmethylfluorosilane, which included a pentacovalent inter- 
mediate state: 

R 1 
si .R o? 

- 

. ~ R  1 

/ "~ i l .~  F _RZO o 

~_ . - s i  

R20 

• F ~  F 

R20 R20 1 

\ Si 

With perbenzoic acid or bis(trimethylsilyl)peroxide, oxidation of the Si-Si 
bond occurs: 

/CH2 ~p -,,< / 
CH2 Si~ me o / O \ c - -  ~p 
I ] / ~ o  + \ // 
CH2 /,Si~, me H----O 

CH2 

_ f  ,N., CH2 -0  / CH2 O 
Ctt2 "<Si"" "'.'~.. CH 2 Si \ \  
I I C~ ~ I )O + C~ 

C H  2 S i  /. ' CH2 Si / 
-. / "H " CH2 "-'O" "~C/H 2 H0 
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This reaction is stereospecific; a trans starting compound yields only a trans 
product. 

The difluoro compound I reacts with BrMg(CH2) 4 MgBr to form cis- or 
trans-9,10-dimethyl-9,10-disiladecaline 622, 625)(11): 

m e  m e  

CH2 me /CH2[ CH 2 C.H2 ]/CH2~ //',-< ./. 
CH 2 S l \F  Br Mg~ CH2 "MSi'~"'2CH2 CH2 "~,Si CH2 
I [ + BrMg j ( C H 2 ) 4 ~  I [ I ~ ! O~ [ CH2 / s i ~ F  CH 2 Si CH 2 CH2 j S i  CH2 

CH2 me CH2 CH 2 CH2 [\CH2 / 
m e  m e  

! II III 

This cis form of I reacts only to the cis form of II, but the trans form of I reacts 
to give a mixture of cis and trans isomers due to a ring straining in the trans start- 
ing compound. 

With peroxybenzoic acid or bis(trimethylsilyl)peroxide, II can be oxidized 
to cis- 1,6-dimethyl-II-oxa- 1,6-disila-[4,4,1 ]-undecane (III). This compound can 
be obtained only in the cis form since in the trans form the ring straining is too 
great. 

We shall now discuss the stereochemistry of an intramolecularly fully 
bridged disilane. Kumada, Tamoa and Noro624)recently reported the following 
reaction: 

~oMgBr > M ~  
C13SiH HSi~2C1 ~ (H~2Si)2 (Br92Si)2 ' ' ' ~  

CCI 4 

C1 CI 
tP2 ¢2 t~'x. I I 
Si--Si Si--Si  

C1 Mg(CH2 )4 Mg CI / \ HCI / \ 
" C~2 ~H2 ~ C~t2 /CH2 

CH2~CH: CH~-CH2 

~o 
CH2 [ CH2 

C1Mg(CH2 )4 Mg CI ICH2/ "<-/'Sl ~<~"t~tt 2 

CH 2 Si CH~ 
CH2 CH2 

~r 

HC1 
AIC~ 

C1 
CH 2 

CH2 ] CH2 
Q 

CH2 ~\CH2 
CH~ "~Si / ~ H 2  C1Mg(CH2)4MgC1,_ CH'~2 "<Si'~H'~CH2 
CH2 Si CH2 CH2 Si CH~ CH 2 "< J ~ , f  ".7 / 'i",1' Y 

CH2 CH 2 CH2 ~/CH2 
CI CH2 

The 1,6-disila[4,4,4]-propellane formed is stable in air and the small batho- 
chromic shift relative to hexamethyldisilane can be explained by ring straining. 
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4.4. Optically Active Derivatives of Disilanes 

Optically active monosilanes were investigated in detail, mostly by Sommer 
and coworkers s26). Investigations of disilanes are very rare, with only a few 
published papers. 

The first investigation was done by Kipping aS1). He synthesized an asym- 
metric disilane: 

~o Na ¢ ~0 /benzyl-] 
2 etSiCl~ etSi-Siet,i i analogous ~etSi- J Si2 

pr pr pr \ p r -  / 2 

but he was not able to separate the optical isomers, although he formed a 
corresponding sulfo derivative [Si(et)(pr)(CH2C6H4SO3H)]z and the 
(-)(menthyl)salt. 

In the studies of optically active monosilanes, a second optically active 
disilane was prepared in 1965527): 

(+)neoCsHl lgnneSi*H C12 ) (+)neoCsHl lcrneSi*C1 :~°2meSiLi 
(-)neoCsH 1 l~omeSi*Sirne~o 2 

(_)neoCsH1 l~aleSi. H ~ HCI/H20 " " ~  • neoCsH1 l~maeSi*Li 

This is the first stereospecific cleavage of a Si-Si bond by an alkali metal. 
Functional optically active disilanes were first prepared in 1967 by Sommer 
et aL s28, s2%, and the optically active isomers were successfully separated. 

Resolution of the 1,2,2,2-Tetraphenyl-1-methyldisilane System 

(+-)Ph3SiSi*O(-)Men(Ph) (Me) 
I, II, [a] D --34.1 ° (c 2.82, pentane) 

l 
(+)Ph3SiSi*O(-)Men(Ph) (Me) 

I, [a]D +20.0 ° mp 90--91 ° 

LiAIH4 l 

(-)Ph2SiSi*H(Ph)(Me) 
Ill, [cq O --14.3 °, mp 66--67 ° 

C12 
(+)Ph3SiSi*CI(Ph) (Me) 

V, [aid +12.0 °, mp 86--88 ° 

(-)Ph3SiSi*O(-)Men(Ph) (Me) 
II (1), [aiD - - 5 5 , 5  ° 

LiA1H4~ 

(+)Ph3SiSi*H(Ph) (Me) 
IV (III), [o~] D +7.7 °, mp 68--69 ° 

C12~ 
(-)Ph3SiSi*CI(Ph) (Me) 

VI (V), [a]D --6.5 °, mp 87--94 ° 
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fractional crystallization 

(-)Ph3SiSi*CI(Ph) (Me) (+)PhaSiSi*CI(Ph)(Me) 
VI, [ct]D -12.0  °, mp 86-88 ° 1:1 V:VI, [a]~ 0 °, mp 94-95 ° 

In this investigation, the Walden rearrangement with disilanes was first observed: 

(_)Ph3SiSi.H(Ph)(Me) c12, (+)PhaSiSi,fl(Ph)(Me) 

III V 

T LiAIH4 $ LiAIH4 
(-)PhaSiSi*CI(Ph)(Me) C12 (+)PhaSiSi,H(Ph)(Me) 

VI IV 

A probable mechanism was discussed. 
A recent detailed investigation s3°) was carried out on the UV optical 

rotatory dispersion and the circular dichroism of the compounds ~oaSiSi~(me)X 
(with X = H, F, OH, OCHa). A Cotton effect was seen and discussed in relation 
to the structure. 

4.5. Pyrolysis Reactions of Disilanes 

Decompositions and rearrangements, also synthetic reactions are observed. 
Most details about the pyrolysis of hexamethyldisilane are known, includ- 

ing some estimations of the Si-Si bond energy 23, 90, 91,101,102) (see also 
p. 52). At atmospheric pressure, decomposition starts at about 600 °C and 
yields mainly me3SiCH2Sime2 Hsl 3) and meaSiH 494). 

A mechanism involving radicals was postulated: 

Si2 me6 ~ ~.T 
me6Si2 ~ 2 • Sime3 mea~ltl + me3SiSime2CH2 • 

me3SiCH2Sime2H ~Si2me6 me3Si-CH2-Sime2 

me3SiSime2CH2 " 

At a lower pressure (0.2-0.8 mm Hg) and temperatures of 523-555 °C other 
reaction products are observedl°l): 

(me2SiCHz)n, me2Si f.. =CH/Sime2,  ,(H \ ~  Si2mesCH2Si2mes, Si2mesCH2Sime3. 
CH2 
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Perhaps changed reaction conditions result in a different mechanism and 
other products, because a repetition of the work of Kumada gave the same 
results494, s~3). In the pyrolysis of Si2meset under similar conditions (0 .1-  
0.7 mm Hg, 545 °C) the monosilane derivatives Si2me 6 and Si2me4et2 were 
observed. A radical mechanism was discussed1°2): 

2 me3SiSime2et ,___2 2 meaSi" + 2 me2etSi- ~ me6Si2 + me4et2Si2 

Si2me6, Si2mesC1 or Si2meaC12 react at 500-600 °C in the presence of chloro- 
benzene to compounds with the Si-CH2-Si group and methylchlorosilanes as). 

Hexaethyldisilane is formed from etaSi or etaSi¢ on heating to 350-360 °C 
in presence of hyperbaric hydrogen 3°s). SiH4 reacts with C2H2 at 450-510 °C 
forming higher silanes etSi2Hs, Si2H 6 etc., but only in small yields ls6a, 670) 
Si2D 6 reacts with meSiH 3 to form meH2SiSiD2 H~ 32) and Si2me 6 was formed 
on heating of Sime4 ss). Other examples are known. 

Radical mechanisms are postulated for all these pyrolysis reactions. Modi- 
fication of the radical mechanism by the reaction conditions, would explain 
the variable results. 

Another major possibility would be a mechanism involving silylenes. This 
was postulated in 1969 by Kumada and Sakurai 48s) for the pyrolysis of penta- 
methyldisilane. Methylpolysilanes are formed in an insertion reaction into 
silylenes: 

meaSiSime2H ~ meaSiH + me2Si: 
n = 3 , 4 , 5  

me2Si: + meaSiSime2H. "me3Si(Sime2)nH. 

Similar results were found by Baird et  al. 22): 

400 °C 
meH2SiSiH2me ) meSiH3 + 1,2,3-me3Si3Hs, etc. 

H2meSiSiH3 342-360 °C meSiH3 + Sill4 + meSi3H7 + me2Si3H6, etc, 

and Skell and Goldstein s18) in a reaction of a vapor stream of me2SiC12 over 
K/Na alloy: 

me2SiC12 K/Na ~ me2Si: + me3SiH ~ me3SiSime2H. 

Mechanisms of silylene insertion reactions are known for the methoxy- 
methylpolysilanes. Detailed investigations are reported in Chapter 7: Silylenes. 

The factors important in: 

a) a radical mechanism 

Si2R6- ~ 2 • SiR 3 
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b) a silylene mechanism 

Si2R 6 ~ SiR4 + :SIR2 

were shown by Davidson 1°°). In relation to thermodynamic studies he postu- 
lated that: 

1. If the activation energy for the formation of silylenes is smaller than the 
activation energy for the formation of radicals, a silylene mechanism occurs; 

2. if the activation energy of the insertion reaction is high and the activation 
energy of the formation of the radicals is smaller than the activation energy 
of the formation of the silylenes, a dissociation to radicals occurs first. 

Since an insertion reaction into alkyl or aryl silicon bonds seems to be 
difficult, a radical mechanism usually takes place in the pyrolysis of such com- 
pounds. On the other hand, at Si-H, Si-Hal, Si-OR and Si-N bonds, a silylene 
mechanism occurs because the insertion reaction has only a small activation 
energy. 

4.6. Synthesis of Disilanes by a Silent Electrical Discharge 

The reaction elicited by silent electrical discharge have a similar mechanism to 
pyrolysis, though investigations have been less complete. 

Sill4 reacts with me20 under electrical discharge to me. Sill2 • SiH3 and 
other unidentified products 3). Methylsilane, meSiH 3 reacts specifically to 1,2- 
dimethyldisilane, potentially via a radical or a silylene mechanismT): 

2 meSiH3 > H2 + Si2me2H4 

H" + meSiH2 meSiH3 ; meSiH2-SiH2me + H. 

meSiH3 ( meSiH3~ 
H2 + meHSi: meSiH2-SiH2me. 

As seen in an earlier chapter, the silylene mechanism is preferred in 
presence of a Si-H bond. However, observations on pyrolysis need not apply 
to reactions, induced by electrical discharge. 

Other reactions by silent electrical discharge which have been investigated 
a~e~ 

2 me2SiH 2 ~ me2SiH-SiHme2 + H2 / 

I / 

2 meaSiH ~ me6Si2 7) 

meSiH3 ~ meSi2Hs + H2 / 
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Sill4 + me2SiH2 meH2SiSiH2me I 
+ 

me2HSiSiH3 [ 

234) 

4.7. Preparations of Disilanes by Photochemical Reactions 

After a describing the conversion of methylsilanes to disilanes in the presence 
of mercury under photochemical conditions 43°), Urry and Reedy reported the 
photochemical preparation of methylchlorodisilanes 467): 

meC12SiH hv I C12meSiSimeCl2 

(Hg) ] C12meSiSime2C1 

A subsequent chlorination of the resulting mixture yields only 1,1,2,2- 
tetrachlorodimethyldisilane. Preparation of Si2CI 6 from SiHCI3 or 1,1,2,2- 
tetramethyldichlorodisilane from dimethylchlorosilane was similarly possible. 

4.8. Adducts of Disilanes 

Although adducts between the Lewis acid silicon and sundry Lewis bases are 
important as intermediates in the reactions of Si-Si bonds, very few stable 
adducts are known. 

Si2C16 reacts with trimethylamine to form two adducts, Si2C16 • Nme 3 
and Si2C16 • 2 Nme3 328). These adducts are starting materials for some rear- 
rangements leading to higher silicon halides (see p. 11). 

Schott et  al. ss9) have prepared some adducts of Si2C16 with urea: 
Si2C16 • 10 CO(NH2)2, Si2C16 • 10 CO(NHme)2(NH2) and Si2C16 • NH¢. 
In these compounds, adduct formation seems to involve bonds between the 
amine hydrogen and the chlorine of the disilane. 

Kummer et  al. 374) found addition compounds of Si2C16 and Si2C14me 2 
with bipyridyl. They postulate a six-coordinated compound. 

I I /  
-Si-Si- 

The Lewis base-sensitive Si-Si bond usually undergoes cleavage in reaction 
with such bases. Indeed, with different reaction conditions, a cleavage reaction 
is observed and adducts with the monosilanes and the silylene are formed, 
respectively372): 
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THF 
Si2C16 + 3 bipy ~ SIC12 • 2 bipy + SIC14 • bipy 

25 ° 

(SiCl2)n 

372) 

SIC13 
Si2C16 + p y  ~ C13Si ( ~  

H 

373) 

Similar results were obtained by Wannagat e t  a/. 659). 
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Many kinds of longer chain and branched silanes with organic substituents are 
known. The principal reactions of the Si-Si bonding in these substances corre- 
spond with those which have been discussed for disilanes. 

The methods of preparation are the usual ones for formation of Si-Si 
bonds. In several cases one can start with the easily accessible cycloorgano- 
silane derivatives and obtain the corresponding chains by cleavage. Octaphenyl- 
cyclotetrasilane is particularly suitable for these cleavage reactions, in which a 
series of tetrasilane derivatives can be prepared and still longer chain derivatives 
synthesized through further coupling reactions. A detailed scheme of the octa- 
phenylcyclotetrasilane reaction sequence is given on p. 79. 

The five-membered ring is much more stable, though it can be cleaved by 
chlorinating media, resulting in shorter chains. Cleavage by Li also gives a partial 
cleavage of the pentasilane chain 222). 

C12 (CH2)2C12 
Li(Si¢2)sLi > Cl(SitP2)n C1 

Li 
~2Si-Si~2 

I I 
~P2Si Si~P2 

\ /  
Si 
tP2 

+ 2 me2¢SiSkp2C1 222) 

n = 5 , 4 , 3  

me2 ~oSi(Si~P2)7 Si me2¢ 

The six-membered ring is found to be very stable, but it too may be 
cleaved: 

~c~ 
ox ~ a)K/Na 

(me2Si)6 ~ b) me3SiCl > 

Cl(Sime2)n H 

Cl(Sinae2)6C1 

Sin me2n+ 2 n = 2 -5  

n= 1-6  

Si6me14 I 

tp(Sime2)6qo i 198) 

608) 

184) 
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Wurtz synthesis and similar coupling mechanisms have also been used in the 
preparation of higher silane derivates: 

2 etaSiSiet2Br + 2 Na 

meaSiSime2Cl Na/K~ Si4melo 

me3SiSime2C1 + C1Sime3 Na/K Si3me8 I 

¢3SiK + ¢2SiC12 Na) Si3tP8 227) 

Li(Si~o2)4Li 2 C1SitP2H > H(Si~o2)6H 195) 

et3Si(Siet2)2Siet3 + 2 NaBr 

I 505, 60"/, 679) 

466) 

Kumada et  al. 359) prepared linear methylpolysilanes up to n = 12 by Wurtz 
synthesis from different chloromethyldisilanes and found by investigation of 
the physical constants that the melting points of the silanes up to n = 7 do not 
rise continuously but follow in a zigzag course; since the polysilanes with an 
odd number of silicon atoms melt at a lower temperature, than those with an 
even number of silicon atoms, though this effect is less pronounced with 
higher n. 

Irradiation with UV (2537 A) causes decomposition of longer chains (n = 
4 -6)  into Si3me8 and polymer products, presumably by a silylene mechanism 312). 

Partly methylated higher di-tri- and tetrasilanes are created by insertion of 
Si atoms (produced by electron bombardment on hot silicon electrodes) into 
the Si-H bonding 44°, 519): 

: Si : + RaSiH ~ R3Si-SiH HSiR3) R3SiSiH2 " SiR3 

polymerization> 

Arylpolysilanes are cleaved by alkali metals to smaller fragments: 

Li 
Si3~P8 ~ ~p3SiLi + ¢3SiSi¢2Li 

Li 
Si4~olO ~ ~oaSiLi + ~o3SiSi~o2Li + ~oaSi(Si~o2)SitP2Li. 

685) 

Alkylpolysilanes are cleaved slowly with alkali metals, as shown by Stolberg 6°9). 
Complicated conversion and transmetalation reactions also occur, since higher 
chain (up to n = 7) and cyclic methylsilanes appear after interruption of the 
reaction by addition ofme3SiC1. A silylene insertion mechanism also seems to 
be active here. 
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The first branched organopolysilane was found by Gilman 68s) (1959) in 
the reaction: 

~P3SiK + HSiC13 , (~oaSi)3SiH. 

Exploiting this line of thought, a neopentane structure could be produced 
with Si: 

C1Sime3 + Li + SIC14 ~ (mesSi)4Si. 126,218) 

This compound reacts with ph3SiLi or methyl lithium to the corresponding 
lithium derivative, which affords a series of products: 

[Rme2]4Si tP3SiLi> [Rme2]3SiLi + ¢3SiSime2R 

"~ [Rme2]3SiL i + me3SiR 

I (meO)3PO 

R = me or H [Rme2]3Sime 

196) 

Further derivatives which have been prepared are tetrakis(dimethylphenyl- 
silyl)silane 217) and pentachlorophenyl-tris(trimethylsilyl)silane 213). The 
chlorination of a methyl group by treatment with CH3COC1/A1C13507) gives 
Si(Sime2fH2C1)4. 

