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PREFACE

Eugene G. Rochow
Professor Emeritus, Harvard University

Professor Miiller and 1 have enjoyed cordial relations for over thirty years, but this is the first
time he and 1 have been honored together for our separate and almost simultaneous discovery of what
has become known as the Miiller-Rochow Process. It is a great pleasure, and a source of much perso-
nal satisfaction to us, that we have both been awarded the "Wacker Silicon-Preis" during the stimula-
ting and enjoyable "Munich Silicon Days '92".

When I realized that the new "methyl silicon oxides” that I developed during the late 1930s could
never reach practical application unless an entirely new method of synthesis was devised, entirely
outside of the Grignard reagent, it took many experiments before the reaction between methyl chloride
and a silicon-copper powder became a demonstrated reality. Then, after the 1940 success and endless
laboratory scale-ups, there was an agonizingly long wait while a chemical engineering group under
Charles E. Reed devised new equipment for carrying on the reaction, built a pilot plant, and eventually
bought land and started full-scale production. Today, the reaction is the basis of a thriving world-wide
industry, the products of which are of enormous benefit both to individuals and to commerce.

In the papers presented in the two days of the Munich Silicon Days, representatives from many
lands describe what is new and what has been going on in the silicone industry. I join with Prof. Miil-
ler in commending these papers, now in book form, to the student and the practitioner in this new, very
different, and very exciting field.
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EDITORS' PREFACE

This contribution to the broad field of organosilicon chemistry including molecules and materials,
marks a very unusual anniversary, the existence of which effectively contradicts a historical statement
by the famous organosilicon pioneer F. S. Kipping, who believed 80 years ago that organosilicon che-
mistry would never gain industrial and commercial importance. Fifty years after the invention of the
Miiller-Rochow process, the silicon industry achieved an annual worldwide turnover of US$
4.700.000.000. This proves impressively that the basic process - independently developed by R. Miiller
and E. G. Rochow in 1941/2 - can be considered to be the most important innovation for organosilicon
research work in industry and university.

On the occasion of the 50 ™ birthday of the "Direct Synthesis”, an organosilicon symposium was
held in Munich. Though having been emeriti professors for many years, both pioneers of organosilicon
chemistry participated in this symposium, still demonstrating their strong and vivid interest in recent
results in this field of research, and thus constituting a notable highlight of the conference. For their
outstanding contributions to organosilicon chemistry, both scientists were honored by the conferment of
the Wacker Silicon Award 1992,

"Munich Silicon Days '92" proved to be a very effective forum for the exchange of information
berween university scientists and those from industry, and a stimulus for more intense cooperation bet-
ween them, enhancing the capability of finding solutions for still open problems in this specific field of
chemistry. During the course of the conference it became evident that transitions from basic research
work to industrial applications and vice versa are happening more and more; for instance, on the one
hand many research scientists dealing originally with molecular organosilicon chemistry have underta-
ken a second research activity in material science, and on the other hand many material scientists are
engaged in finding appropriate molecular precursors.

During the conference many participants asked us to publish the papers presented in a volume of
proceedings in order to enable those scientists who could not attend the symposium to have access (o
the information. As we are convinced that the results presented reflect the most recent aspects of orga-
nosilicon chemistry, we have applied ourselves diligently to the task of editing this volume, and would
like to thank all authors for their effective and encouraging support.



This conference was a well balanced mixture of plenary and invited lectures as well as poster
contributions. They have been arranged in this volume under the following headings.:

1. Tetravalent Organosilicon Compounds: Chemistry and Structure

II. Subvalent and Unsaturated Organosilicon Compounds: Formation and Reactivity
III. Hypervalent Organosilicon Compounds: Formation, Structure and Chemistry
IV. Organosilicon Metal Compounds: Coordination Chemistry and Catalysis

V. Silicon Polymers: Formation and Application

We are confident that "Munich Silicon Days ‘92", which has had successful predecessors in the
USA and Japan, will provide the inspiration for further meetings, and will thereby benefit the organo-
silicon industry.

Acknowledegment

We would like to thank our coworkers M. Backer, C.-R. Heikenwdlder, G. Sommer, H.-U. Steinberger,
C. Wagner and especially Dr. W. Ziche, who directed the assisting team, for their excellent
engagement in helping us to perform the redactional work.
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Introduction 1

Tetravalent Organosilicon Compounds:
Chemistry and Structure

N. Auner, J. Weis

Tetravalent silicon is the only structural feature in all silicon sources in nature, e.g. the silicates
and silica; even elemental silicon exhibits tetravalency. Tetravalent silicon is considered to be an ana-
logon to its group 14 homologue carbon and in fact there are a lot of similarities in the chemistry of
both elements. Furthermore, silicon is tetravalent in all industrially used compounds, e.g. silanes,
polymers, ceramics, and fumed silica. Also the reactions of subvalent and / or low coordinated silicon
compounds normally lead back to tetravalent silicon species. It is therefore not surprising that more
than 90% of the relevant literature deals with tetravalent silicon. The following examples illustrate why
*ordinary” tetravalent silicon is still an attractive field for research activities: Simple and small tetra-
valent silicon compounds - sometimes very difficult to synthesize - are used by theoreticians and prepa-
rative chemists as model compounds for a deeper insight into structural features and the study of the
reactivity influenced by different substituents on the silicon center. As an example for industrial appli-
cations, the chemical vapor decomposition (CVD) of appropriate silicon precursors to produce thin
ceramic coatings on various substrates may be mentioned.

