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Foreword

The preceding volume in ‘The Chemistry of Functional Groups’ series, The chemistry
of organic silicon compounds (S. Patai and Z. Rappoport, Eds), appeared a decade ago
and was followed in 1991 by an update volume, The silicon-heteroatom bond. Since
then the chemistry of organic silicon compounds has continued its rapid growth, with
many important contributions in the synthesis of new and novel types of compounds, in
industrial applications, in theory and in understanding the chemical bonds of silicon, as
well as in many other directions. The extremely rapid growth of the field and the continued
fascination with the chemistry of this unique element, a higher congener of carbon—yet
so dramatically different in its chemistry — convinced us that a new authoritative book in
the field is highly desired.

Many of the recent developments, as well as topics not covered in the previous volume
are reviewed in the present volume, which is the largest in ‘The Chemistry of Functional
Groups’ series. The 43 chapters, written by leading silicon chemists from 12 countries,
deal with a wide variety of topics in organosilicon chemistry, including theoretical aspects
of several classes of compounds, their structural and spectral properties, their thermo-
chemistry, photochemistry and electrochemistry and the effect of silicon as a substituent.
Several chapters review the chemistry of various classes of reactive intermediates, such as
silicenium ions, silyl anions, silylenes, and of hypervalent silicon compounds. Multiple-
bonded silicon compounds, which have attracted much interest and activity over the last
decade, are reviewed in three chapters: one on silicon-carbon and silicon-nitrogen multi-
ple bonds, one on silicon-silicon multiple bonds and one on silicon-hereroatom multiple
bonds. Other chapters review the synthesis of several classes of organosilicon compounds
and their applications as synthons in organic synthesis. Several chapters deal with practi-
cal and industrial aspects of silicon chemistry in which important advances have recently
been made, such as silicon polymers, silicon-containing ceramic precursors and the rapidly
growing field of organosilica sol-gel chemistry.

The literature covered in the book is mostly up to mid-1997.

Several of the originally planned chapters, on comparison of silicon compounds with
their higher group 14 congeners, interplay between theory and experiment in organisilicon
chemistry, silyl radicals, recent advances in the chemistry of silicon—phosphorous,—arse-
nic,—-antimony and -bismuth compounds, and the chemistry of polysilanes, regrettably did
not materialize. We hope to include these important chapters in a future complementary
volume. The current pace of research in silicon chemistry will certainly soon require the
publication of an additional updated volume.

We are grateful to the authors for the immense effort they have invested in the 43
chapters and we hope that this book will serve as a major reference in the field of silicon
chemistry for years to come.

Xiii



Xiv Foreword

We will be grateful to readers who will draw our attention to mistakes and who will
point out to us topics which should be included in a future volume of this series.

Jerusalem and Haifa ZV1 RAPPOPORT
March, 1998 Y1TZHAK APELOIG



The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject,
but to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address himself to a reader who is assumed to be at a fairly
advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES —as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labelled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

XV



XVi Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred.
The first of these is the publication of supplementary volumes which contain material
relating to several kindred functional groups (Supplements A, B, C, D, E, F and S). The
second ramification is the publication of a series of ‘Updates’, which contain in each
volume selected and related chapters, reprinted in the original form in which they were
published, together with an extensive updating of the subjects, if possible, by the authors
of the original chapters. A complete list of all above mentioned volumes published to
date will be found on the page opposite the inner title page of this book. Unfortunately,
the publication of the ‘Updates’ has been discontinued for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI
Jerusalem, Israel 7ZV1 RAPPOPORT
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List of abbreviations used

Ac acetyl (MeCO)

acac acetylacetone

Ad adamantyl

AIBN azoisobutyronitrile

Alk alkyl

All allyl

An anisyl

Ar aryl

Bn benzyl

Bz benzoyl (C¢Hs5CO)

Bu butyl (also -Bu or Bu’)