Tris(trimethylsilyl)silane can be prepared from the Li compound by acid 
hydrolysis as reported by Gilman193): 

(me3Si)3SiLi + (H30) + ~ Li + + H20 + (me3Si)3SiH 

or can be obtained directly (Btirger66)): 

THF 
HSiC13 + 6 Li + 3 me3SiC1 > 6 LiC1 + (me3Si)3SiH. 

-15  ° 

Tris(dimethylphenylsilyl)silane originates from me2SiLi and C13SiH 183). The 
tertiary Si-H group in these substances has been investigated in detail (UV, 
IR, NMR) and was found very reactive and slightly oxidizable. The chloro 
compound initially formed undergoes further reactions: 
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~%~, (me3Si)aSiBr 
• ~OxX~ "f" 

(me3Si)3S~ PCls~ (me3S1)aSIC1 ~ (meaSi)aSime 

(me3Si) 3SiOH °~oN~ ~ 

~ r  ~ w 4 j  (meaSi)2SiC12 meMgBr Si3me8 

PC1 s and such halohydrocarbons as CCh, CHCI3, C4H9Br, CHBr3 and CHI 367) 
react with the Si-H bond (see also p. 8). 

The fluorine derivative is obtained from the hydrogen compound by fluorina- 
tion with SbF367) 

By coupling (meaSi)3SiLi with (me3Si)3SiC1 or removing Li with 
BrCH2CH2Br, hexakis(trimethylsilyl)silane is formed: 

(me3Si)aSiLi + C1Si(Sime3)3 , (meaSi)3SiSi(Sime3) 3. 

The effects of additional bonding on the Si-Si framework in reactions of 
tris(trimethylsilyl)silyl lithium have been investigated by Gilman and Smith 219) 
and no essential differences from triphenylsilyl lithium could be found. 

Spectral characteristics of this class of compounds have been measured by 
BiJrger et  al. 64-67) .  From NMR and vibration spectroscopy studies with normal 
coordinate analysis and calculation of the force constants, a clear weakening of 
the Si-Si and Si-H bonding seems indicated, due to the inductive effect of the 
me3Si group. Some of the measured data are extreme (vSiH in (meaSi)3SiH : 
2050 c m -  1, j29Si H = 155 c/s). 

There are no differences between the physicochemical parameters of the 
methyl and the ethyl derivatives, indicating that only steric effects produce 
differences in their chemical properties 
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The main interest of physicochemical properties in compounds with Si-Si 
bonds are the bond strength, the influence of electronic effects on the Si-Si  
bond, and the mechanism of possible additional bond forces. Several values 
have been reported 61, 122, 521) for the bond energy of the Si-Si bond. For 
Si2me6, Hess, Lampe and Sommer 284' 285) obtained a value as high as 86 kcal/ 
mol by electron impact studies, while Connor e t  al. 90, 91) determined values 
of 58 and 49 kcal/mol by the toluene carrier technique. A higher bond energy 
was calculated by Steele and Stone s93) with 81,3 kcal/mol for Si2H 6 and 

28 236) 85 kcal/mol for Si2C16, but another finding was 48,9 kcal/mol , with a 
similar figure for Si3H8237) of 50.4 kcal/mol. The changes in the bond energy 
of S i -H (0.3) and Si-Si (1.5 kcal/mol) on passing from Si2H6 to Si3H 8 are 
much smaller than the corresponding changes from C2H 6 to C3H8 . This could 
be because the large size of the silicon atom results in smaller interactions be- 
tween non-bonding atoms. 

Different bond-energy values were obtained from pyrolysis and mass- 
spectroscopic measurements 12s, 478-480). Davidson and Steve 23' lO 1, 102) 

found a value of 67 kcal/mol for pyrolysis of me6Si 2 and Lappert et  al. 394) 
found 68 kcal/mol, which appeared to be the most reliable figure. There are 
similar significant discrepancies in the values for the heats of formation for 
Si2H 6 140, 236, 306, 4s8) and Si2me6306), determined by calorimetric methods. 
Figures for the standard enthalpy of Si2me6 are: - 9 6  • 1.7 kcal/mol and 
-87 .0  + 2.4394). 

All these values indicate that the Si-Si bond is a relatively weak bond, as 
is confirmed by tritium recoil reactions with Si2me 699). 

The strength of the Si-Si bond has an important effect on the mass spectra 
of higher silanes. Fragmentation of disilane and its derivatives 478' 479) shows 
the existence of a relatively stable ,,siliconium ion" RIR2R3Si +. Its stability in 
those fragments depends on the type of substituents. Sakurai eta/. 491) found 
that the stabilizing effbct of a phenyl group was about ten times that of a 
methyl group, despite the appreciable stabilization energy of a triphenylsilyl 
cation, but only half that observed for ~3C + lsa). The low stabilization energy 
of ~03Si + indicates a very small resonance between the phenyl groups and silicon. 
Mass spectra of cyclic compounds (Si¢2)n n = 4, 5, 6 show the expected molecu- 
lar ions and fragment series resulting from the stepwise cleavage of neutral and 

a~a) 
positively charged ¢2 Si fragments . The appearance of fragment groups is 
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particularly clear in the mass spectra of  SisHlo,  including SinHx fragments with 
n = 5, 4, 3, 2, 1 and x = 2n or less and the expected isotope fragments 2ss). 

The S i - S i  bond distance has been calculated by various methods. The 
results are summarized in Table 1. 

Table 1. Si-Si bond distance 

Compound Si-Si Method Ref. Rotation barrier 
[A] [kcal/mol] 

Si2H 6 - ED 239) 1 
- V 444) 1.22 
2.32 ED 53) 

Si2me 6 2.34 ED 26) 
2.34 ED 54) 

Si2C16 2.34 ED 536) 
2.294 ED 424) 1 
2.32 ED 53) 0.65 
2.34 ED 695) 

Si2H5F 2.332 MW 94) 
H3SiSiHF 2 401) 0.85 
H3SiSiF3 4ol) 0.81 
F3SiSiF2BF 3 2.36 ED 83) 2.35 
Si(Sime3) 4 2.361 ED 24) 
Si402 (me) 8 2.35 X-ray 613) 
Si804(me) 8 2.36 X-ray 286) 
Si metallic 2.352 X-ray 442) 

MW = micro wave 
V = vibration 
ED = electron diffraction 

The results show that the S i - S i  bond distance has a value of  2.34 A in 
Si2me6, but  in Si2C16 it seems a little smaller. In the solid, elemental state, a 
greater bond length is observed. If  these differences are significant, different 
bonding conditions are inferred. The observed differences in the bond distances 
would complement the calculated force constants. 

Raman and IR spectra of  tri-, i-, and n-tetrasilane were measured, but  no 
force constants were calculated. 

Hexahalodisilanes were investigated in detail. Some results of  vibrational 
measurements for Si2CI 6 are known 63' 33o, 332,423, s96). For  Si2C16, Si2Br6 
and Si216, a normal coordinate analysis was first carried out  in 1969 and the 
force cons t an t s f (S i -S i )  were calculated by  a general valence force field and 
an iteration method 27). The resulting data are listed in Table 2. Recent mea- 
surements and calculations for Si2F 6 agree well with these data. An increase 
in the force constants is observed with increased electronegativity of the halogen 
atom. Whether the increased strength of  the linkage is caused by a ( d - d ) n  inter- 
action produced by the electronegativity and the (d-p)Tr bonds of  the halogen 
atoms, or by an interaction in the o bond system of  the S i - S i  bond, cannot be 
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Table 2. Force constants of the Si-Si bond 

Compound f s i - s i ~  Ref. 
mdyn/A 

Si2H6 1.78 554) 
1.73 37) 

Si2F 6 2.4 293) 
Si2C16 2.4 ~ 292) 
Si2Br 6 2.1 
Si2I 6 1.9 I 
Si2me 6 1.70 1 s0) 

1.65 289) 

Si2(Ome) 6 2.25 291) 
(me3Si) 3SiX 1.44 66) 
M4Si 4 1.05 62) 
M(Na, K, Ba..) 

decided on the basis of these calculations. The disilane molecule is generally 
considered to have a small rotational barrier giving D~h symmetry. Recent 
electronic diffraction measurements show a shortening of the expected 
C . . . .  C distance in the trans position which gives rise to a deviation of 
10 +-- 40 from full staggering. It is reasonable to conclude that the molecule 
is actually staggered, but that the low-energy torsional Vibrations about the 
Si-Si bond give rise to a shrinkage effect26). 

The barrier height for rotation about the Si-Si bond is usually estimated 
to be about one kcal/mol, which is lower than the barrier of ethane or diger- 
mane. Some detailed data are given in Table 1. Suga et  al. 533, 534) found by 
X-ray analysis and differential thermoanalysis that, at about - 5 0  °C, a transi- 
tion of the structure of  Si2me6 occurred; this should be capable of relation to 
twisting about the Si-Si axis. NMR relaxation and the activation energy were 
studied during transition 238), but dipole measurements are rare 331, 44a, 523) 

Numerous papers were published on the vibrational spectra of disilane 
117, 135 239, 390 596 677) Si2H6 ' ' ' . Pfeiffer and Spangenberg calculated the force 

444) constants . The estimated Si-Si rotation barrier, 1.22 kcal/mol, correlates 
well with other data, though the force constant of the Si-Si linkage seems a 
little too high (1.78 mdyn/A). More recent calculations taking into account 
anharmonicity gave an estimated 1.73 mdyn/A 289). Measurements with 
8i2me679, 15o, 617)result in the expected low force constants, because there 
is little or no additional bonding between carbon and silicon (see Table 2). 

The resonance spectra of mixed substituted disilanes, such as the series of 
245, 248, 611,642) halomethyldisilanes, were measured several times and recently 

290) investigated in detail . An increase in the force constant f(Si-Si)  occurs on 
passing from Si2me6 to Si2C16 and amounts to about 0.1 mdyn/A for each 
added chlorine atom, with a larger final increase to Si2C16. Similar results are 
obtained in the series Si2(OR)6_nCln, in which an increase in f (Si-Si)  also 
occurs; the" highest value reached is 2.25 mdyn/,8, for hexamethoxydisilane 291). 
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For similar mixed derivatives of disilanes like etO/me,/me, et/me 72) 
vi/me 124), me/~0246), CN/me, NCO/me 642) only vibrational spectra were 
determined. 

Calculations of force constants show that the strength of the Si-Si linkage 
is easily influenced by substituents. The Si-Si force constant is now expected 
to range from 1.44 to 2.5 mdyn/h. 

Force constant calculations from vibrational spectra are only possible with 
relatively small molecules, so efforts were made to correlate force constants 
with other data. BUrger e t  al. 62) found a good correlation with the bond length. 
The data for halodisilanes do not fit the curve, though with shorter bond dis- 
tances the correlation improves. 

The Si-H bond in a disilane is influenced by the neighboring Si-Si bond, 
so correlation of the force constant (Si-Si) with the force constant (Si-H) 
and the corresponding valence resonance was attempted 66' 2so). The correla- 
tion in similar compounds is good and allows derivation of the force constant 
(Si-Si) for known Si-H resonances in the hydrogen derivative of half file 
disilane molecule. 

The electron-acceptor properties of the Si-Si bond and the effect of 
electron-donating substituents result in a larger inductive effect of the Si2mes 
group than in Sime3 group. This was observed in IR and Raman investigations 
of disilanes with olefinic substituents 86). From NMR measurements it is con- 
cluded that the p-mesSiz group in phenyl derivatives has a larger +I effect 
and also a larger - T  effect than the p-Sime3-group 481). Stabilization of the 
Si-Si bond by d~r-d~ interaction was postulated on the basis of kinetic mea- 
surements of the base-catalyzed hydrolysis of the Si-H bond in polysilanes 77). 

The NMR data for most disilane derivatives are known. However, only a 
small number of studies have been published relating NMR data to the properties 
of the Si-Si bond. The chemical shift of the protons of Si2me6 shows only a 
very small difference in comparison with Sime 4 (Si2me 6 : 9.963 + 0.02 ppmS9)), 
indicating the small influence of the Si-Si bond. 

NMR investigations of Si2H 6 and SiaH8123) showed that the resonance of 
the silyl protons in SiaH8 appears at the lower end of the silylene resonance in 
contrast to the tendency in the corresponding carbon compound C3H s . Further- 
more, a difference of about 0.03 ppm in the chemical shift is observed between 
29Sill3 protons and 28SIH3 proton. This difference is unusually large for an 
isotope effect. The coupling constant of 199 c/s in Si2H 61 lO) is in good accord 
with recent observations on the new compound SisHlo (195 c/s) 2ss). 

Van Dyke and MacDiannid 119) observed the chemical shifts in the directly 
bonded 298i-H and the vicinal (H, H') coupling constants for a series of com- 
pouns H3Si-SiH2X with X = H, F, C1, Br, I. O, SiH3, CH3, N, or S. The results 
suggest some interaction between the substituent X and the H3Si group in 
HaSi-SiH2X and so, they agree with the force-constant calculations for disilane 
derivatives (see above). 

Similar results are given by Brune et  al. 60) for the investigation of Si2mesOR 
by NMR Brune postulated a d~-d~r interaction between the two silicon atoms, 
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which also agrees with the calculated force constants. Good accord also exists 
with the explanations of the color of polymeric silicon compounds (see p. 111). 

Linear polymethylsilanes up to Silo, cyclic polymethylsilanes (n = 5, 6, 7), 
and monosubstituted pentamethyldisilanes and heptamethyltrisilanes (O, H, 
C1, ~) were investigated by West, Kumada and coworkers  669), who found in 
systematic NMR investigations that the longer the chain, the lower the field 
where the chemical shift of the methyl protons appears. The distance of the 
methyl group shift from the end of the chain increases with chain length. 
Electronegative substituents decrease the shielding of methyl protons on the 
silicon atom to which they are attached. The effect decreases in the order 
C I > ~ > O > H .  

d-Orbital involvement in the Si-Si bond was investigated by Cartledge 
and Riede178). The observed coupling constants 29Si-H and 13C-H in com- 
parison to benzylsilanes 

me me 
I I 

XC6H 4 Si-S i -H 
I I 
me me 

(X = H, p-Ome, p-me,  m-me,  m -F ,  m-Ome) 

show good correlation with the Hammet constants. This and the absence of 
significant differences in the coupling constants of the mono- and disilane 
derivatives indicates no enhanced transmission such as could be associated 
with d~--d~r bonding, pn-d~ bonding or a difference in polarizability between 
carbon and silicon. A detailed investigation 32°) of Si2F 6 was carried out, 
determining 19F NMR the isotope effect of silicon, ::~ed coupling constants, 
but no conclusion was arrived at with respect to the Si-Si bonding system. 

Very few papers have been published on 295i NMR spectroscopy of com- 
pounds with Si-Si bonds, namely of (meaSi)aSime and (meaSi)2 sss). Similar 
NQR measurements are available for Si2C16243) (3Sc1 NQR in Si2Cl 6 : 19.29 
megacycles, in Si2OC16 : 19.89 megacycles. More data are required to interpret 
the effect of the Si-Si linkage. 

UV data have been obtained for a large number of polysilane derivatives, 
and the influence of the substituents on the Si-Si bonds discussed. The data 
were recently summarized 4°6). Most of these investigations were carried out 
by Gilman and coworkers 179' 181-183, 185,204) and by Kumada et  

a/. 495,499, 502, 503) but also by other authors 17°, 244,260, aTs, 4s6). First 
measurements were made by Hague and Prince 24°-242). 

It is interesting to observe the influence of the electronic systems of the 
substituents on the Si-Si bond. The Si-Si bond is a chromophor. With in- 
creasing chain length the UV maxima shift to longer wavelengths. In polymeric 
forms, the absorption maxima reach the visible region and the compounds 
become yellow (see Chapter 10: Polymeric Compounds). An electron delo- 
calization seems to exist between the Si-Si bonds. 
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The connection between the bathochromic shift chain length is especially 
clear in derivatives with substituents which have little or no influence on the 
Si-Si bond (such as the methyl group). Neither does the acyl group appear to 
have any influence on the Si-Si bond (since the UV spectra of acylsilanes and 
acyldisilanes are similarSS)), nor does the Si-N bond system 4s4). 

Investigations of vinyl derivatives, however, show a stronger interaction 
between the olefinic bond system and the Si-Si bond 87, 181,499). This inter- 
action was also theoretically substantiated by an antisymmetrized free-electron 
molecular-orbital methodlS), and Htickel molecular orbital (HMO) calculations 
confirm these results 4s7). 

The influence of different groups on the electronic absorption of compounds 
of the type: me3Si-Sime2-Sime2X and (Simea)2SimeX with X = H, halogen, 
O-, N- and S-groups was measured 4s°). It was found that the long-wavelength 
absorption band appears to originate from common transitions and there is 
thus no reason for specifically implicating d orbitals. 

The interpreation of UV spectra becomes difficult when effects of a delo- 
calization of the Si-Si bond are mixed with dTr interactions from the substitu- 
ents. The strongest bathochromic shift occurs with phenylated polysilanes 
when the first phenyl group is substituted. 

Recent studies in photoelectron spectroscopy show good agreement with 
451) electronic absorption spectra and show very little or no influence of the 

d orbitals. The good correlation between the vertical ionization energy and 
the HMO eigenwert coefficients with methylated chain, branched chain, and 
cyclic polysilanes shows the applicability of the Koopman theorem. The in- 
fluence of the antibonding molecular orbitals and a n-bond interaction with 
the unoccupied Si orbitals is negligibly small 42). 

In phenyl-substituted polysilanes, the problems become more complicated 
because the benzene n electron system is mixed with the 0 (Si-Si) orbitals 
and the highest occupied molecular orbital is assigned to a linear combination 
of n (C6H5) and 0 (Si-Si) orbitals 4s2). Similar properties are found in mixed- 
substituted methyl-phenylpolysilanes, where the effect of extension of the 
3 dTr molecular orbitals of the polysilane-chain is found to be minimal 4s3). 
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7. Silylenes 

Silicon in the lower oxidation states is discussed by Btirger 67a). Silicon com- 
pounds in the divalent state also exist with formation of Si-Si bonds. In the 
carbon group the tendency to divalent state increases with higher atomic num- 
bers while the tendency to tetravalence declines. Since silicon atoms are rela- 
tively small, the tetra valent state is strictly preferred. 

The most likely compounds with a silicon atom in the divalent state would 
be those with strongly electronegative elements. Such substituents would have 
a strong electron-withdrawing effect for the non-bonding electrons of the silicon 
atom, producing stabilization. The most theoretically feasible compounds are 
SiF2, SiO and SIC12, but the stability of such compounds is not expected to be 
very great. However they do exist, and in the following pages a review of these 
compounds and their properties is given TM 433). 

First, some remarks about nomenclature: Various names are used for com- 
pounds like SIX2, one of the most logical being ,,silylene", which we use here. 
It shows the analogy with the carbon-analogs CX 2 which are derivatives of 
methylene. Derivatives of the silylene Sill 2 are called, for example difluoro- 
silylene SiF2, dimethylsilylene Sime2, monomeric silicon monoxide would 
consequently be named oxysilylene. 