Bulky substituents ar tetravalent silicon centers are the structural key element of sterically over-
crowded compounds with extraordinary properties: Inter- and intramolecular interactions of the bulky
ligands can be studied in detail and allow an assessment of the ligands’ influence on structure and

reactivity.

Silapharmaka often exhibit a stronger drug efficiency compared to the carbon analoga. They are
derived from the latter by replacing tetravalent carbon by tetravalent silicon at the bioactive center.
This is one more nice example of the analogy between tetravalent carbon and silicon.

Literature on tetravalent silicon has been published to such an extent, that for a good introduction
the reader is referred to the basic, comprehensive compendium of Patai & Rappoport.

Reference:

[1]1 S. Patai, Z. Rappoport (eds.), The Chemistry of Organic Silicon Compounds, John Wiley & Sons,
Chichester 1989.
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Structures of Small Silicon-Containing Compounds -
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Summary: The importance of structural studies for the identification of small molecules and
for the interpretation of their reactivity is illustrated with examples of silicon-containing
compounds. Such compounds are best studied in the gas phase, so that their structures are
undistorted by intermolecular interactions, and may be compared with those calculated
theoretically. Examples are given of silicon compounds which show major differences
between their gas and solid phase structures, even when the intermolecular interactions are
quite weak.

The methods available for structure determination are surveyed. Those that are applicable to
the gas phase, i.e. electron diffraction and rotational spectroscopy, are suitable mainly for
small molecules. Data for the crystalline phase are usually relatively straightforward to
obtain, but acquiring reliable structural data for silicon compounds as liquids or in solution by
diffraction methods or liquid crystal NMR spectroscopy remains a challenge.

Why Study Structures?

Every synthetic chemist needs to have a tame crystallographer available, because crystallography is
probably the most important technique for the identification of complex or unexpected products. For
example, when (CsMes)Br,Si-BBr(CsMes) is heated, it decomposes to give BBr(CsMes) and a
colorless compound of composition BSi;Bry(CsMes)s [1]. It was X-ray diffraction which showed that
this compound contained a BCg fragment, which is best described as an arachno-BC, fragment with a
bridging saturated carbon atom (Figure 1). This unexpected compound would have been extremely
difficult to identify by spectroscopic means. Similarly, X-ray diffraction provided evidence for the
existence of a stable phosphasilirene, formed by the reaction of di-s-butylsilylene with
adamantylphosphaethyne [2]. But in this case it was actually the tungsten pentacarbonyl complex (Figure
2) which was studied, and so the geometrical parameters of the phophasilirene itself are still unknown.

Geometrical parameters provide much more information than simple identification. The
phosphorus-carbon distance of 1.686(6) A in this tungsten complex is consistent with there being a
double bond, as it is close to those observed in open chain phosphaalkenes. But how much better it would
have been if the parent compound could have been studied uncomplexed, so that the strain in this unusual
ring system could have been investigated. The geometrical parameters would then have provided very
useful information about the likely reactivity of the compound, and information about the changes on
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coordination would also have been valuable. But presumably it proved impossible to grow crystals of the
phosphasilirene, and other structural methods are not suitable for this compound.

Figure 1. The structure of the compound obtained  Figure 2. The structure of the W(CO)s5 complex

by heating (CsMes)Br,SiBBr(CsMes). Adapted of adamantylphosphadibutylsilirene, determined

from Reference 1. by X-ray crystallography. Adapted from
Reference 2.

In general, structures are best studied in the gas phase if that is possible. The interactions between
neighboring molecules in condensed phases may have surprisingly large effects on structural parameters.
In an extreme case, silatrane, the Si-N distance changes from 2.45(5) A in the gas phase to 2.175(4) A in
the solid. Such dramatic changes are of course rare, but significant changes are common, and it is always
best to have gas-phase data, particularly if theoretical structural data can be obtained, whether computed
ab initio or by empirical methods. Use of gas-phase data is most important for conformational analysis,
as energy differences are usually small. Thus studies of the conformations of monomethylsilyl and
dimethylsilyl ethers [3], which suggested that only one lone pair on oxygen should be regarded as
stereochemically significant, could only have been carried out in the gas phase.