Sill2 was first observed as a metastable intermediate of the thermal or 
photolytic cleavage of silanes 115). First observations made by Stokland 6°6) 
indicated the probable existence of Sill 2 . Detailed investigations by Pumell 
and Walsh 460) show the existence of Sill 2 as a short-lived intermediate of the 
reaction of silane with phosphorous hydride, PH3, by neutron irradiation 162), 
which yields silylphosphine, H3Si-PH 2 . 

The pyrolysis of disilane forms mono-, tri-, and n- and i-tetrasilane. An 
insertion reaction takes place sl) in which silylene reacts with an Si -H bond: 

Si2H 6 ~ Sill 4 + : Sill 2 

H3Si-SiH 3 + : Sill 2 ~ Si3H8 

etc. 

A similar insertion reaction is possible with an Si-Si and an Si-C bond, which 
explains the formation of CH3SiD2SiH 3 from the reaction of Si2D6 with me- 
thylsilane. Because it is easy to form silylene by a pyrolytic decomposition of 
silane, other similar reactions can be expected to be discovered in the future. 
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It is of interest that carbene, CH2, generated from CH2N2 does not give an 
insertion reaction with the Si-Si bond in Si2me6 but reacts with the Si-C 
linkage, forming ethylpentamethyldisilane 93). 

The results of spectroscopic investigations of Sill 2 indicate a singlet state 
of Sill 2 , the molecular parameters being calculated 11 s) to be r Sill = 1.521 A 
and the angle HSiH = 92.1 °. 

One of the most thoroughly investigated silylenes is difluorosilylene. The 
oldest observation was made by Troost and Hautefeuille 639) in 1871, who 
postulated the existence of SiF 2 in the transportation reaction of silicon with 
SiF 4 : 

Si + SiF4 ~ 2 SiF2. 

From thermodynamic investigations the heat of formation in the above reac- 
tion was estimated to be -148  kcal/mole 4°9) and -139  kcal/mole 329). The 
differences are explained by the existence of different polymeric particles ~ 
formed at different temperatures in the vapor phase. Recent work by Margrave, 
Timms and coworkers 633, 634) showed the existence of SiF 2 in preparative 
yields (up to 90%) with the same reaction at 1150 °C. Not only silicon metal 
but also silicon alloys, SiC, silicides etc. can be used for this reaction. SiF 2 is 
formed as a gas which condences at - 196  °C to a reddish-yellow compound. 
It becomes colorless and mbberlike upon warming to room temperature. It 
bums in moist air and evolves hydrogen with aqueous alkalis. With an aqueous 
solution of hydrogen fluoride, silanes like SinH2n+2 are formed 633) (n = 1-6). 
Heating in vacuo causes decomposition and the formation of silicon fluorides 
with low molecular weights: 

(SiF2)x -" Sin F2n+2 + 2 (SiF)polym. 

with n = 1 up to 14. 
The mbberlike colorless form of SiF 2 is a polymeric molecule. 
Monomeric SiF2 has a half-life (approx 150 sec at 0.1 mm Hg) 100 times 

longer than the carbenes. It is stable enough to be available for other investiga- 
tions and reactions. 

Other methods for the preparation of SiF 2 are known. It  is formed by 
electrical discharge in SiF 4 297,464). Pyrolysis of Si2F 6 yields monomeric 
SiF2 s94), which polymerized very quickly under the given reaction conditions. 
It formed a colored precipitate which become colorless on warming to room 
temperature. 

Detailed spectroscopic investigations were done with monomeric SiF 2. 
25 380) 379) 298) 462 463) IR ' , UV , ESR and microwave ' spectra have been mea- 

sured, the results indicating nonlinear molecule with a bond angle of  100 ° 59' 
and interatomic distance of 1.591 A. (Si-F).  The observed bond angle relates 
to other observations of carbene-like molecules and shows the carbenoid 
character of the difluorosilylene. The interatomic distance is longer than in 
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tetrafluorosilane, in which it is 1.54 A. This also relates to a postulated singlet 
state in which there is more p character in the Si-F bond system. 

The IR spectra, measured in a gaseous SiF2/SiF 4 mixture 38°) and in a 
noble gas matrix at low temperature 25), show the expected wavelengths, a 
symmetric stretching-frequency at 855 cm-1 and an asymmetric stretching 
frequency at 872 cm -1. A bending mode was observed at 345 cm - l  379). A 
calculation of the valence force constant gave the value 5.019 mdyn/A. 

The mixture of SiF 2 and SiF 4 obtained in the gaseous state shows no 
ESR signal because the concentration of the radical is too low, but the yellow- 
reddish solid gives an unstructured broad signal with a g factor of 2.003 -+ 
0.002298). This value agrees well with that expected for a free electron. With 
increasing temperature, the intensity of the signal decreases until it disappears 
completely. 

The interpretation of these facts is as follows: the monomeric SiF2 units 
are first formed, then they undergo polymerization to small oligomers at low 
temperature: 

s .  n = 0 , 1 , 2  . . . .  

These molecules have radical character, being diradicals in the triplet state. 
Upon warming to room temperature, the polymerization proceeds until high- 
polymer compounds without radical properties are formed. 

The chemical properties agree with the observed physical properties. Mono- 
meric SiF2 in the singlet state is not very reactive 629), in contrast to the highly 
reactive copolymers. Therefore, products with Si-Si bonds often result. As in 
all radical reactions, competition occurs between polymerization and capture 
reactions with other reagents 

SiF2 usually reacts in the form of a singlet molecule as a Lewis base, but 
a reaction as a Lewis-acid is also possible if the molecule is in the triplet state. 

Some examples of the reactivity of SiF2 will be given. BF3 is a strong 
Lewis-acid and it reacts with SiF2 s22,632) if the gases are cooled together, 
giving di- and trisilylborotluorides. The following mechanism is proposed: 

2 SiF 2 ~ Si2F4 SiF2 n(SiF2)> > Si3F 6 (SiF2) n 

IBF3 IBF3 

Si2F4 " BF3 Si3F6 " BF3 

1 1 
Si2BF7 Si3BF 9 
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The essential step in these reactions is, apparently, stabilization through an 
intramolecular rearrangement: 

F2Si-SiF2-BF 3 - -~  FaSi-SiF2-BF2. 

Reaction with B2H 6 yields polyfluoropolysilanes like H3SiSiF3, H2Si(SiFa)2, 
Si3F8 and other similar compounds s24). With CF3I, the new compound 
CF 3 • SiF2I and some by-products result 411) 

IR investigations of the reaction of SiF 2 with NO and CO in a krypton 
matrix indicate a reaction involving the formation of an addition compound 2s). 
With PF3, an unstable polymeric product also results 629). 

A typical addition reaction occurs with various Lewis bases, such as 
bromine (yielding Br2SiF2). With water, a formal insertion occurs, forming a 
silanol 131): 

SiF2 + H20 ~ F2HSiOH. 

This silanol is not stable and condenses rapidly to a 1,1,2,2-tetrafluorodisiloxane 
F2HSiOSiHF 241o). The first step of the reaction with water yields a colored 
compound (green or yellow). This colored compound occurs only at low tem- 
peratures when SiF 2 and water vapor are condensed together at temperature 
o f - 1 9 6  °C, indicating that the first step involves the oligomer. The absence 
of a Si-H frequency in the IR spectrum is consistent with a triplet state in 
starting material. Hydrogen sulfide reacts with SiF 2 to yield HF2SiSH, 
HF2Si-SiF2-SH, etc. The reaction should form HF2Si-SiF2-SH as a main 
product in view of the described diradicals, but the yield of this compound is 
low. The main product observed is HF2SiSH. Another mechanism is apparently 
involved. A similar reaction occurs with germane, GeH4, in which HaGeSiF2H 
is formed. In this reaction the authors postulate an addition-reaction of GeH 4 
to the radical SiF 2 chain in the first step and then a decomposition of the 
chain s2s). A similar mechanism may occur in the reaction of hydrogen sulfide 
with SiF 2. 

Reactions of SiF 2 with some organosilicon compounds have been recently 
observed412). Tetramethylsilane does not react with SiF 2 , and trimethylchloro- 
silane reacts in only small amounts to yield the corresponding fluorine derivative. 
Trimethylmethoxysilane yields meaSiF3 as main product with 
meaSi-Sime2-Sime2 F and meOSiF3 as by-products. An insertion reaction 
apparently takes place with a cleavage of the S i -O-C  bond system. 

Similar insertion reactions are known with organic compounds. For example, 
the reaction with methyl fluoride yields fluorinated methylpolysilanesla: 

meF + (n + 1) SiF2 > me-(SiF2)n-SiF3. n = 0 - 3  
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Ethylene reacts to yield cyclic derivatives631): 

SiF 2 + CH2=CH2 J 
\ 

~H2 --~iF2 

CH2 --SiF2 

cH/CH•iF2 
CH2 

The reaction was carried out with the usual condensation technique, both gases 
being condensed together at the temperature of liquid nitrogen. Polymers are 
obtained as by-products. 

Similar reactions were investigated with other unsaturated hydrocarbons 
630) 399) 400) 397) 398) like butadiene , trifluoropropyne , allene , acetylene and others . 

Compounds with the SiF2-SiF 2 group were mainly due to copolymerized 
SiF2. Formation of monomeric SiF 2 by the nuclear-recoil technique and the 
reaction with 1,3-butadiene was shown by Tang, Gennero and Su 626) and yields 
1,1-difluoro-silacyclo-3-ene as the major product in contrast to the investiga- 
tions described above, since the nuclear-recoil technique produces labeled 
silicon in a concentration far too low to permit dimerization. 

The mechanism for reactions of SiF 2 with various fluorine derivatives like 
trifluoroethylene F2C=CHF is similar, yielding 1,1-difluoro-2-(trifluorosilyl)- 
ethane F2C=CFSiF 3, 1,2-difluoro-l-(trifluorosilyl)ethylene FHC=CFSiF3, and 
1,2,2-trifluoro- 1-(trifluorosilyl)ethylene F2C=CFSiF 3. 

An insertion reaction generally takes place with Si-F links in olefinic and 
aromatic systems forming a C-SiF 3 system. Fluorobenzenes also react in this 
manner, the mechanism being postulated to involve an intermediate formation 
of a three-membered ring 637) : 

F F 
\ /  \ /  \ 
~ SiF2 C '~ ! ~  C-- SiF3 

/ S i F 2  "~ II 
C--F / \  / \  / 

F F 

Cyclohexane similarly reacts with SiF2, but a tricyclic system results 4°3): 

F 2 
si 

Si 
F2 
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In the reaction with benzene or toluole, the aromatic ring is bridged in 1,4 
position with a chain of two or three SiF 2 units: 

The reaction is probably complicated, with SiF 2 possibly reacting as an oligomer 
with two or three SiF 2 units when the chain length is suitable for an 1,4-addition. 

Other silylenes besides difluorosilylene have been postulated. In many syn- 
theses of polysilanes formed by dimethyldihalosilane with metal, dimethylsilylene 
is thought to be a shortlived intermediate. We see some aspects of these reactions 
in the section on cyclic and linear polysilanes. 

One can prove the intermediate existence of the silylene by the addition 
of a radical scavenger, for example, trimethylsilane meaSiH, which forms penta- 
methyldisilane s 18): 

: Sirne 2 + meaSiH . ~ me3SiSime2H 

or with ethylene or other olef'ms, which form cyclic or linear addition 
products4a3): 

R2Si: + CH2 I /CH2 I [I ~ R=Si [ ~ R2Si-CH2-CH2 
CH2 ~CH2 

R2 R2 
/Si~. /Si... R2 

- - , . -  R2Si-CH=CH 2 + 4- + [-Si CH2-CH2-], 
[ CH2 /CH2 CH2--CH 2 
H Si 

R2 

The reaction yields dimethylvinylsilane, but also heterocycles like 1,1-dimethyl- 
1-silacyclopentasilane or 1,1,4,4-tetramethyl- 1,4-disilacyclohexasilane. 

The existence and the relatively high stability of the silylene can be ex- 
plained as a result of the singlet state. If  the silylene were in a triplet state, 
polymerization would proceed faster and the formation of addition products 
would not be preferred. Herzberg postulated a singlet state, Nefedov 433) found 
poor reactivity in all electrophilic reactions, and the difference in the reactivity 
in comparison to organic alkylcarbenes makes the triplet state unlikely. 

In the reaction with diphenylacetylene 19,667) Volpin649) some years ago 
postulated a three-membered ring with a carbon-carbon double bond as the 
reaction product, but West and others showed 321) that the actual product is a 
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six-membered ring and that a three-membered ring is probably an intermediate 
step: 

C C ~ .  
III + SiR2 C /S1R2 
~o 

R2 

~0 c / S i \ c  
' -  I1 II 

~o C..si/C ~o 
R2 

Dimethylsilylene is not only formed in the reaction of dimethyldihalosilane 
and metals, but also, for example, in the thermal decomposition of metal-silyl 
compounds 67a) like me2Al(Sime3) or Hg(Sirnea)2 or in the thermal decomposi- 
tion of 7-silanobornadiene 188): 

SiR2 R' 

R ~  R x . ~  
R 

Gilman discovered this reaction after preparing the starting material as 
follows: 

Si me2 

C Li ~ ~P me2SiCl~ ~ _ 
III ~ ~c=c-c=c~o , -  
C Li Li ~ ~p 
~P me2 

The evidence for the formation of dimethylsilylene from 7-silanoboradiene 
includes reactions with diphenylacetylene, ethylene, etc., and the observed 
polymerization to dimethylpolysilane. 

7,8-Disilabicyclo[2.2.2]octa-2,5-dienes, prepared by the interaction of the 
radical anion of anthracene, naphthalene or biphenyl with 1,2-dichlorotetra- 
methyldisilane were found to undergo thermal decomposition 472). 

1 ) Li 
2)me2C1SiSiClrn~ 

The authors postulate an intermediate containing a silicon-silicon double bond. 
Stable products include various disilacyclobutanes. A possible mechanism of 
formation from the postulated me2Si=Sime 2 is suggested by the authors. 
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Polysilane yields monomeric dimethylsilane on heating, whether the di- 
methylsilane is monomeric or, like the other silylenes (SiF2 or SiO), a biradical 
copolymer, is not yet known and more investigations are necessary. 

Some new aspects in the chemistry of dimethyldisilanes recently reported 
by Atwell and Weyenburg include the pyrolysis of dimethyldimethoxy- 
silanes 18-20)to polysilanes and tetramethyldimethoxydisilane: 

(CHaO)me2SiSime2(Ome) 225 ° c  (meO)2Sime2 + (Sime2)n. 

This reaction was investigated by kinetic measurements and with addition reac- 
tions. These investigations suggest the following mechanism: 

(meO)me2Si + Sime2(Ome) ~ (meO)2Sime2 + : Sime2. 

The silylene is formed in the first step and then undergoes an insertion reaction 
to yield polysilanes: 

: Sime2 + (meO)me2SiSime2(Ome) ~ (meO)me2Si(Sime2)Sime2(Ome) 

or reacts with radical scavengers. 
The primary step probably starts with a nucleophilic interaction of the 

methoxy group with the neighboring silicon resulting in t~ elimination 17): 

me2 me2 
meO Si . meO SiOme 

I * .... Ome 
Si j + 
me2 : Sime2 

A similar mechanism was postulated in other reactions, for example in 
alkoxypolysilanes, which react to form alkylpolysiloxanesSS3): 

OR OR R OR 
I I I I 

- S i - - S i -  '~ - S i - - O - S i -  
I I I I 

Other methoxypolysilanes like hexamethoxysiloxene 3sl) react in the same 
manner, so, it appears that this kind of rearrangement is general in silicon 
chemistry. 

Mixed substituted silylenes occur, such as Sime(Ome), SiHBr, SiHC1, 
SiHme. 

Photolysis of dodecamethylcyclohexasilane 313) and permethylated linear 
polysilanes31 s) yields dimethylsilylene by homolytic cleavage of the Si-Si 
bonds. Dimethylsilylene readily inserts into Si-H or Si-Ome bonds of appro- 
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priate monosilane derivatives. From the photolysis of linear polysilanes it has 
been shown that the extent of homolysis increases with increasing chain length 
of the polysilane, whereas the effective yield of the silylene species is virtually 
constant regardless of chain length. 

Inorganic substituted silylenes are formed in the reaction of silicon with 
silicon chloride s27, 540, s43): 

Si + SIC14 - " 2 SIC12 

the same reaction occurs with SiBr4 and SiI4688' 689)(see pp. 105, 106). 
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8. Silicon Monoxide 

Silicon monoxide is one of the most controversial compounds in the chemistry 
of silicon of lower valence. In 1907, SiO was postulated by Potter4S9)to exist 
in the gaseous state after which quite a several flood of papers 130,228,569,665, 
696) described this compound in both the gaseous and the solid state. The 
interest in this compound is understandable, because SiO has become techno- 
logically important, being a nonconductor, vaporizable in high vacuum and 
precipitable on surfaces as a glasslike film amorphous to X-rays. SiO and SiO2 
are used as a protective film for lenses and mirrors in the optical industry, on 
plastic surfaces etc. SiO is one of the best contrast compounds for electron 
microscopy. In the electronic industry, it is used for gettering in thehigh va- 
cuum technique and many other applications. 

SiO is always present in industrial processes where SiO2 or silicates are in 
contact with reducing agents at high temperatures, or where silicon metal, or 
silicides react with oxidizing agents such as atmospheric oxygen. In both cases, 
vaporization takes place and yellow or brown SiO condenses on the colder 
parts of the system. 

Only the chemistry and structures will be reported here, since applications 
are too heterogeneous and too great in number for a complete description in 
this review. 

Results of work on SiO are sometimes confusing and contradictory. One 
must differentiate between the gaseous and solid states, as each involves a 
completely different structure. 

For the preparation, a one-to-one mixture of SiO2 and Si is heated: 

1/2SIO2 +1 /2S i  _ ~ SiO. 

In this reaction, SiO is formed as a gas and then condenses on the colder parts 
of the apparatus in form of a brown powder. The properties of the condensate 
are strongly dependent on the condensation conditions, but the type of SiO2 
used is ~xot important 128). 

Other reducing agents (hydrogen or carbon, etc.) give the same results 23s). 
The oxidation of silicon to SiO is not dependent on the kind of the oxi- 

dizing agent used, and the reaction may be carried out with metal oxides, atmos- 
pheric oxygen, etc. The finer the grain of the silicon, the better the reaction. 

In all cases SiO is initially formed in the gaseous state. Therefore, ttle extent 
of vaporization of SiO2 or silicates in contact with reducing agents is so large 
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that after the reaction such compounds include no silicon. The existence of 
the gaseous state also makes it understandable that the silicon source and the 
type of reaction are not important. The conditions under which SiO precipitates 
are, however, very important in determining the properties of the solid SiO. A 
recent preparation method is given by Emons and Helmhold 129). 

Fast precipation generally gives a light brown, fine-grained powder, while 
slow precipitation gives a dark brown, glasslike, brittle product. Some authors 
have found two products at the same time, for example Emons and coworkers 
found both a yellow and a brown compound in different parts of the apparatus 
used. 

The already complicated picture of solid silicon monoxide becomes even 
more so because the analytical composition sometimes differs from what would 
be expected. Excesses of oxygen are often observed. These divergences are 
possibly due to a small excess of oxygen in the gaseous phase. It has also been 
proposed that reactions occur with the surface of the apparatus. 

The best way to deal with such problems is first to determine the structure 
of the gaseous SiO and then to study possible structures for the solid product. 
The gaseous state: The abnormally high vapor densities of a mixture of SiO2 
and Si compared with the single compounds indicates the existence of a gaseous 
compound. The observed vapor condenses to a product with the Si : O composi- 
tion ratio equal to 1 : 1. Spectroscopic investigations by Bonheffer 4s) and 
and Saper s°s) also support the existence of gaseous SiO. Investigations of the 
vapor density have been made by various authors 131,s41). The results of Schaefer 
and Hoernle s41), which are in relatively good agreement with the results of other 
authors are presented in the diagram (Fig. 1). 

The calculated heat of formation varies between -21  and - 2 9  kcal/mole 
the most recent value being -21.4  kcal/mole 131). The enthalpy of the equation 

1 /2S iO2+1/2S i  - " SiO 

is found to be 87.3 kcal/mole, The dissociation energy 
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Fig. 1 Vapor density at various temperatures 228) 
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is estimated to be 170 kcal/mole from thermodynamic data 228) and 165 kcal/ 
mole from spectroscopic measurements. The dipole moment has been calcu- 
lated both in the ground state and in the excited state. In the ground state the 
value is 3.09 Debye 46s). 

The results, combined with self-consistent-field calculations by McLean 
and Yoshimine4°7)lead to the conclusion that there is nearly no modification 
of the d orbitals of the silicon atom in monomeric SiO and so the bond system 
of SiO is very similar to that of carbonmonoxide. 

Recent investigations of the IR spectrum have used a matrix technique at 
low temperatures s ,247)(20 °K in a matrix of nitrogen or argon), enabling in- 
vestigation of the monomeric form. The results show monomer units of SiO 
and also oligomers. At temperatures a few degrees Kelvin higher the amount 
of oligomers increases. Two polymer species predominate, the dimeric and 
trimeric units, Si 202 and Si303.  Vibrational spectra gave the following para- 
meters: 

Table 3: Molecule parameters of Si202 and Si303 

Si202 Si303 

Bond length SiO 473 1,71 A 1,70 A 
Bond force constants 3,55 mdyn/A 3,73 mdyn//~ 
Bond order 1,27 1,29 
SiOSi angle 93 ° 140 ° 
OSiO angle 87 ° 100 ° 

The structures are rings in which each silicon appears to have biradical character. 
ESR measurements have not been made yet. The possibility that a larger ring 
like (SiO)s may occur has also been proposed. 

f~\ jo\ 
:Si Si: 

: S i ~ x o / i :  I [ 
JO. +OI 
x ~Si / / 

Two important conclusions can be drawn from these investigations. Firstly, 
these oligomers are probably the first step in the polymerization which precedes 
condensations to the solid state. Secondly, there is a great similarity to the 
SiF2 system; similar oligomers (SiF2) n with n = 2 and 3 are formed from mono- 
meric SiF2. 

SiO may thus react in similar ways to SiF2 (for reactions with organic 
compounds see p. 72). 

SiO in polymeric state: There is good knowledge of SiO in the gaseous state, 
but not in the solid state. SiO is thermodynamically unstable at room tempe- 
rature. It disproportionates to silicon metal and Si02. Under some reaction 
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conditions the product sometimes shows the X-ray lines of silicon. The silicon 
grains are often so small that the compound appears uniform. Some authors 
consider that pure SiO does not exist in the solid state. 

In view of the instability at room temperature, Hoch and Johnston 288) in- 
vestigated SiO in the solid phase at 1300 °C and found by X-ray analysis a new 
lattice, a cubic cell with a = 7.135 A, which they postulated to be the SiO lattice. 
Decomposition occurs when the product is cooled slowly and the X-ray lines 
of silicon and SiO2 may be seen below 850 °C. With rapid cooling, e.g. from 
1300 °C to 850 °C over 2 minutes, the SiO lattice is frozen as a metastable 
system. 

This view is opposed by Geller and Thurmond 169), who think the lattice 
described above is a compound with the carbon from the binding agent used in 
the X-ray analysis. It has so far remained unresolved, which, if either, of these 
explanation is correct. 

Independent of this dispute concerning the crystalline state, the existence 
of amorphous SiO in the solid state may also be possible. Electron diffraction 
investigations show specific lines in some preparations. Emons found that only 
the dark brown product shows these lines. The yellow product shows only the 
lines of silicon and silicon dioxide. These observations suggest the possibility of 
the existence of a solid, probably amorphous SiO. 

Some work on X-ray fluorescence has been done by Cremer97)and others. 
The wavelength of a K a line of  a given element is normally characteristic for 
the element, though small differences determined by its oxidation state are 
observed (Table 4). 

Recent investigations by Faessler 133), mainly on sulphur and phosphorus, 
show that the X-ray absorption shifts to a few Angstroms shorter wavelengths 
indicating higher energies when the oxidation state of the element is raised. 

Few measurements have been done with silicon in general and only one or 
two investigations were done with silicon monoxide. The results of the SiO 
measurements gave lines which correspond to an oxidation state of two, but 
other products indicate the existence of an oxidation state of three 97). 

Table 4: Koylines of various silicon oxides 

KOt I KOt 2 6 ~k mean 6 E 

Si 7111.16 7113.77 - - 
Si20 (in the form of SiOR) 09.32 12.00 1.81 0.44 
Si203 08.89 11.55 2.25 0.55 
SiO2 08.69 11.36 2.44 0.60 

So far, these results have been too limited to permit exact conclusions. 
However, silicon would be expected to appear in different oxidation states, in 
view of at the following structures: 
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I I I I I 
- -S i - -  --Si--  0 0 0 

I I I I I I I I I 
- - S i - - S i - - S i  - - S i - - S i - - O - -  - - S i - - S i - - O - -  - - O - - S i - - O - -  - - O - - S i - - O - -  

I I I 1 I I I I I 
- -S i - -  - -Si - -  - -S i - -  - - S i - -  0 

I I I I I 
0 + 1 +II + IH + IV 

An amorphous silicon monoxide could be formed as a structure between metal- 
lic silicon (oxidation state zero) and silicon dioxide (oxidation state four). Struc- 
tures like those shown above seem to be possible. If  we summarize all available 
facts about SiO in the solid state, the following picture is obtained: 

Monomeric gaseous silicon monoxide is formed like carbon monoxide, then 
polymerizes to four - or six-membered rings. These cyclosilanes are radical and 
unstable. During the precipitation, these radicals undergo a further polymeriza- 
tion. This polymerization forms regular or irregular structures, depending on 
the conditions of  the precipitation. A regular cubic structure may be formed at 
temperatures over 1300 °C, and at lower temperatures, an irregular structure 
may occur. The copolymers Si202 and Si303 react with one another and form 
structures with Si-Si bonds. 

Such structures are not stable and undergo a disproportionation depend- 
ing on the precipitation conditions. With very fast cooling, a metastable sy- 
stem seems to undergo a disproportionation, while slower cooling gives silicon 
metal and silicon dioxide. This disproportionation takes place either completely 
or only partial, depending upon the precipitation conditions. The grains 
formed can be small or large as determined by X-ray measurements, even with- 
out recrystallization. 

The SiO system is thus not simple, and its complexity increases with 
changes in stoichiometric composition. Oxygen in a small excess in the vapor 
phase results in slight oxidation. If reducing agents are present, for example if 
the surface of the apparatus has reducing properties, a small amount of silicon 
metal is produced. 

Summarizing, we can say that SiO in the solid state is generally a mixture 
of  different atomic arrangements and bond systems produced in different 
preparation conditions. Our knowledge is not extensive enough to encompass 
all details, but the outline is coherent. 

In accordance with such a concept are the results of Timms and Phillips 63s) 
who observed formation of higher polysilanes Sin H2 n + 2 (with n = 1,2,3,4,5) in 
the reaction of SiO with HF. The Si-O bond is cleaved by HF, whereas the Si-Si 
bond is not. The formation of higher silanes thus shows the presence of small 
Si-Si units with a small and varying number of  Si-Si bonds. 

Finally, some recent developments in this field will be mentioned. The 
formation of the oligomers Si2 02 and Si3 03 shows a strong similarity to the 
SiF2 system. The reactivity is extremely high, due to the radical character. 
Therefore a reaction with organic material would be expected to form organosili- 
con compounds. A recent first attempt by Schaschel, Gray and Timms 544) to 
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condense gaseous SiO together with the organic material at -196  °C, gave the 
expected reaction. The experimental technique is the same as that used in the 
SiF 2 reactions. 

Hydrocarbons, alkenes and alkynes react with SiO to form white solids, 
which are stable up to 350 °C. Their structure is unknown: the IR-spectrum 
indicates Si-O, C -H  and Si-H bonds. The SiO probably reacts with the C-C 
double bond and also with the C-H  bond: 

" ~ C _ C / H  + SiO 

H 
H~.  S [ i / O -  

~C=C 
/ S i O  ~ ~ . /  ~ 

H 
"-...,. \ / 

/ H  - - O  C - - C  O--  
~ C  - -C  ~ ~ " /  "" ""/ / " .  / S l . .  /Sl~ 

\S i  / - -  O' C - - C  0 - -  
o / \ 

H 

Polymerization to six-membered rings or more complicated systems follows. 
Hydrolysis yields the starting alkene, the corresponding alkane, and some 
hydrogen. 

There is also the possibility of a similar reaction between the copolymers 
Si2 02 and 8 i303 ,  though reaction mechanisms are so far unknown. 

Acetylene reacts with SiO to yield a pyrophoric white compound and 
diphenylacetylene yields a yellow solid, stable in air up to 400 °C. The struc- 
tures of these compounds are also unknown. 

A 1,4 addition seems to occur with dienes like 1,3-butadiene derivatives 
and benzene. The formation of a yellow compound by reaction of SiO with 
benzene results in a compound stable in air up to 500 °C. The appearance of 
Si-H vibrations in the IR spectrum suggests an insertion reaction in the C-H  
bond, similar to the reaction of SiF2 with benzene. 

Very stable products with compounds containing Si -H bonds are also for- 
med with alkanes. Hydrolysis yields the starting alkane: 

0 H2C~ 0 
) C - H  + SiO , - C - S i ' H  "; -~C-H + HO-Si -H.  

Halogenated hydrocarbons undergo an insertion reaction in the carbon-halogen 
bond and, in the case of fluorine, the reaction products are explosive, probably 
because of the large energy of formation of the Si -F bond. 

Solid products are also formed with water, ammonia, alcohols and amines, 
when an insertion reaction probably also occurs. 

The recent realization that SiO reacts like SiF2 and that SiO is a silylene 
has not yet been fully investigated. Hence, one can expect some interesting 
development in the future in this field. 
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Our knowledge of the chemistry of cyclic silanes 12'211) is very limited and 
incomplete and is roughly equivalent to the state of knowledge of cyclic organic 
compounds in the middle of last century. 

Isocyclic silanes are only known in the form of derivatives. Unsubstituted 
cyclic hydrosilicons have not been investigated, though Sis Hlo was recently 
prepared (see p. 6). The best known derivatives are those with the simple 
organic groups like methyl or phenyl. Derivatives with other groups are rare. 

Some inorganic cyclic silanes with halogen substituents have been investi- 
gated, thoug their properties are almost unknown, and even their existence is 
controversial. 

Isocyclic and some heterocyclic organo-silanes are well known, including 
four-, five-, six- and seven-membered rings, and an eigth-membered ring is also 
believed to have been observed. The stability of these compounds is similar to 
that of their carbon analogs. Five- and six-membered rings in silicon chemistry 
also show the highest stability and the least ring-strain. The five-membered ring 
seems especially stable, as described later. 

9.1. Isocyclic Silanes 

9.1.1. Methylated Isocyclic Silanes 

The first compound of this type was found by Burkhard 68) in 1949; he reacted 
dimethylchlorodisilane with sodium as in a Wurtz synthesis. The main product 
was a polymeric chain with alow yield of the six-membered ring. Gilman 221) 

273) and Hengge were able to increase the yield to 70% by changing the reaction 
conditions. Stolberg 6°8) obtained a yield of 80%, starting from 1,2-dichloro- 
tetramethylsilane. Dodecamethylcyclohexasilane, a white crystal, is very stable 
in air and soluble in most nonpolar organic solvents. 

The chemical reactions of this compound are not known very well. One 
can completely destroy the ring to means of an alkaline hydrolysis, a reaction 

198) which yields simple units with one silicon atom. Gilman and Inoue cleaved 
the ring with phosphorous pentachloride or tetrachloroethane to Si chain com- 
pounds of various chain lengths, those from four to six predominating, but 
including smaller chains 
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Li PC15 
) me2SiC12 ~ Si6mel2 C12CHCHCI2 Cl(Sime2)nC1. n = 6, 5, 4 

The structures of the compounds were identified by reacting them with 
Grignard reagents which gave the corresponding methyl derivatives, Sinme2n ÷ 2. 
Cleavage with HC1 / butylchloride yields a, co-dichloropolymethylpolysilanes 
with different chainlengths ~ 84) Cleavage with K/Na is also possible 6°9). The 
cleavage products undergo some remarkable ring-closure reactions. Halogenated 
chains and dilithium polymethylpolysilanes react with alkali metals and trime- 
thylchlorosilane respectively to form rings; the chain length of the reactant is 
not important here, and the main product is always the six-membered ring. 
These reactions may permit some rearrangements of organometallic compounds, 
chiefly the lithium compounds. Formation of the six-membered ring is ob- 
viously preferred as it has the least amount of ring strain, though recent investiga- 
tions demonstrate the existence of other ring sizes. Linear polysilanes, phenylated 
at the ends, react with catalytic amounts of triphenylsilyl lithium to form 
various permethylated silicon rings with Si2~ 6 as a by-product 361). The reac- 
tion apparently starts with a metal rearrangement: 

~3 Si(Sime2)n Si~o3 + ~03 SiLi ~ Si2 ¢6 + Li(Sime2)n Si¢3 

and some cleavages, for example: 

~3Si(Sime2)nSi~3 + ~03SiLi , ~3Si(Sime2)n_l Si~p3 + Li(Sime2)Si~o3. 

The Li compounds thus formed are able to react with the starting material, 
resulting in different chain lengths: 

¢3Si(Sime2)nSi~3 + Li(Sime2)xSi~o 3 .. 

x = 6  x = 6  
~3Si(S~e2)xSi~3 + ~ Li(Sime2)ySi~ 3. 

x = O  x = O  

The formation of various cyclic silanes results from an intramolecular 
93 SiLi elimination: 

Li Si~3 

I I 
Sime2 Sime2 • 

I I 
Sime2 Sime2 

f 
Sime2 

) (Sime2)n + LiSle3. 

Triphenylsilyl lithium is then reformed and can react with new starting material. 
Other methylcyclosilanes of various ring sizes have been observed by 

West74, 7s~ Under different reaction conditions, the reaction of dimethyldi- 
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chlorosilane with Na-K alloy yields compounds of different ring sizes. The vari- 
ous compounds were separated by gas chromatography. He found five-, six-, and 
seven-membered rings, but the existence of four- and eight-membered rings is 
also probable. West has determined the best conditions for the formation of 
each ring size. A kinetic preference for the formation of the five- and seven- 
membered ring was found to exist, but there is a thermodynamic preference for 
the six-membered ring. Short reaction times generally give mainly five- and 
seven-membered rings, while longer reaction times give predominantly the six- 
membered ring. 

In a typical run, dimethyldichlorosilane was dripped for one hour on to 
Na-K alloy to a 10% excess, followed by refluxing for one hour in THF, sepa- 
ration and hydrolysis. The yield cyclic material was 50%, comprising 20% 
Sismelo, 8% SiTmel4 and 72% Si6me12. 

Bromides or iodides cause complications because cleavage occurs in THF. 
In nonpolar solvents like cyclohexane, the yield is very low and no rearrange- 
ments to other ring sizes are observed. Polar solvents therefore seem necessary 
for rearrangements. 

Thermal decomposition of linear polymethyl-silanesTS's37)and alkalicata- 
lyzed rearrangements of linear polymers give cyclic compounds, chiefly the 
six-membered ring s 16). 

Cyclic methylpolysilanes very readily undergo rearrangement reaction. By 
refluxing pure decamethylcyclopentasilane in THF in the presence of naph- 
thalene radical anions, 10% of the cyclic hexamer is formed after 1 h. 

One of the outstanding properties of methylcyclosilanes was found by 
West76, 3m). The three known compounds (Sime2)n with n : 5, 6, 7 react to 
give radical anions. This formation may be effected via electrolytic reduction 
or by reacting the (Sime2)n compounds with K/Na alloy. The most stable 
anion is the five-membered ring, which West attributed to its having a greater 
degree of planarity than the others. The anion is dark blue and stable only in 
solution. The ESR investigation shows a complete delocalization of the electron 
over the whole ring. The dark color and also HMO calculations suggest a zr 
system in the ring 457), Gohlke229)observed a negative ion (Si6me12)-in mass 
spectral investigations. The UV spectra of the neutral rings show absorption at 
relatively long wavelengths. 

Table 5: UV-spectra of methylcyclosilanes 406) 

x [m~] e 

210 sh 
SiSmelo 261 1100 

272 970 

232 5800 
Si6mel2 255 (sh) 2000 

217 (sh) 4500 
SiTmel4 242 2100 
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A six-membered ring anion prepared by electrolytic reduction at - 1 2 0  °C 
will rearrange spontaneously to a five-membered ring, even at low temperature 
and in a short period (half-life 5.3 min at - 1 2 0  °C). 7 -  

1 H-NMR and IR data are given in Table 6 and 7 6). 

Table 6: Proton NMR Data for the Permethylcyclopolysilanes 

Coupling constants, c/s 
Chemical shift 29Si- 29Si-Si- 

Compound ppm c/s CH 3 CH 3 13C_ H 

MeloSi 5 -0.135 -8.1 6.3 3.2 121.0 
Mel2Si 6 -0.132 -7.9 6.4 3.4 120.0 
Mel4S 7 -0.125 -7.5 6.3 3.2 120 

Table 7: Infrared Spectra (cm -1 ) of the Permethylcyclopolysilanes 

Mel0Si 5 Mel2Si 6 Mel4Si 7 Assignment 

2950 (s) 2950 (s) 2950 (s) C-H antisym stretch 
2890 (m) 2885 (m) 2890 (m) C - H  sym stretch 
2795 (w) 2790 (w) 2790 (w) 
1400 (m) 1400 (m) 1400 (m) C - H  deformation 
1250 (s) 1250 (s) 1250 (s) Si-Me deformation 

1240 (m) 1240 (m) Si-Me deformation 
845 (m) 815 (m) 845 (m) Si-Me rock 
830 (m) 830 (m) 830 (m) Si-Me rock 
800 (vs) 800 (vs) 795 (vs) Si-Me rock 
735 (s) 735 (m) 735 (m) 
690 (m) 690 (m) 690 (m) Si-Me 
655 (s) 655 (s) 655 (s) Si-Me 

630 (w) 630 (w) 
400 (w) 383 (m) 362 (w) Si-Si stretch 

The ionization potentials of these rings were measured by Pitt et  aL 4sO. 
The potential increases with increasing ring size and is generally higher than for 
the corresponding linear polysilanes. 