It takes more energy to change a valence angle than a torsional angle, but, nevertheless, angles
regularly vary by 4 or 5°, and sometimes up to 40°, when the molecular environment is altered. Gasphase
data are therefore particularly important for molecules which have large-amplitude bending vibrations. In
phenylsilane, the electron-donating silyl group leads to a change of hybridization of the adjacent carbon
atom, thereby reducing the energies of structures in which the silicon atom lies out of the ring plane. This
change does not result in the potential minimum being at a non-planar structure, but leads to a large-
amplitude out-of-plane deformation of the silyl group. Packing the molecules into a crystal will almost
certainly lead to a planar structure, but it is quite possible that the molecules could be non-planar. Only
wecak intermolecular forces would be needed to push it into this unexpected structure. In crystalline
Si(CsMes), there are no major intermolecular contacts, yet one third of the molecules have parallel
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cyclopentadienyl rings, giving a ferrocene-like structure, whereas in the remaining molecules the rings
are tilted, giving an angle of 25° between the ring planes [1]. The presence of these two very distinct
structures in a single crystal reflects the ease with which the molecule can be deformed. We should not
therefore be surprised to find different structures in gaseous and crystalline phases for many compounds,
and, if we are interested in more than just identification, we should always consider whether both gas-
phase and solidphase data should be obtained.

Many compounds exhibit strong interactions between molecules in their crystalline phases, and this
is a particularly important feature for silicon compounds. In silyl fluoride [4] and silyl iodide [5] the
molecules crystallise in chains, with non-bonded silicon---halogen contacts which are shorter than the
sums of van der Waals' radii (Figure 3). These contacts are presumed to involve donation of lone pairs of
electrons to silicon, and represent the first stages of Sy2 substitution reactions. The X-Si--X angles are
invariably very close to 180°, but the Si-X---Si angles reveal the orientation of the donated lone pairs. It is
interesting that this angle is 146 ° in solid silyl fluoride, as this is very close to the SiOSi angle of 144 °©

in gaseous disiloxane.

Figure 3. The structure of crystalline SiH;F. Silyl
iodide has a similar packing arrangement, but the
chains are much more acutely bent at iodine.

Similarly, the Si-1---Si angle in silyl iodide is 84°, which may be compared with the angle of 88° at
tellurium in Te(SiH3),. Similar comparisons may be made for other silyl compounds, so it seems that
these interactions are extremely stereospecific, and that they therefore reveal important information about
the distribution of electron density, which is otherwise very difficult indeed to study. Even stronger
interactions are observed in other silyl compounds. For example, solid SiH;N(CHj3), is pentameric
(Figure 4) and the silicon atoms have regular trigonal bipyramidal structures [6]. Each silicon atom thus
corresponds to the transition state of a Sy2 reaction, with one NMe, group displacing another. In solid
SiCIH,NMe, there are two different Si-N distances [7}], and the structure is best regarded as one in which
an incoming NMe, group is displacing chlorine (Figure 4). If a series of related compounds, such as the
silylamines, is studied, it is possible to derive a picture of a typical substitution reaction by plotting the
two silicon-nitrogen distances against each other.

There is therefore information to be gained by studying a series of compounds, which cannot be
obtained from isolated studies. In general, structures of the same compound in different environments of
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the same fragment in different compounds are going to differ by small energies. They may therefore lie
along reaction pathways, as in the case of silylamines, or they may give a picture of low-frequency
modes of vibration. In addition, studies of a series of compounds will reveal the importance of substituent
effects, such as the steric effects of replacing methyl groups by ethyl, iso-propyl and then ters-butyl
groups in the dialkylaminosilanes [8,9].

Figure 4. Structures of pentameric SiH;NMe, and dimeric SiCIH,NMe, in the crystalline phase.

Although we are usually most interested in the average geometrical parameters of molecules, we
should remember that the atoms move, often by substantial amounts. The ORTEP diagram of the
phosphasilirene complex (Figure 2) shows the extent to which different atoms move. In this case the most
significant motions appear to involve torsion of the r-butyl groups and bending of the carbonyl groups at
carbon, so that the oxygen atoms move much more than their neighboring carbon atoms. There is also
torsional motion of the adamantyl groups, but the four central atoms, Si, P, C, and W move very little.
Studying the motions of atoms in this way may sometimes give a clue about what happens in the course
of a chemical reaction, but experimental studies of the structural changes taking place in reactions
themselves are extremely difficult to do. Given that most reactions take place in solutions or on surfaces,
we are remarkably ignorant about the really important matters of structural chemistry.

Why Study Silicon-Containing Compounds?

That may seem a silly question to ask at a silicon conference! But silicon is of exceptional
structural interest. A primary reason is silicon's position in the Periodic Table. In its normal compounds it
is 4-coordinate, and so has no vacant s or p orbitals, which would lead to very fast reactions. Compounds
of lower coordination number can be made, but they must be stabilized by bulky groups. Silicon also has