Other recent investigations indicate the existence of a four-membered ring. 
It is white, not stable in air, and apparently has a great deal of  ring strain. It was 
observed in small yields after photolysis of  the hexamer 3°9' 3 ~3), but the main 
product was the five-membered ring. Kumada 3°7) demonstrated a possible 
rearrangement from the six- to the five-membered ring by heating the six- 
membered ring with A1C13: 

me2 
/Si~,  

me2 Si Si me2 
I I 

me2 Si Si me2 
"~Si " /  

me2 

AICI~ 

C I \  . /me 

me2 Si S i mez 
I I 

me2 Si Si me2 
~-Si / 

me2 

me3Si  " / m e  
/ S i \  

me2 Si Si me2 
+ I I + 

me2 Si Sime2 

CI 
me2Si\  . / m e  CI\  / m e  

i f S l \  / S i x  
me2 S Si me2 me2 Si Si mez 

+ 1 / + I I 
me2 Si Si me2 me2 Si Si me2 
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This reaction is the first method discovered for cleaving a Si-methyl bond 
without cleaving the ring. Another method for breaking the Si-methyl bond 
was found recently, i.e. reacting such systems with HC1/A1C13 31o). Under the 
conditions described, this reaction will yield monochloroundecamethylcyclo- 
hexasilane, which is able to undergo other reactions involving the reactive Si-C1 
linkage: 

CI\ ./me 
/Si... 

me2Si Sim% 
me2Si Si me2 

~Si / 

Si6me~ 2 Si6mel l~ 

Si6mel  iC1 Si6mel 1 f 

Si6me l  IH  

Treatment of Si6mel2 with an excess of meaSiC1 in the presence of a 
catalytic amount of AIC13 gives chlorodimethylsilylnonamethylcyclopentasilane. 
Other derivatives are formed by reaction of the chlorodimethylsilyl group with 
Grignard reagents etc 311) 

Finally, a dicyclic system Siame14 was formed by reacting a mixture of  
dimethyldichlorosilane with methyltrichlorosilane303). This system also gives 
a radical anion (Si8me14)-at - 90  °C. 

West e t  al. recently found668) that dimethyldichlorosilane and methyl- 
trichlorosilane react with Na/K alloy in the presence of naphthaline in THF 
to yield bicyclic and cage polysilanes SiTme12, Siamel4, Si9me16, 
Silome16, Si10me18, Sil 1me18 and Si13me22. The proposed structures are 

m e  
I 

_-/ISi me2 SI'/ss(Sml e~ ~ ' "  
me-Sl-.J me2 $1 me2 

• ~ ~ , ~  . 
me2Sk., / S i .  Slme2 [ ] [ 

me S i / I  ~ \ .  me2Si~.\/Sime2 Sime2 
2 me ~1 me~ " < ~ i /  

~ L  

I 
Sivme~ 7 me 

Siame~ 4 
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while the following probable structures are given: 

C Si9Mel6 D 

A B A B 
3 to 1 Sit oMel 8 

Sil oMel 6 

Sil iMel a Sil sM% 2 

Anion radicals formed by reduction of several of the polycyclopolysilanes were 
studied by ESR spectroscopy. 

From other aliphatically substituted cyclosilanes only a deca(i-butyl)- 
cyclopentasilane was isolated 3°2); preparation of a ring with t-butyl group 
seems to be prevented by steric hindrance. 

9.1.2. Phenylated Cyclosilanes 

The oldest known cyclosilanes are the phenyl derivatives. Perphenylated 
cyclosilanes (Si~) n with n = 4,5 and 6 are known. Their high molecular weight, 
chemical stability and low solubility led to some mistaken conclusions regard- 
ing ring sizes and structures 2o6, 274, 682), but today the picture seems clearer. 

The first work was done by Kipping in 1921386). He synthesized some 
cyclic perphenylated silanes from diphenyldichlorosilane by reaction with 
sodium and called them A, B, C and D. It would take too long to tell the whole 
story of past errors, but present opinion is that compound A is octaphenyl- 
cyclotetrasilane. This four-membered ring has the most ringstrain and greatest 
reactivity. The greatest yield (75%) is obtained with lithium in TItF319). Mag- 
nesium catalysis also yields the four-membered ring 2°7). The known reactions 
of this ring are indicated in reaction Scheme I: 
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Iodine cleaves the ring to a di-iodide 383' 387) which reacts with water to 
yield the unstable dihydroxy compound 318, 387) 'that reacts spontaneously to 
oxygen-containing heterocycles 318, 387). Two dioxides are also formed. The 
properties of these compounds are described in the chapter on heterocyclic 
silanes. Chlorination occurs with mercury chloride 2°°) and tetrachloroethene 319). 
Chlorine cleaves the ring to form the disilane 186). When the chains are halogena- 
ted at the ends, they react with methyl lithium, Grignard reagents or Li pheny1319) 
to form the corresponding derivatives. 

With lithium, an important cleavage occurs, giving a chain with two Li 
atoms in the end positions 2°s). The di-Li compound is usually formed only 
in solution. It recently proved possible 28°' 2813 to isolate the pure compound 
Li2(SitP2)4" 2 THF. This is important because of the number of reactions that 
begin with this step. One of simplest is the reaction with trimethylphosphate 
which yields the corresponding methyl derivatives 19s, 205, 319), but heterocyc- 
les can also be formed (see p. 87). 

With diphenyldichlorosilane, a dodecaphenylhexasilane is formed 19s) and 
the two hydrogen atoms can than be halogenated by PCls. More reactions of 
this dilithium compound are known, but the mechanisms are undetermined. 
Rearrangements occur when A is reacted with phenyl lithium 317), triphenyl- 
silyl lithium or Grignard reagents. 

These organometallic compounds split the four-membered ring and form 
more stable ring systems, especially the five-membered ring. 

During the reaction, smaller chains may be formed since cleavage does not 
stop after the initial splitting of the ring. The transitory presence of silylenes 
is also possible 313). 

Ring cleavage occurs with hydrogen halides 187), hydrogen223), and mercury 
acetate 17a), yielding the expected compounds. The cleavage products with 
methylentriphenylphosphorane after hydrolysis are 1,1,2,2,3,3,4,4-octaphenyl- 
tetrasilane-1-ol in a small yield and other unidentified products 22°). The 
cleavage reaction probably starts with ring cleavage by the CH2 group: 

¢2 Si- SitP2 e @ tp 2 Si--Si~2 -CH2 -Ptp3 
[ I + CH2-PtP3 ~ I z' 

t~ 2 Si-Si~ 2 tp2 Si-Si~2 

e ¢ • ¢2 
~2 Si-Si~2 -CH-P~3 H + ~P2 Si-SitP2 - C H 2  - P ~ 3  H 2 ° tP2 S i - S i - O H  

~2 Si-SitP2 H tp 2 Si-Sitp 2 H ~2 Si -Si -H 
~02 

The almost strain-free five-membered ring (compound B in Kipping's 
designation) is more stable than the four-membered ring. The yield is nearly 
quantitative if one uses an excess of lithium and a long reaction-time. Under 
these conditions, the formation of the thermodynamically more stable five- 
membered ring is preferred. 
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The reactions of B are similar to those of A, though the cleavage reaction 
does not take place so easily because it has much less ringstrain. Gilman and 
Schwebke209, 210) investigated such reactions, obtaining the results presented 
in reaction Scheme II: 

¢2 ¢2 
¢2Si Si¢2 Br 2 ¢2si/Sixsi¢2 LiA1H4 ¢2 Si/Si''Si¢2 

¢2~i\si./~' ¢21i S[i¢2 ¢2S[i S[i¢, 
,¢2 t I I I 

¢2 Br Br H H 

¢2 
¢2Si/'Si"-.Si¢2 

I I ¢25i 5i¢2 
J I 

HO OH 

¢2 
¢2si/Si\'si¢~ 

I I ¢2Si Sic; 
Lli L~i ~ . .  

me3PO4 / \'~ ~ o ~ ~ ~ / C /  
me~v~gX/ ~ ~ ~ ~ . . . ~ . ~  

¢2 ¢2 ¢2 ¢2 ¢2 
¢2Si~qi~'si¢2 ¢2si/Si~si¢2 ¢2si/Si'~si¢2 ¢2Si-"Si~si¢2 ¢~si/Si\-si¢: 

I I I I I I I I I I 
¢2Si Si¢2 ¢2Si Si¢2 ¢2Si...si]Si¢2__ ¢2Si Si¢2 ¢2Si Si¢2 

I I f I I ! I I 
me me t-bu t-bu me2 Sime3 Sime3 ¢~Si Si¢2 

H H 

Scheme II: Reactions of Dekaphenylcyclopentasilane 

Gilman found that the a, ~-dihydroxy-decaphenylpentasilane formed by 
a normal cleavage reaction with bromine followed by hydrolysis reacts to form 
a trisilane when the solution is run through a column of aluminium oxide sl). 
The terminal Si atoms are apparently cleaved by the basic OH groups of the 
AI 203: 

HO-Si-(Si~p2)3-Si-OH bas>ie2 (OH)2 Si¢2 + H-(Si~2)a-H. 
~2 ~2 A12 O 3 
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The high stability of the five-membered ring permits a phenyl silicon bond 
to be split without a cleaving the ring, so, new derivatives of the five-membered 
ring can be obtained. E.g. "A" is split with HI, but "B" is stable to this rea- 
gent 157). Some phenyl groups change place with iodine and benzene is formed: 

SistPl O +xHI ~ Sis Ix¢lO-x +xH¢. 

The reaction proceeds easily until five phenyl groups have gone 264), when it 
slows down until ultimately 8 to 10 phenyl groups have been removed. With 
longer reaction times or more drastic conditions, ring cleavage occurs. The first 
step, the removal of five phenyl groups yields a well-defined product, penta- 
phenylpentaiodocyclopentasilane, in which each silicon atom has one iodine 
atom and one phenyl group 265). This structure is inferred from the cleavage 
products of the following Grignard reaction: 

CH3HgX 
Sis 95 Is ~ 5 me2 Si~oH. 

The higher iodinated products are probably isomers with various degrees of 
substitution. 

The Si-iodine linkages so formed are very reactive, offering the possibility 
for forming various derivatives 26s). Methylation to pentamethylpentaphenyl- 
pentacyclosilane was effected with methyl lithium. Butyl and methoxy deriva- 
tives are also known. Reduction with LiMH4 gives the hydrogen compound 
(see reaction Scheme III). 

~2 
/ S i ~  

¢2Si Sitp 2 

I I 
~o 2 Si Si~% 

rn~si ~i ~le Li me ~-' Si ~ IHOsi siOH 1 
i I  .so I I 

[ S , i ~ a e ~  'P2. 2.'~ " IHOsi si%H 1 rn~ Si S i /  I ~l-.~Si/51 1 ~Si .  / 
~me ¢I ¢ OH 

bUsi bu ~P 'P ~0 . ~.~, , I  L" meO 
S i ~ s i / ~ i  ~a Si .~sI/Si  ~p bI S i~  / S i  H ~ me ~ ~) me 

• Si 
bu ,.p ,p H ~ O me 

-H20 
polymerization 
formation of 
SiOSi-bonds 

Scheme III 
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A very interesting reaction occurs with water. At first, the S i - I  bond is hydroly- 
zed and Si-OH bonds are formed. Since silanol groups are not stable, water is 
eliminated and a condensation polymer results. This compound is yellow and 
emits a strong yellow Fluorescence. Siloxene, a similarly constructed com- 
pound gives the same color effect, which is explained in a later chapter. 

Investigations of compound C (Kipping 384)) by Gilman and coworkers 212) 
indicate that C is probably the six-membered ring. Investigation is very difficult, 
because C is not very soluble in any organic solvent and its reactivity is very 
low. No reaction occurs with iodine, basic compounds etc. A molecular-weight 
determination can only be made by means of mass spectroscopy but this shows 
only a very small parent-peak434). Our Investigations with Raman spectroscopy 
do not give lines that indicate a six-membered ring, but we have no alternative 
explanation. More detailed Raman measurements are necessary for a definitive 
determination of ring-size. Some physical data of  the described rings are known: 
the UV spectra were measured 179) and the IR and UV spectra, X-ray measure- 
ments, and thermal decomposition (stable up to 400 °C, the most stable being 
the six-membered ring) of the described rings were investigated in detail by 
M'hirsi and Brini 419). All of the properties of compound D indicate a polymeric 
character and D appears to be a polymeric chain composed of diphenylsilyl 
units. Isocyclic compounds with other substituents are rare. Only i-butyl 3°2) 
and p-tolyl derivatives s92) are known. Wurtz synthesis was attempted with 
alkoxydichlorosilanes 273, 388)but a S i - O - C  cleavage resulted. 

Recent investigations showed the existence of a six-membered ring with 
two kinds of substituents. Methylphenyldichlorosilane reacts with Li to form 
hexaphenylhexamethylcyclohexasilane 263). To prove its structure, the proce- 
dure is to remove the phenyl groups of the ring with hydrogen iodide to yield 
hexaiodohexamethylhexacyclosilane, and then to substitute the iodine atoms 
with methyl groups by means of methyl lithium. We obtained dodecamethyl- 
cyclohexasilane which was identical with an authentic sample isolated by the 
reaction of dimethyldichlorosilane with Li. 

9.2. Heterocyclic Silanes 

In the chemistry of  silicon, heterocycles are rings containing silicon atoms and 
one or more of another type of atom. Of the isocyclic compounds, four to 
seven-membered rings are known, while the existence of an eight-membered 
ring is probable. The same or similar ring sizes are expected for heterocyclic 
silicon compounds. 

We are familiar with heterocyclic ring systems with various elements, ring 
sizes, and numbers of hetero atoms. Here only systems with Si-Si bonds are 
discussed. The number of possible systems is very great in this field with the 
frequent possibility that different isomers are present. Only a small number 
of such ring systems have so far been synthesized. 

A relatively large number of heterocycles are known in which carbon is 
the hetero atom. Within this group there are various ring sizes. 
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A four-membered ring of this type is formed by reacting SiF2 copolymers 
with ethylene 631) or acetylene 397): 

F2 Si CH2 
I II 

F 2 Si CH 2 

F 2 Si - CH2 
, I I 

F 2 Si - CH 2 

(see p. 62). 
A five-membered ring with three carbon atoms and one Si-Si bond was 

found by some Chinese chemists 6s4) who reacted 1-(dimethylchlorosilyl)-3- 
(methylphenylchlorosilyl) propane with metallic sodium: 

CH2--SitpmeCl CH2--Sitpme 
/ / 

CH 2 + 2Na ~ CH 2 
\ \ 

CH 2-Si~omeCl CH 2 -  Si~pme 

+ 2NaC1 

A six-membered ring has also been formed via a rearrangement493): 

mez me2 CH2 
/ S i C I  C1Mg~ j S i  ~ ~CH2 

Rt RzSi + / (CH2)* ~ RI R2Si~  I 
"~Si CI CIMg S i ~  / C H 2  

m% m% CH2 

. RIR2Si.: + 

CH 2 f x <  
Sim% ~H2 

Si m%/CH2 
CH2 

The same ring system was observed by Kumadaet al. 370, 623) in considering 
stereospecificity problems in disilanes (see p. 39). 

Another six-membered cycle with two isolated Si-Si linkages was formed 
by Schmidbaur ss4) while investigating the stability of ylids with disilanyl 
groups. They found a high tendency to the formation of cyclic ylids: 

Pm¢ 3 
II 

/ C ~ .  
me 2 Si Si m% Li . / S i  rne2Cl 

I I ~ H F  m%P=C ~. me3PCH2 + 2 me4Si2C12 -4[Pme4]Cl~ me2Six .c /S i  me2 • 
Si me2C| 

II 
Pm% 

CH2..._ 
1.)me4Si2C12 / Si rne2 

me3P = CH-Sime3 2.)C4HgLi rne2 ~ x / S i  
me2 

I 
Si m% 
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The stabilization of the ylidic centers with Si-Si systems can be explained by 
a delocalization of the carbanion-charge in the Si-Si system. 

Larger ring systems with carbon are formed by a cyclization reaction of 
dilithium compounds with dichloro compounds199), 

~02 

Li(Si~o2)4Li C1 (CHz)3C1 Cz~ i/Si''C~'~ + ~ /CH z 
¢2Si...Si./CH2 

~02 

e.g. or by the reaction of dimethyldichlorosilane with lithium in the presence 
of ethylene. Nefedov eta/. 432) found high molecular weight compounds with 
the structure: 

Li, THF ~ CH2 
me2 SIC12 ' (Sime 2)n I 

C H  2 = CI 2 ~ C H  2 

to be main products of this reaction. 
Recent investigations by Sakurai eta/. 493) indicate the existence of some 

larger carbon-containing rings. 1,1,1,2,2,3,3-hexamethyl- 1,2,3-trisilacyclohep- 
tane is produced by reacting 1,3-dichlorohexamethyltrisilane with tetramethy- 
lene di-Grignard reagent. On irradiation with a low-pressure mercury lamp it 
gives a six-membered ring, 1,1,2,2-tetramethyl-1,2-disilacyclohexane, and 
dimethylsilylene. This reaction is a source for silylene radicals (see Chapter 7: 
Silylenes). An eight-membered ring was also isolated having both methyl and 
i-propyl groups at position two. 

1,1-Dichloro-l-silacyclopentane reacts with phenyldimethylsilyl lithium to 
yield the disilyl derivative, which can then be halogenated with HC1/AICI3. 
The halogen compound reacts with tetramethylene di-Grignard to yield 5,6,11 
trisilaspiro-4,6-undecane as an oil. 

C S  Cme2 Si Li ~ (Sime2¢ HCI/A1C13 
iCl2 THF " Si 

Sime2¢ 
me2 

k/ 
/Sirne2C1 CIMg(CH2)4MgC1 r-'/"Si..../'~--1 

Si~ ~ ~ . / s i /S l  ___J 
Si me2Cl /~ 

me2 

Irradiation of the latter product yields a six-membered ring with one Si-Si 
linkage, and a heterocyclic silylene 
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~ S i ~ . s i / - -  ] h v  ~" 'S i  me2 ~. : S i ~  
Si ~ "~..-Si me 2 

which undergoes a normal insertion reaction into a silicon-hydrogen bond, as 
does the dimethylsilylene: 

et 2 me Si 
: S i ~  + et2meSiH - h/Si~ 

H 

Note that in the investigations of SiF 2 (see Silylenes) a heterocyclic compound 
was found with carbon as the heteroatoms. 

Recent investigations by Sakurai 428) indicated the existence of a heterocyc- 
lic system with C-C double bonds 

~o 

~o ~o ~o ~o me2si/C~c ~o 
me4Si2Cl~ + Li-C"-C-C=C-Li ~- I ] 

me2Si~.c~C ~o 

The UV data indicate nonplanar geometry in the diene Chromophore. 
Chernyshev e t  al. found an unsaturated C-containing ring: 

C12 
Si 

5i2C16 CH CH / ~'CH 
or  + IH . tl II 

CH CH 
Si3C18 CH " S :  

C12 

84) 

Other group-IV elements rarely occur in heterocyclic silanes. Germanium, the 
dement most similar to silicon, forms two known ring systems, one being a 
five- and the other six-membered ring. The syntheses however, are different. 
Carberry and Dombek 73) obtained two six-membered ring systems from the 
reaction of dimethylgermanium dichloride and dimethylsilicon dichloride with 
Li in kind of a Wurtz synthesis: 
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The five-membered ring is formed by a ring closure reaction from a 1,4- 
dilithium octa phenyltetrasilane with dimethylgermanium dichloride 256): 

¢2 ¢2 ¢2 
¢2Si--Si-Li Si--Si 

~Geme2 +Cl2Gem% -' / 

92Si---Si-Li Si--Si 
~2 ~2 ~2 

Even a tin derivative was observed after a reaction of the same type, i.e. the 
reaction with dimethyltin-dichloride 2s6). 

Heterocycles with elements of  group V are known too, chiefly with nitro- 
gen. Only a few compounds with phosphorus have been described. Nonaphenyl- 
phosphocyclopentasilane is formed by the reaction described above2S6): 

~2 ~2 ~2 
~o2ii--Si-Li Si--S~ 

+CI2P~P ~ P~o 

,p2Si--Si-Li Si--Si 

A four-membered ring with two phosphorus and two silicon atoms was 
found 294) at the reaction of 

me2SiCl KP~ ~ P--Sime2 
t + I - - -  F [ 

mezSiCl KP¢ ~P P - -  Sire% 

N-containing heterocyclosilanes were formed in various kinds. The first step, 
cyclization of  the di-iodide I (Si¢2)41 with ;amines, yields in a first st~,p a chain 
with NR2 groups. At higher temperature, a second step and a cyclization 
occurs:2S6, 281) 

l(Si~o2)l + 4H2Nme = me HN(Si¢2)4NHme + 2NHzme. HI 

¢2Si Si~P2 
me HN (Si~p2)4 NHme ~ I I + me NH2 

~o2Si-xN/Si¢2 
me 

Two nitrogen heterocycles involving Si-Si bonds are known from the work 
of Wannagat and Brandst~itter. A five-membered ring was formed by the 
interaction of 1,2-dichlorotetramethyldisilane and dilithium bis-(methylamino)- 
dimethylsflane6S s 658): 
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R R 
R2si/C1 LiN~ R2si/Nxx, 

S iR~ 
I LiN : i R 2  R2SiNV, R2Si~c1 

R R 

and six-membered rings with R=H and CHa are the products of the solvolysis 
of 1,2-dichlorotetramethyldisilane with ammonia or methylamine656): 

R 
me2 Si/Cl H2NR m%si/N\sime2 

I - -  I I 
rne2Si~c 1 (R=me,H) me2Si~.N/Sime 2 

R 

It is surprising that the mole refraction of the latter two compounds is not in 
agreement with the rules of Eisenlohr and Lorenz-Lorentz. No explanation has 
so far been given for the difference between experimental data and the theory. 
The Si-Si bond has not been found to have an abnormal increment. 
A similar six-membered ring was found by the reaction of 1,2-dichlorotetra- 
methyldisilane with hydrazine 89) : 

me2 me 2 
Si--Si 
/ \ 

H2N--N N--Ntt2 \ / 
Si--Si 

me2 me2 

The corresponding trisilane Si 3(CH3)7 C1 yields only a nonvolatile residue. The 
analytical and molecular weight data obtained indicate the formula 
[Si3(CH3)6N2H2 ]5. A heterocyclic structure is probable. 

Wannagat e t  al. 660) recently produced the following new N-containing 
heterocyclosilanes (mostly permethylated) by the general reaction of 
N-lithium compounds with chlorosilanes: 

I N / I \ / I \ / I I \ / 
N ./N--Si ~si/N--S~ X N /N--Si--N N /N--Si--O /S i  \ /- /S,i \ / 
~ '  NN-- ~. I O I Si I Si 
/ Si \N__S:  Si. / "" N.Si / ~" / ~'N--Si ~SiNN--Si - -N/  / NN--Si--O-- 

I / \  I / \  I / \  I / \  

The oldest known heterocycles are those containing oxygen as the hetero 
386) element. Kipping's work ,382) with the first cyclosilanes (formed by a 

Wurtz synthesis from diphenyldichlorosilane) led to the discovery of two 
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oxygen-containing heterocycles. Kipping called these compounds the "mono- 
xide" and the "dioxide". The monoxide was obtained by hydrolysis of 1,4- 
diiodooctaphenyltetrasilane. Recent investigations have confirmed that this 
postulated structure is an octaphenyl-oxa-cyclopentasilane. It can also be 
formed hydrolyzing 1,4-diacetoxyoctaphenyl-tetrasilane(produced by reaction 
of octaphenylcyclotetrasilane with mercuric acetatO78): 

O 
If o o 

tP2Si - -  Sic2 Hg(O_C_CH3)2 II l[ (H30) + ~P2 Si Si~P2 
[ [ CH3 C-O(Si¢2)40-C-CH3 ~ [ [ 

~P2Si - -  Silo 2 - t t 20  ~2Si-~o/Si~2 

The IR spectrum of this octaphenyloxacyclopentasilane showed a very intense 
band at 955 cm -~ , an abnormally low frequency for the siloxane group, but 
more recent measurements 28a) show the band at 988 cm -1 . 

The dioxide is known in two isomeric forms. Kipping obtained a 
"rhomboidal oxide" by oxidation of  the monoxide with nitric acid or moist 
iodine. The oxidation of octaphenylcyclotetrasilane with nitrobenzene yielded 
the other isomeric dioxide. 

The tentative structures proposed for these two compounds are318): 

~2Si /0~Si¢2 ~o2Si Si~ 2 
I I 

~ 2 S i . o , ~ i ~ 2  ~2~i\s i /OI 
~02 

I II 

Kipping's "rhomboidal oxide" has the structure I as demonstrated by Gilman 
by the condensation of two molecules of sym-tetraphenyldisilanediol. The 
other isomer seems to have the structure II. 

Phenyl derivatives of oxygen-containing heterocycles are not the only 
known derivatives. Kipping described two five-membered rings with two other 
substituents, p-tolyl s92) and benzyl groups s91). 

More recent work has been done by several Japanese chemists. In 1956, 
Kumada e t  al. 371) found a methylated six-membered ring with two oxygen 
atoms as the hetero atoms in a silicon ring after hydrolysis of 1,2-dichloro- 
tetramethyldisilane. The fluorine derivative gives the same reaction. The 
crystal structure was also investigated 6a 3). 

Linear, cyclic, and cage-like methylsilicon telomers having a framework 
of SiSiO were found by Kumada et  al. 360). Telomerization of 1,1,2,2-tetraeth- 
oxydimethyldisilane by acid cleavage with HC1 in ether gives a cage-like telomer 
(II). Cohydrolysis of the same ethoxydisilane with me2 (Oet)SiSi(Oe0me2 was 
effected by treating with HC1 to give the mono-(I), the di-(III) and the tricyclic 
(IV) telomer: 
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Me~si 0 Si/Me 

oo a 2 M%si/O~siM% Me'x'S< Si 
I I ho---~i---I--o--~si\ 

Me2Six-o/SiM% ] . O"" [ / / O  Me 
.Si'" O- -S i  

Me / ~Me 

I II 

Me Me Me 
O I c~ I c~ I O 

Me2Si / "~si/O'~SiMe2 Me2Si/'-"~Si/v'~Si / ~'SiMe2 
I I E ~ I I I 

Me2Si'xo/Si~o/SiMe2/ Me2Si. S i . .  ~Si.. SiMe2 
--O" I--O" I--O ~ 

Me Me Me 

III IV 

Under comparable conditions me2 (Oet)SiSi(Oet)me2 and me2 Si(Oet2) gave 
the expected heterocycles in a similar reaction: 

Me2si/O~siM% me2Si Simez 
I I I I 

Me2Si 0 
I I ° \ s < °  me2 O SiMe2 

Crystal and molecular structures of II, I and IV were determined by Higuchi 
and coworkers 286' 287, 613), and were confirmed to be the structures de- 
scribed above. 

Some heterocycles with sulphur exist. Dilithiumoctaphenyltetrasilane 
reacts with SC12 giving a small yield of a five-membered ring2S6): 

~P2 ~P2 
~2Si - -  SiLi ~2Si--Si~ 

I +SC12 ~ I S 
~ 2 S i -  SiLi so2Si - S i /  

@2 @2 

1,2-Dichlorotetramethyldisilane reacts with HzS and forms a six-membered 
ring with two sulphur atoms 657): 

H ~ S ~ H  
me2SliCl CI S i m e 2  me2~iJS~ime2 

I = 
m%SiCl C1 S i m e 2  me2Si~sjSim% 

H ~ s J H  
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The first heterocyclic silane with boron as a hetero atom was recently pre- 
pared2S0, 281). 

~2 ~2 
¢2ii--SiLi ¢25i--Si\ 

+ C12B-Nme2 ----,-- B.Nme2 
~2Si--SiLi ~2Si--Si / 

~2 ~2 

The compound is stable only with nitrogen as a substituent on the boron atom, 
which supplies electrons for stabilization of the B-Si bonds. Attempts to form 
a Si-B bond without a Nine2 group were unsuccesful. 
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10. Polymeric Compounds with Si-Si Bond Systems 

10.1. Polymers with Small Si-Si Units 

There are some silicon compounds with small Si-Si units linked together by 
Si-O-Si, Si-NH-Si or similar bond systems. In many cases, such compounds are 
obtained by the solvolysis of oligosilanes with a subsequent condensation 
reaction. However, preparation from polymeric starting material is also possible, 
for instance, the formation of siloxene from calcium silicide. 

The oldest publications in this field are mainly concerned with the hydro- 
lysis of hexachlorodisilane and octachlorotrisilane 166, 167, 417, 418, S75). The 
chemical and physical properties of the compounds are well described, but it 
now seems necessary to revise the postulated structural formulas and the 
nomenclature (e.g. siliconoxalic acid and siliconmesocalic acid). Exact structu- 
ral formulae have yet to be ascertained, but the structure certainly includes 
Si2 and Si3 units condensed with Si-O-Si bonds. Depending upon the reac- 
tion conditions and water content, more or fewer OH groups will be found in 
the compound. However, in no case are the double bonds ~ S i  = Si.~ or 
~ S i  = O, which had been postulated in earlier publications, found to be 

present. 
The described properties are in good agreement with the current concept 

of the structure. The compounds are white amorphous powders, insoluble in 
all solvents except by decomposition. With aqueous ammonia or caustic alkalis, 
hydrogen is evolved. With abrupt mechanical or thermal shock, explosive 
decomposition may occur, in which the enthalpy of oxidation of the Si-Si 
bonds to Si-O bonds is released. 

10.1.1. Preparation by Solvolysis o f  Silicon Halides 

A similar interpretation may be based upon the results of  Schwarz and 
coworkersSSO, 581). These authors hydrolyzed higher silicon chlorides and 
found solid white polymeric compounds in which the original Si-Si framework 
is retained. An irregular network containing Si-O-Si bond systems is also formed, 
so that the earlier postulated structural formulas are certainly incorrect. 

Recent results in this field were reported by Schumb et al. 575,576). Careful 
partial hydrolysis of hexachlorodisilane yields a series of oxyhalides: Si4OCllo, 
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Si602 Cl14 and Si803Cl18. The isolation of these colorless liquids is consistent 
with the postulated basic structures of the polymeric compounds. 

Some results are known for the ammonolysis of  oligochlorosilanes. After 
a first paper by Schwarz and Sexauer s89) more recent results were given by 
Billy 38-4D. Si2 CI 6 reacts with ammonia to Si2(NH2) 6 (not isolated) which 
immediately evolves ammonia and forms a polymer [Si2 (NH)3 ]n- On heating 
this compound, a nitride, Si2N2, will be formed. All these compounds are 
sensitive to decomposition by hydrolysis, by which they are converted to 
silicic acid, hydrogen and ammonia. 

10.1.2. The Chemistry of  Siloxene 

We have seen in the first chapter that silicon is not able to form double bonds 
with itself. In the second period of the periodic table, an overlap between two 
p orbitals is impossible because the distance between two atoms is too great. 
A more sophisticated picture of  the Si-Si system shows that bond strengthening 
can occur viad orbitals, and we have discussed these effects (see page 53). 

In the nineteenth century, when the picture was still rather crude, chemists 
attempted to prepare compounds with a "true" Si-Si double bond. An over- 
simplified analogy was relied on at that time: carbon-carbon multibonds are 
formed during the decomposition of carbides like calcium carbide, therefore 
compounds with Si-Si multiple bonds ought to be formed in the decomposi- 
tion of calcium silicide. 

Several chemists tried this approach. The most important paper of  this era 
was published by Friedrich W6hler 687) in 1863. It is exciting to read this paper 
even today. 

CaC2 yields the gas C2H2 on reaction with acids, while decomposition of 
CaSi2 by acids produces a yellow solid composed of silicon, oxygen and 
hydrogen. W6hler named this first colored silicon product "Silicon". This has 
inadvertently caused some confusion between German and English nomen- 
clature (silicon vs. Silicium, not to mention silicons and Silicone). In German, 
the silicones and W6hler's "Silicon" have the same name. There is no word in 
English for W6hler's "Silicon" and because it has no similarity with polysilo- 
xanes, I will from now on call it the "W6hier compound". 

In his first paper, W6hler does not discuss any structural aspects of this 
compound. One of  the striking properties of the W6hler compound is its yellow 
color and strong yellow fluorescence on irradiation with UV light. These very 
properties prompted Kautsky 33s) to start new investigations in 1921. He found 
that the W6hler compound changes its properties with the conditions of  prepa- 
ration and is actually a mixture of  several different compounds. 

Milder and better controlled reaction conditions resulted in a white com- 
pound which burns spontaneously upon exposure to air, and is also sensitive 
to water, caustics, and to many other reactants. 

Kautsky 342) called it "siloxene" and found the structure to be a polymeric 
layered compound with six membered silicon-rings linked by oxygen. The 
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fourth valency of the silicon is occupied by hydrogen. The ring is not planar 
but rather irregular, so that the fourth valency of each silicon sticks up out of 
the layer: three bonds of every ring face up, and three bonds down. 

Siloxene has two remarkable properties: all the hydrogen atoms are ex- 
changeable with other atoms or groups and the whole compound has the ap- 
pearance of a two-dimensional layer; and the characteristic colors and the 
fluorescence of such derivatives are significant. 

A few more details about these two properties will enable us to understand 
why Kautsky proposed this structure. The starting material is CaSi2, a layer 
lattice with silicon and calcium layers one upon another. This structure was 
elucidated by X-ray analysis carried out by B6hm and Hasse143). Weiss 316) 
et al. secondly repeated this work using more refined techniques. These papers 
differ only in some minor aspects of  layer-stacking. We consider that only the 
silicon layer is important. It contains six-membered siliconrings condensed 
togehter. The rings are irregular as described above. 

CaSi2 yields siloxene via acid hydrolysis (HC1) in darkness in alcoholic 
solution under nitrogen. Siloxene is a white powder which is insoluble in all 
solvents, gives no X-ray lines, burns spontaneously in air and evolves hydrogen 
with caustics. The structure was shown above. 

The Si-H bonds are extremely reactive and the hydrogens can be replaced 
by halogens without destroying the siloxene structure, forming the siloxene 
halide derivatives. 

To emphasize the layer structure and show why hydrogen could be ex- 
changed without disrupting the layer, Kautsky 336) drew the part of formula 
which represents the layer surrounded by a rectangle. All exchangeable atoms 
are then outside this box: 

H6 

hence no reaction can occur with the atoms within the box without decompo- 
sition of the layer. 

Bromination has been studied in the greatest detail 341' 342,343, 349) 
Gaseous hydrogen bromide reacts with siloxene to form monobromosiloxene; 
further bromination with HBr is not feasible: 

[ • - • H  6 + HBr > [ ~  Hs 
Br +H2 

In contrast, elemental bromine reacts with siloxene and, depending on the 
reaction conditions (temperature, time) and the bromine concentration, gives 
bromosiloxenes of  varying degrees of substitution. 

Dibromosiloxene is the first product which can be isolated. It is formed in 
the reaction between a carbon disulphide solution of bromine (about 10%) and 
a carbon disulphide suspension of siloxene; the reagents are mixed while coo- 
ling with ice, as in a titration. When the bromine color remains, a dibromosilo- 
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Br 2 
n6 -1 -2Br2  ----~ ~ I_ i4 - I -2nBr  

Br 3 
Br2 + Br2 ~ ~ H3 + HBr 

Br s 
I - - I ~  H + Br2 , [Si603] Br 6 + HBr 

xene with the stoichiometric ratio Si : Br = 6 : 2 has been formed. In contrast, 
when concentrated bromine solutions are allowed to act on siloxene suspensions 
at room temperature for prolonged periods, higher bromine derivatives are 
formed in which the degree of  substitution is generally non-uniform. The 
maximum attainable Si : Br ratio is 1 : 1, corresponding to the fully brominated 
hexabromosiloxene, Si603Br 6 . 

The dibrome derivative stage is the most probable for steric reasons 
(Kautsky and Siebe1349). From X-ray measurements on CaSi2, it may be as- 
sumed that the Si 6 ring in siloxene is similarly angular (see Fig. 2), with three 
valencies directed towards one side o f  the laminar plane and three valencies 
towards the other. According to these authors, a bromine atom can readily be 
accommodated on each side of  the Si ring. Further bromination, which re- 
quires the accommodation of  at least two Br atoms on the same side of  the 
ring, is sterically more difficult and consequently requires more time and a 
higher bromine concentration. 

I 

Fig. 2. Si 6 ring in siloxene and in CaSi 2. 
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The above arrangement in the dibromosiloxene molecule and the angular 
nature o f  the ring have been confirmed by recent investigations by Hengge 
and Grupe 258). 

Halogen siloxenes usually react with alcohols to  form the corresponding 
alkoxysiloxene derivatives: 

Brx + x  ROH --"* ~ (OR)x 
+ x HBr 

I v ~l l16_x H6_x 

This alcoholysis can also be carried out  with diols, bridge formation across 
the ring being feasible under certain conditions. 

In the case of  diols such as n-propanel ,3-diol ,  dibromosiloxenes react 
with only one OH group, in accordance with the angular ring structure in 
which one bromine a tom is on one side and the second on the other side of  
the ring. Bridge formation is therefore impossible. 

H Br 
I rl I 

. . S i - - . L  ," /Si-..  

- . . s ~ / S i ' ~ t l  S{.-" 
I H 1 

Br H 

+2 HOCH 2 • CH 2 • CH2OH 

- 2  H Br 

OH 
I 

[CH213 
I 

H O 
I H I 

. Si--.J : /Si--.  

-s( ii si/ 
[ H I 

O H 
I 

[CH213 
I 

OH 

In contrast,  depending on their stoichiometry,  the higher bromosiloxenes 
do form bridges, as indicated by  the fluorescence spectra. 

Br Br 
j H [ 

. - S i - - - L  ," /Si  --. 
/ I~si// 

I Br I 
Br Br 
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In this case, at least two bromine atoms lie on the same side of  the ring, so 
that bridge formation can take place with suitable diols. 

Few studies have been published on the iodosiloxenes 343' 348). Owing to 
the greater size of  the iodine atom, only the diiodosiloxene can be formed. 
The higher iodine derivatives are excluded for steric reasons. With elemental 
iodine, siloxene ferms only a monoiodosiloxene ~ I s . Diiodosiloxene 
can be prepared indirectly by the reaction between bis-(diethylamino)siloxene 
(obtained from dibromosiloxene via solvolysis with ethylamine) and treat- 
ment with hydrogen iodide: 

Br2 + et2 NH 
H 4 

) ~ (Net2)2 + 2 HBr 

I2 + 2 HNet2 • HI (Net2)2 H4 + 4 H I  ' ~ H  4 

Iodination of siloxene with organic halogen derivatives is also possible, parti- 
cularly under the action of light. 

Chlorine derivatives of siloxene are also known. The action of elemental 
chlorine on siloxene is much more vigorous than that of  bromine or iodine. In 
addition to the Si -H bond, the Si-Si bond is also attacked to effect decom- 
position of the siloxene network. One of the decomposition products is 
C13SiOSiC1] 34). No fluorine derivatives of  siloxene have as yet been described, 
but many other groups exchange with halogen or hydrogen, e.g. OR, NHR, and 
SR groups. 

The OH derivatives are very unstable and the black hexahydroxysiloxene 
is explosive in the dry state 351). In all these cases there are from one to six 
substituents in each ring. The only limitation on substitution is that there 
must be sufficient space for the group on the layer. 

Other derivatives of siloxene were also prepared34S): 

H4 me - COOH or ~ H 4 
~ (OH)2 (me CO)O (OCOCH3)2 

~ H  4 me • COOH H4 
(Ome)2 ' ~ (OCOCH3) 2 

~ H  4 me "COOH H4 
(NHet)2 ~ (OCOCH3) 2 

Instead of starting with the unstable hydroxysiloxene, one can start with 
alkoxy or alkylaminesiloxenes and acetic acid, along with other carboxylic 
acids or acid anhydrides. 
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One may also react S02, CS2 and C02 with the amino derivatives to form 
amido acids a4s): 

H4 + CO 2 
[ ~  (NHet) 2 

H4 
[ S ~  (NHet-COO-) (NH2et) * 

[~60--~ H4 + 502 -'--~ ~ ( N H  
(NHet)2 et-SOOH)2 

Li Alkyls react with siloxene to form a dark product of the composition338): 

H 6 + 2 ( n + m )  LiR 
H6-(n + m) 

> ISi603l R n + n L i H + m R H  
Lira 
F / ~ m  

An interesting aspect from the view point of organic chemistry is the 
reduction of ketones and aldehydes by siloxenea4S): 

H 6 + R ~ R 2 CO -+ ~ i 6 0  ~ H6-n 
(O-CRIR2)n y H 

H6-n 
[ ~  (OH)4 + R1 R2 CHOH 

The carbonyl group reacts with the Si-H bond and subsequent hydrolysis 
forms the alcohol. 

All these exchange reactions occur rapidly and quantitatively. There is 
no hindrance due to diffusion, in the solid state. The entire surface is 
capable of reacting. Chemisorption with bromine permits measurement of 
the surface area (5.9 x 10sin 2/mol). 

Kautsky and Pfleger 347) measured the surface by the BET method and 
found only about 30% of the theoretical surface when using CH4, and still 
less with nitrogen; it appears that these very small bond interactions are not 
able to separate the layers. 

The best explanation of the above facts may be as follows. The layers 
of the CaSi2 are separated by the action of the halogen hydride and the Ca 
layer is eluted in the form of Ca chloride. Hydrogen atoms bond to the Si 
layer whose negative charge becomes smaller, weakening the layer structure. 
Oxygen from water now reacts with the layer and the hydrogen of the water 
is reduced to gaseous H2. The siloxene layers now lie loosely upon one 
another like the pages of a book and are bound together only be weak van 
der Waals forces. Compounds which react with the hydrogen exothermically 
are able to separate the layers, whereas the absorption of gases N2 or CH4 
can only partially effect this. 

98 



Properties and Preparations of Si-Si Linkages 

Kautsky's postulation of a regular insertion of oxygen in the silicon 
layer forming six-membered Si heterocycles is based on the following con- 
siderations: 

1. the lowest substitution ratio of all substituents, proved with bromine and 
iodine, is Si : substituent equals 6 : 1. 

2. six-membered Si rings are preformed in the silicide; 
3. electron microscopic pictures of siloxene show hexagonal particles 352). All 

corners have angles of 120 ° . 

The six-membered ring is highly probable, but it seems desirable to have 
still more evidence for it. 

The second outstanding property of the derivatives of siloxene is that 
they are colored and fluorescent. Siloxene itself is greenish white and exhibits 
slight blue-green fluorescence. The absorption spectrum has a maximum at 
380 m/~. Investigations of these features gave the following picture 252' 271). 

1. The absorption spectra and the fluorescence spectra are mirror-images of 
each other. The duration of the fluorescence is of the order of 10 -a seconds. 
The fluorescence spectra are insensitive to small impurities and small chan- 
ges in the preparation methods. The conclusion is that the color and the 
fluorescence are properties of the molecule and not of the lattice 272), so 
the color must originate from the peculiar type of bonds in the system. 

2. The fluorescence maxima shift toward longer wavelengths when the number 
of the substituents is increased. We have carried out investigations with 
substituents like halides, OR, NHR etc. having free electron pairs. 

3. Both the numer and type of substituents influence the magnitude of the 
shift. 
An investigation of several substituents gave the following series with an 
increase of the shift to longer wavelengths: 

Br < Oct < Ome < I < SR< NHet < OH. 

The effect of these substituents on the color of polymeric compounds such 
as (SiX)n and (SiX2)n is nearly the same. An increase in the force constants of 
disilanes was also observed within a similar substituent series. 

The origin of the color appears to be the same in each case. Therefore, one 
can say that whenever some Si atoms are directly bonded together and also 
have a high electron density, the compound will be colored. This is a result of 
electron-donating groups bonded to siloxene. Where the electron density of a 
silicon atom in the Si 6 ring is increased by additional dnpzr bonds of the sub- 
stituents, this increased electron density leads to additional links between the 
silicon atoms of the ring in siloxene. The oxygen atoms in the layer reinforce 
this effect. 

These additional bonds, which presumably are no longer localized, account 
for the chromophoric properties of the Si ring. This view is supported by the 
fact that a hypsochromic shift occurs when the free electron pairs of a substi- 
tuent are blocked, for example, in an OR group by addition of BF 3 . 

99 



E. Hengge 

Why do siloxene and its derivatives exhibit fluorescence in contrast to all 
other colored compounds encountered in silicon chemistry? So far, no investi- 
gations have been reported, but we can make someplausible conjectures. 
Fluorescence normally occurs if the absorbed radiant energy is not destroyed 
in a non-radiative process such as occurs in isolated centers of  a molecule, in a 
lattice, or in a very rigid arrangement. 

In siloxene, isolated Si tings probably form a center "insulated" by oxygen 
and it is this that causes the fluorescence. 

It is perhaps relevant here that the fluorescent compound formed in the 
hydrolysis of iodine cyclosilanes also has rings isolated by oxygen. It is signifi- 
cant, moreover, that two-dimensional polysilanes become fluorescent if a slight 
partial oxidation takes place. 

Let us return now to the W6hler compound. What light does the chemistry 
of siloxene shed on the structure of this compound? The W6hler compound is 
formed from CaSi2 with HC1 in high concentration in light and air. Under 
these conditions, siloxene forms halogen derivatives which react with water to 
hydroxysiloxenes. 

Hydroxysiloxenes are intensely colored, highly fluorescent and very sensi- 
tive to light. The colors shift to lower wavelengths under the influence of 
light, but only as far as a certain limiting wavelength. In the fluorescence spectra 
of the methoxysiloxenes, the same effect occurs, but more slowly. Once the 
limiting wavelength is reached the extinction of the color and the intensity of 
fluorescence declines. This limiting wavelength is the same as the wavelength 
of maximum fluorescence for the W6hler compound. Therefore, the W6hler 
compound seems to be identical with a bleached hydroxysiloxene 269). 

The chemistry of the bleaching reaction is not known in detail, but some 
evidence indicates that the main reaction is the rearrangement: 

I I 

- - S i - O H  - -  S i - H  
\ 

I , o 
/ 

- -  S i -  - -  S i - -  

I I 
This new Si-O-Si bond is probably formed between the layers, making an ir- 
regular three-dimensional network. 

Finally, the W6hler compound fluoresces with a yellow color. When oxi- 
dized with a strong oxidizing reagent like KMnO4, its oxidation energy is 
large enough to elevate the native part of  the molecules into an excited state, 
when fluorescence takes place. This is a chemiluminescence phenomenon. The 
spectra are identical with the fluorescence spectra 346' 353) 

Now we know that not every oxidation reaction in the presence of 
fluorescent material produces fluorescence. The systems are not coupled, and 
there is no energy transfer between the first reaction and the fluorescent mate- 
rial. So it seems possible that energy transfer may occur in the silicon layer 
itself, resulting in oxidation in one part of  the layer. The resulting energy trans- 

100 



Properties and Preparations of Si-Si Linkages 

fered through the layer produces an excited state in a native (i.e. yet unoxidized) 
six-membered ring system, and hence fluorescence occurs. 

There is another surprise in this system. If  a dyestuff is applied to the 
W6hler compound, there are two possibilities: 

1. the dyestuff is adsorbed on the surface of the W6hler compound, whereupon 
oxidation of the system causes the dyestuff to fluoresce (when its excited 
state is lower than that of  the W6hler compound); 

2. the dyestuff is not adsorbed, and no fluorescence takes place. 
This phenomenon may be considered as sensitized fluorescence. Direct contact 
is necessary for this phenomenon to take place. Siloxenes and similar compounds 
have many very remarkable properties. Not all observed effects can be explained 
and some explanations are presently tentative or speculative. 

10.2. Compounds with Polymeric Si-Si Systems 

10.2.1. Introduction 

Polymeric compounds with limited Si-Si units in which the polymeric charac- 
ter is due to other bond systems, have been described. Another series of  poly- 
meric compounds exists, in which the Si-Si bonds themselves are responsible 
for the polymeric state. The extreme case, when all four valencies of  a silicon 
atom are bonded with Si atoms, produces metallic silicon with a diamond 
structure. Compounds of  the type (SiX2)n or (SiX)n result when some valen- 
cies of each silicon atom are occupied by other atoms or groups. Only poly- 
meric compounds (SiXy)n withy from 2 to I exist; SiX 3 yields disilanes, and 
compounds withy between 3 and 2 yield limited chains. The possible stoichio- 
metric compositions SiX2 and SiX are sometimes found, but a non-stoichio- 
metric composition is more common, which is understandable in view of  the 
irregular framework of  the Si-Si structure. The formation of regular or irregular 
Si-Si structures of  stoichiometric or non-stoichiometric composition will de- 
pend on the procedures used in preparation. 

These polymeric compounds can be classified in two groups according to 
the method of preparation: 

1. Compounds formed from low-molecular-weight silicon compounds by 
thermal polymerization reactions. Normally, an irregular polymerization 
takes place, resulting in products with various compositions. Compounds 
of defined composition sometimes result, but need not necessarily have a 
regular structure, e.g. when the monomeric starting material forms radicals 
of defined composition such as in the formation of "silylenes". The usual 
assumption that chains and rings are formed exclusively by the polymeri- 
zation of SiX2 units is not always correct. A rearrangement sometime 
Occurs:  

101 



E. Hengge 

X X X X X X X 
I I I I I I r 

- -  S i  - -  S i  - -  S i  - -  S i  - -  S i  S i  - -  S i  - -  
I t I I f I I 

X X X X X X X 
X-- 

x 

X--S i - -X 
X X X X 

I I I I 
Si -- Si Si -- Si -- Si - -  

r I I 
X X X 

Si -- X X -- Si -- X 
I I 

X X 

Irregular structures are then formed, even with a stoichiometric composi- 
tion. The picture becomes more complicated due to formation of  other 
monomeric radicals (e.g. SiX) or secondary reactions, for instance a reac- 
tion of  excess alkali metal with ready-formed (SIX2) n . Small differences in 
the formation conditions affect the products, which explains why there 
are differences between the results of  different authors. 

2. A second group of  compounds of  the type (SiX)n will be formed from 
polymeric starting material in which the Si-Si frame work is pre-formed. A 
series o f  compounds can be formed from some silicides by exchange of  the 
substituents without changes in the Si-Si framework. Thus polymeric 
compounds of  well-defined structures and stoichiometric composition are 
obtained. Stoichiometric composition may be affected by steric hindrance 
of  substituents in the exchange. Such complications will be described later. 

The two groups of  substances thus have completely different structures and 
totally different paths leading to their formation. A similarity in the chemical 
properties is due to similarity of  the chemical bonds. Some physical properties 
are also similar, such as color which is due to Si-Si bond. Each group of  com- 
pounds will be described separately. 

10.2.2. Compounds with Polymeric Si-Si Bond Systems Obtained from Low- 
Molecular-Weight Starting Material 

Polymeric Si-Si compounds can be formed by thermal or chemical polymeri- 
zation of  monomeric Si compounds, as already described. Some investigations 
indicated the appearance of  intermediate radicals such as silylenes (see the 
review of  Btirger and Eujen 67a) and cf. p. 58) or others, which were sometimes 
isolated or identified spectroscopically. Recombination o f  these reactive units 
results in more or less irregular polymeric compounds. 

Formation of  monomeric radicals can be brought about by 

a) physical energy (pyrolysis, silent electrical discharge, light etc.). The resul- 
ting equilibrium: 

SiX4 - " SiX 2 + 2 X 
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can shift to the right by capturing the halogen radicals with hydrogen, or 
by recombination, etc. 

b) disproportionation: 

Si2X 6 ~ SiXa + SiX2 

caused by heating, or the catalytic influence of tertiary amines. 
c) the reaction of metals: 

SiX4 + 2 Me I " SiX 2 + MeX Me: Alkali, Mg etc. 

Two different types of reaction c) are possible: 
Firstly, the reaction with alkali metals, magnesium or other similarly reac- 

tive metals, mostly in ethereal solution. The tendency toward formation of 
the metal halide is the probable driving force of  the reaction. Secondly, the 
reaction with silicon metal at about 1000 °C. This type is called a transport 
reaction because silicon metal is transported in the gaseous phase: 

SiX 4 + Si - " 2 SiX 2 - • (SIX2) polym. 

In specific reaction conditions, it is possible to isolate SiX 2 in the polymeric 
state. 

Although Sch~fer and Nick1543) did not find any abnormal increase in 
the vapor density on heating pure SIC14, a spectroscopic investigaion 676) has 
indicated the formation of SIC12 radicals, though in very small concentrations. 
It is unclear whether silicon metal is only the radical trapper of preformed 
SiX2 radicals, or whether the first step is a reaction of silicon with SIC14. 

The most important results with the various compounds may be summari- 
zed as follows: 
Polymeric silicon hydrides: In 1880 Ogier 437) described unsaturated yellow 
silicon hydrides obtained in a silent electric discharge in Sill4. Stock and 
coworkers 6°5) reported the formation of solid yellow hydrides during the 
photochemical decomposition of higher silanes. The hydrogen content of  these 
amorphous compounds was between Sill 1.12 and Sill 1.22- Stock and Somieski 
found products Sill 1.1 up to Sill1.7 when reacting Sill2 C12, SiHC13 or Si2 C16 
with sodium/potassium alloy 6°°) or sodium amalgam 543). Emeleus 33) found 
similar solid hydrides in the thermal decomposition of di- and trisilanes. 

561 563) In recent investigations Schott and Herrmann ' attempted to pre- 
pare silicon hydride by reduction of tribromosilane with magnesium: 

2 (SiH)n + 3 MgBr2. 2SiBr3 H + 3 M g  >n  

They found it impossible to form a silicon-hydride not containing small 
amounts of bromine by this method. A typical composition was (Sill 1.03Bro.8) n . 
When prepared in this manner, silicon hydride is a lemon-~cellow powder which 
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exhibits a weak yellow fluorescence. It is hard and brittle. Optical anisotropy 
and the lack of X-ray diffraction lines indicate an amorphous structure. On 
heating in air, it ignites at 98-102 °C and is insoluble in all organic solvents. 
With water and ethanol, hydrogen is evolved: 

(sin)n + 4nH20 -"-~ n Si(OH)4 + 4nil2.  

Silicon hydride reacts with bromine or iodine in solution with discolora- 
tion and is a strong reducing agent. All these properties and detailed studies of 
the oxidation of (SiH)n led Schott and coworkers to conclude s62' s64) that 
the silicon hydride isolated by them has an irregular structure. 

Polymeric silicon fluoride: Silicon fluorides in the polymeric state are products 
of the recombination of monomeric SiF2 radicals. These SiF2 radicals are de- 
scribed in detail in Chapter 7: Silylenes (see p. 58). 

Various experimental studies were carried out with the object of  obtaining 
polymeric (SiF2)n without a preformation of monomeric units. When fluorina- 
tion of (SiBr2)n was attempted with fluorinating agents such as HF, SbF3, 
AgF, AgF2, AsF3, and HSO3F, in no case was (SiF2)n obtained; only SiF4 
was observed 548). However, fluorination of a layered (SiF)n is possible (see p. 
109). This reaction thus seems to be a matter of the steric hindrance of the 
halogen exchange. 

Formation of polymeric (SiF2)n or (SiF)n is possible in the reaction of 
SiBr2F 2 or SiBraF , respectively, with magnesium 36°, 548). Silicon monofluo- 
ride was also obtained on heating silicon difluoride to 200-350 °C. At higher 
temperature (400 °C) an explosive decomposition into silicon and SiF4 occurs. 

SiF2 is also formed on thermal disproportionation of Si2 F 6 549). Another 
disproportionation ss3) occurs under the catalytic influence of triethylamine, 
forming a brown powder (SiFo.91) n which ignites spontaneously in air. 

Polymeric silicon chlorides: One of the first detailed studies of  the silicon 
chlorides was published by Besson and Fournier 34) in 1909. The authors found 
that a compound (SiC12)n was formed during silent electrical discharge in 
SiHCI3/H2 mixtures. 

Later Schwarz and coworkers s8°' 582, 584) reported the formation of 
higher chlorosilanes and of a yellow polymer chloride (SiCl)n 579) in the 
pyrolysis of  SIC14. The polymer is an amorphous yellow powder, stable up to 
400 o C, but sensitive to water. On average, three valencies of  every silicon 
atom are bonded to silicon while the fourth valence is occupied by a chlorine 
atom. The exact 1 : 1 ratio of  Si : C1 is surprising, since a variety of  composi- 
tions would be expected. 

Schwarz and Pietsch saa) also described a white (SIC12)n of various com- 
positions, obtained in an electric discharge in SiC14/H2 gaseous mixtures. 
Wiberg and Hertwig 282' 283) recently repeated this work and found similar 
compositions, but in all other investigations on silicon chlorides in polymeric 
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states a yellow color was found. The partial silicon-diamond lattice postulated 
by Wiberg lacks sufficient physical evidence. 

Rochow and Diditschenko 474) found similar results, obtaining an oil, 
SIC12.6!, by the reaction of SIC14 with silicon at 1000 °C. 

The formation of monomeric SIC12 by the reaction of SIC14 with silicon 
was reported in Chapter 7 (p. 66). 

Detailed investigations of  the equilibrium and thermodynamic data were 
published by Sch~fer et al. 539, 542, 543), Antipin 13), Wolf and a coworker 69°), 
and Kempter el at. 378). 

Under specific reaction conditions, SiCI2 can be isolated in polymeric 
form, as was independently shown by Schenk s4s) and Schmeisser s52). The 
product isolated is soluble in organic solvents, and measurements of the mole- 
cular weight show a molecule composed of 16-17 SIC12 units. More detailed 
structural investigations have not been performed. Whether this compound has 
a polymeric structure or whether it is a chain or a ring of limited size is unclear. 

Similarities of  the (SiC12)n described here to compounds such as SiloCll6, 
found by Schwarz et al. s81, sss, s9o) are discernible. 

Polymeric silicon bromides have a certain similarity to silicon chlorides, where 
an equilibrium between silicon and SiBr4 also exists. Thermodynamic studies 
have been made s42' 688). The isolation of polymeric (SiBr2)n is possible in the 
form of a brown powder which dissolves well in benzene ss 1). The molecular 
weight was estimated as approximately 3000. Above 200 °C a cleavage into 
SiBr4 and (SiBr)n is observable 44s). [Si(OH)2 ]n is unstable to hydrolysis 
and undergoes a strongly exothermic rearrangement, sometimes in an explosive 
reaction: 

OH OH H OH 
I I I , ,O,, I 

- S i -  S i -  ~-Si S i -  
I I I I 

OH OH OH OH 

With LiA1H4, a polymeric hydride (SiH2)n is formed and with Grignardcom- 
pounds the corresponding alkyl compounds can be obtained: 

(SiBr2)n + 2n RMgBr - - *  (SIR2) n + n MgBr 2 

LiAIH 4 
(SiBr2) n , (Sill2) n . 

With magnesium, al slow reduction to (SiBrl.46)n occurs 5s l, ssa). Apparently 
a Si-Si framework is formed and the reduction becomes sterically hindered, so 
the reaction product has an irregular structure. 
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(SiBr)n formed in the reaction of magnesium with SiBra seems to be 
identical with the bromide isolated after the pyrolysis of (SiBr/)n. Like all 
the other silicon halides, (SiBr)n can be formed by disproportionation of Si2 Br6 
in form of an insoluble yellow-brown solid. The particular reaction tempera- 
ture confirms the postulated decrease of thermal stability in the serie~ Si 2 C16 

Si2 Br 6 ~ Si216 . 

Polymeric silicon iodide: No such detailed investigations have been made of 
the iodides. An equilibrium between silicon and SiI4 also exists, but the easy 
thermal decomposition of the iodides indicates a reversal of the temperature 
effects s42). (SiI2)n was found to be a brittle, amorphous, yellow-red solid ss°). 
Pyrolysis of SiI4 yields a similar product, soluble in benzene. In an electric 
discharge, a yellow red solid is formed having the composition (SiI2.2)n and 
insoluble in all organic solvents. During pyrolysis at 220-230 °C, it reacts to 
form an insoluble product (SiI2)n of dark red color in addition to SiI4 and 
Si216. Pyrolysis of the product (SiI2) n at 350 °C yields an orange colored 
(SiI) n. 

A silicon monoiodide is also formed by disproportionation of Si216587). 

3Si2I 6 ~ " 2(SiI )n+4SiI4 .  

On hydrolysis, an oxyhydride of the composition (Si2 H304)n is obtained, of 
which the structure is unknown. 

The many different observed forms of silicon iodides in polymeric forms 
show the possibility and ease of thermal rearrangements and the existence of 
different irregular structures. The observed compositions seem to be more or 
less fortuitous. 

Polymeric silicon alkyl compounds: Polymeric compounds are often observed 
in the Wurtz synthesis of dihalodialkyl(aryl)silanes with metals. The inter- 
mediate product is probably a dialkyl(aryl)silylene (see Chapter 7). A poly- 
meric dimethylsilane was found by Burkhard 68). A yellow polymeric (SiCH3) n 
was isolated after pyrolysis of Sill4 with ethylene is6). 

In this connection the formation of irregular polymers (Si BrvHy RxOz)n 
with v + x +y + z = 2 is of interest. As a result of steric hindrance s66), such 
compounds will be formed in the reaction of SiBr4 with t-butyl Grignard 
compound instead of the expected tetrakis (t-butyl)-silane. 

10.2.3. Compounds with Polymeric Si-Si Bond Systems Formed by High- 
Molecular-Weight Starting Materials 

The second principal possibility for forming of polymeric compounds with 
polymer Si-Si bond systems is via a substituent-exchange reaction starting 
from polymeric preformed Si-Si bond systems. 
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Investigations in this field have mainly used calcium silicides. In the Ca/Si 
system there are two silicides with Si-Si bonds in polymeric systems. In cal- 
cium monosilicide the silicon atoms are arranged in form of chains, while the 
calcium disilicide CaSi2 has a layer lattice, consisting of silicon- and calcium 
layers. It is possible to form polymeric compounds (SiX)n and (SiX2)n from 
both silicides by replacing calcium. 

a) CaSi as starting material: In CaSi, silicon is arranged in zig-zag chains sur- 
rounded by Ca atoms 249). Schwarz and Heinrich s83) reacted CaSi with alco- 
holic hydrochloric acid under inert gas and obtained a brown product with a 
Si : H ratio 1 : 1.67. A reaction in acetic acid yielded a product in which 
Si : H = 1 : 1.82. The expected polysilane (Sill2) n could not be isolated, 
possibly due to the use of  very impure calcium monosilicide. Royen und Rock- 
t~ische1476) were able to use a purer CaSi and found a product (SiHo.7)n - 
(SiHo,9)n in a similar reaction. Recent investigations showed 279) that the 
reaction of pure CaSi with hydrochloric acid in alcoholic solution gives a pro- 
duct with a composition [Ho. 9 Si(Oet)0.62 C10.09 In. A deficit of  substituents 
was also found here. This cannot signify the existence of free radicals, since 
the ESR spectra show only a very small paramagnetic signal. One may thus 
have to assume, as Royen suggested, a reaction between the chains, and the 
formation of a lattice. 

The recent observations of  a reaction of the alcohol with the silicon lattice 
are in good agreement with the results of  Schott, who also found a reaction 
with alcohol and CaSi2 under similar conditions (see p. 108). 

CaSi does not react quantitatively with acetic acid in ethereal solution, 
probably because the Ca acetate formed has only a very small solubility in 
ether 279). It yields products with Si-H and Si-OOC~H3 linkages. The IR 
absorption band of the Si-H bond is observable at 2100 cm -~ , which is a very 
low frequency. Such low-frequency absorption always occurs when the Si-H 
bond is vicinal to Si-Si bonds and is easy to chlorinate. In a fast, quantitative 
reaction with acetic acid in a solution of CC14, a product of composition 
[Ho.7s SiClo.9s(OOC • CH3)0.4 ]n was obtained. This composition shows no 
deficit of  substituents and no ESR signal is observable to  support the existence 
of a chain structure. 

Additional CaSi reactions were carried out with halogens, PCls, and other 
halogenating agents. In all cases a decomposition of the silicon chains to 
monomeric silane derivatives occurred before reaction of the calcium was 
complete, so no definable products could be obtained. 

b) Calcium disilicide as starting material: Detailed studies have been made of 
the reactions of calcium disilicide, CaSi2. X-ray diffraction studies by B6hm 
and Hassel and recent investigations by Weiss 316) show a layer lattice, with Si 
layers in the form of Si 6 ring condensed together in a layer. The rings are not 
planar but eorrugated. The fourth valency of the silicon extends out of  the 
layer. Three bonds of every ring face up and three bonds down. 
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Among the studies of Kautsky e t  al. on the formation of siloxene by 
reaction with aqueous hydrochloric acid (see Chapter 10.1.2.) were some on reac- 
tions of CaSi2 that conserve the silicon layer. 

Schott s67) attempted the reaction of CaSi2 in the way like Schwarz had 
performed the reaction with CaSi with halogen halides in dry ethanol, but was 
unable to obtain a pure silicon hydride (SiH)n. Alcohol and chlorine reacted 
too, and the compound obtained had a composition [SiHo.s C10.33(OR)0.17 ]n. 
To resolve these difficulties, Schott s68) later reacted CaSi2 with HBr in a 
AlBra melt, and, depending on the duration of reaction and reaction tempera- 
ture, obtained various layer compounds in which the fourth valency of the 
silicon is occupied by hydrogen or bromine, or is unoccupied, which gives it 
the character of  a radical. 

Kautsky and Haase 339' 340) demonstrated a new reaction with SbCla: 

3 CaSi2 + 2 SbCI3 ~ 3 CaC12 + 2 Sb + 6 Si. 

This reaction yields a silicon compound with a layered polyradical. The Sb 
formed in the reaction can be washed out with an iodine solution, indicating 
that no reaction has taken place with the silicon. The brown silicon mixed 
with the resulting CaC12 (from which it cannot be washed out) is a very reac- 
tive solid, and spontaneously ignites with water or alcohol. Recent studies by 
Hengge et  al. agree with these results. Bonitz 46), on the suggestion of Kautsky, 
continued these studies. The reaction of CaSi2 with chlorine in an inert solvent 
yielded a layered silicon as described above, but an excess of  chlorine produced 
polymeric chlorides and finally low-molecular-weight silicon chlorides 47). 

Hengge and Scheffler 277) replaced the elemental chlorine by interhalide 
compounds, hoping that better reaction conditions might be attained by using 
a more polar reagent for attacking the polar Ca-Si linkage. CaSi2 reacts ex- 
plosively with iodine chloride in the absence of solvents. Milder conditions, 
with CC14 as a solvent, yield layered silicon monochloride: 

CaSi2 + 4 IC1 ~ CaC12+ n 2- (SiC1)n + 2 12. 

The free iodine can readily be washed out, but CaC12 can be removed only 
incompletely because all the solvents for this substance react with silicon 
chloride. The reaction will take place quantitatively only if the starting CaSi2 
has been finely ground under inert gas or in a solvent. Grinding in air leads to 
partial oxidation and the reaction remains incomplete. Silicon monochloride 
prepared in this way is a yellow scaly product whose analysis indicates the 
exact 1 : 1 silicon to chlorine ratio. The quantity of  hydrogen liberated in 
alkaline medium is also consistent with the three Si-Si bonds per silicon atom 
required for the layer structure. 

In silicon monochloride thus prepared the chlorine of the Si-C1 bond is 
available for a variety of  reactions. Like all silicon-halogen bonds, Si-CI reacts 
with alcohol to form aikoxy derivatives. 
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The reaction is substantially affected by steric factors. When an attempt is 
made in the molecular model to replace every chlorine by a methoxy group, 
a strong mutual hindrance between the methyl groups is observed. Complete 
replacement of chlorine is therefore impossible, as the experiment confirms. 
The reaction with methanol shows a good agreement with the model. 

When longer-chain alcohols are used, the degree of replacement decreases 
in accordance with the increased space requirements. Other reactions (with 
amines, mercaptans, etc.), exhibit similar relationships. 

The two-stage reaction of CaSi2 with iodine chloride resulting in inter- 
mediate formation of a free silicon layer is demonstrated by the following 
example. We can react CaSi2 with IC1 in methanolic solution, when the 
methoxy product is obtained directly. 

n CaSi2 + 2n meOH + 2n IC1 ~ n CaC12 + 2 [Si(Ome)]n + n 12 + n H2 found 

[ Si(Ome)o.s ] n. 

The silicon valencies which cannot be occupied for steric reasons have a radical 
character and the Si : substituent ratio is less than one. 

Heating with the less reactive IBr instead of IC1 leads to quantitative for- 
mation of silicon monobromide as a light-brown powder: 

n CaSi2 + 4 n IBr ~ n CaBr2 + 2 (SiBr)n + 2 n [2. 

However, under suitable mild conditions, the free silicon layer is obtained: 

0 o 

n CaSi 2 + 2 n IBr ~ n CaBr2 + 2 (SOn + n 12 . 

This free silicon layer forms a dark-brown powder, which is stable under nitro- 
gen, oxidizes rapidly in air with ignition, and reacts spontaneously with alco- 
hol or water. It is identical with the scaly silicon, prepared by Kautsky (see 
p. 108). 

The vacant silicon valencies of the silicon layer represent radicals, as was 
confirmed by the ESR spectra. The methoxy derivatives (with a deficiency of 
substituents) prepared from CaSia plus IC1 in methanolic solution likewise 
supply an ESR signal of an intensity which has the expected relationship to 
that of  the layered silicon. 

Careful fluorination 267) of (SiC1)n or (SiBr)n layers with SbFs yields a 

layered silicon monofluoride (SiF)n in the form of a yellow, air-sensitive 
powder. The Si-F frequency in the IR spectra is extremely low (725 cm-1) ,  in- 
dicating a very weak Si-F linkage. 

LiA1H4 reacts with (SiBr)n to a polymeric silicon hydride 267) with the 
stoichiometric composition (SiH)n , and CaBr 2 . The compound is a brown 
powder which reacts with water evolving hydrogen, and burns spontaneously 
in air. The Si-H IR frequency is also extremely low, the value of 2100 cm -~ 
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being in good agreement with other compounds in which the silicon atom 
attached to the hydrogen is bonded to other silicon atoms 6s' 265) 

CaSi2 reacts with ammonium halides to calcium halide and a silicon 
nitride with an Si : N ratio of 3 : 1253): 

3n CaSi2 + 6n NH4Br ) 2 (Siab0n + 4n NH3 + 6n NH3 + 3n CaBr 2. 

Ammonium chloride and ammonium bromide are suitable for this reaction, 
while with the iodide and the fluoride there are other reactions. The reaction 
takes place with the finely powdered substances in the solid state in the 
absence of  solvents. The reaction temperature is the sublimation temperature 
of the ammonium salts. 

Most amines react with CaSi2 in form of their hydrogen halides but the 
quarternary ammonium salts do not react 2s7). The reaction becomes weaker 
with a larger organic group. The primary amines react better than the secon- 
dary and tertiary amines. 

Two examples can be briefly given. The methylamine hydrobromide reacts 
with powdered CaSi2 when heated at 300 °C in the absence of solvents: 

3nCaSi2 + 6nCHaNH2 • HBr 
[Si6(NHCHa)4.8s]n + 1.12 CH3NH 2 + 5.44 n H 2 + 3nCaBr 2. 

The reaction products are the free amine, hydrogen, CaBr2 and a brown pow- 
der. Here too, a compound with free radicals is indicated by the ESR spectrum. 
Since the methylamine group is nearly the same size as the methoxy group, the 
composition is analogous to the methoxy derivatives. The radical concentra- 
tion has the same value. 

A larger amine such as aniline hydrobromide would be expected to sub- 
stitute less completely. Only two molecules can be placed on a model of an 
Si 6 ring, one above and one below the ring. This theoretical composition must 
have four radical positions on each ring. This composition was empirically 
confirmed, and so the equation can be written: 

3nCaSi2 + 6n~oNH 2 • HBr ) 3nCaSi2 + [Si6(NH~o)2 ]n + 4n~pNH2 + 4nil2. 

The ESR spectrum also shows the expected size of the paramagnetic peak. 
With phosphonium halides such as PHaI, the phosphide Si6P2 is obtained: 

6 PH4I 
3 CaSi2 ~ CaI 2 + (Si6P2) n + 4 PH3 + 6 H 2. 

With sulphur compounds, similar sulphur-containing silicon layers are produ- 
ced. For example, $2 C12 reacts with CaSi 2 to form a solid compound (SiS)n 
in which the S atoms form S-S bridges on or between the layers266): 

n CaSi 2 + n $2C12 > n CaCI 2 + 2 (SiS)n. 
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The acid hydrolysis and the determination of the resulting disulfide shows 
the presence of the S-S bridge. In this case, it was possible that the disulfide 
could have bridged two layers, but then the surface of the compound would 
have been very much smaller. Measurements showed the correct surface area 
so that a bridge between two layers is highly unlikely. 

10.2.4. The Color of  Polymeric Silicon Compounds 

For siloxene (see p. 99) the color and the fluorescence of the derivatives are 
shifted toward longer wavelengths when the Si ring is subjected to the action 
of electrons from substituents carrying free electron pairs. This led to the 
postulation of an additional bond system within the Si 6 ring as the chromo- 
phoric part of the molecule. 

Similar interactions should be important in the layer compounds (SiX)n. 
Various derivatives are diamagnetic and some have radical character because 
of the size of their substituents. This group of substances does not exhibit 
fluorescence, so the spectra must be measured as the reemission spectra of the 
powders268, 2"76, 556). 

Table 8: Reemission spectra of 
(SiX)n-derivatives 

Substituent X ~kma x (nm) 

F 263 
C1 313 
CH 3 330 
H 333 
Br 360 
S 376 
OCH 3 385 
NHCH 3 420 

Table 8 gives the data for a wide variety of derivatives of SiX compounds. There 
is no clear shift of the absorption band, only a shifting and broadening of the 
longer-wavelength part of the band. 

The electronegativities of the substituents are an important determinant 
of the shift, but the greater variety of the substances reveals a second effect 
due to the drr-prt overlap between the substituents and the silicon. Studies of the 
origin of the color showed that the more electrons at the silicon, the greater 
the bond strength of the silicon-silicon bonds and the greater the color shift. 

Thus, if we take the formula of Gordy to determine the electronegativity 
of the substituent and include the constants: bond order, force constant, and 
atomic distance with the usual values for bonds having dn-pTr character, we 
get in most cases a good general correspondence with the color. Determination 
of the electronegativity with the Gordy rule is not the best way to find the 
correlation between color and d~r-pTr character or electronegativity, but it 
does indicate the rules valid for our compounds. 
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It is again plausible that an additional non-localized bond system develops 
within the Si layer, causing the color; (SiX)n derivatives exhibit a metallic 
lustre and a certain degree of conductivity, which supports this possibility. The 
dark color of the layered silicon and the relatively great stability of the radical 
state show that the effect is particularly strongly developed in this substance. 
The radical electrons presumably undergo substantial resonance interaction 
with the electron system of the Si-Si bonds, possibly giving a resonance-stabi- 
lized polyradical. 
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