CD circular dichroism

CI chemical ionization

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
Cp n’-cyclopentadienyl

Cp* n’-pentamethylcyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane

DBN 1,5-diazabicyclo[4.3.0]non-5-ene

DBU 1,8-diazabicyclo[5.4.0]Jundec-7-ene
DIBAH diisobutylaluminium hydride

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

DMSO dimethyl sulphoxide

ee enantiomeric excess

EI electron impact

ESCA electron spectroscopy for chemical analysis
ESR electron spin resonance

Et ethyl

eV electron volt
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FI field ionization

FT Fourier transform
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GLC gas liquid chromatography
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HMPA hexamethylphosphortriamide
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HPLC high performance liquid chromatography
i- iso

Ip ionization potential

IR infrared
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LAH lithium aluminium hydride
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Ph phenyl
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R any radical

RT room temperature

s- secondary

SET single electron transfer
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t- tertiary

TCNE tetracyanoethylene

TFA trifluoroacetic acid

THF tetrahydrofuran

Thi thienyl(SC4H3)
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structures.
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I. INTRODUCTION

The last two decades have witnessed increasing interest in the synthesis and chemistry of
doubly-bonded silicon compounds! ~3. The successful synthesis and isolation in 1981 of
the first stable silene* and disilene’ stimulated efforts to synthesize other stable doubly-
bonded silicon compounds. These efforts led to the synthesis of new stable silenes!®2232.b
and disilenesla’Zb*3°, to a stable l—sillaallene6, as well as to stable compounds containing
a variety of other double bonds to silicon, i.e. Si=N?*3d, Si=p3¢, Si=As%, Si=S% and
Si=Se?*f. Stable silanones (i.e. compounds containing a Si=0 bond) are still elusive,
but there is strong evidence for their existence in a matrix at low temperature'®2¢:4 and
in the gas phase’.

Aromatic compounds are common in carbon chemistry and in the chemistry of other
first-row elements, such as nitrogen and oxygen. In contrast, the first stable benzenoid
silaaromatic compound 1, protected by the large Tbt group (2), was isolated by Okazaki
and coworkers only in 19978, A marginally stable silaaromatic compound is 1,4-di-tert-
butyl-2,6-bis(trimethylsilyl)silabenzene (3) which is stable in solution below —100°C°.
All other attempts to produce silaaromatic compounds resulted only in their observation
in a matrix or in the gas phase?d. The synthesis and characterization of stable ben-
zenoid silaaromatic compounds remains a major challenge in contemporary organosilicon
chemistry.

Megsi SiMe3

N Si/Tbt Me;Si SiMe;
Tht==

H SiMes
SiMe3

) " Bu @

Me;Si Si SiMe;

t-Bu
3)

In addition to silaaromatic benzenoid compounds, new exciting families of silaaromatic
non-benzenoid compounds, possessing various degrees of aromaticity, have recently
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attracted much attention. Some examples are: (a) the recently isolated stable silylenes
(4)*; (b) alkali metal complexes of silole anions (5a) and dianions (51)'9; (¢) transition
metal complexes of silole (e.g. 6a and 6b)10d; (d) silafullerenes.

t-l|3u Ph Ph
H Ph Ph
N ==\~ L =\, 2Lt
Si: Si— Bu-¢ Si
/ S N
H T Ph Ph
+Bu Ph Ph
(5a) (5b)

+
\ BPh,~
Ru--H
I
I
ﬁ SI(SIM63)3 &S Si— SI(S1M63)3

(6a) (6b)

The experimental knowledge on silaaromatic compounds is still very limited, leaving
theory as one of the main sources of reliable information about the basic properties of
these compounds'®. Computational methods have proved to be unusually helpful in the
study of organosilicon compounds and in particular of transients and other unstable silicon
compounds, for which experimental data are scarce!®.

In this chapter we will review the available computational studies on silaaromatic
and silaantiaromatic compounds. The compounds that are reviewed belong mainly to the
categories obeying the Hiickel rule'!, and we will refer to compounds having 4n + 2
m-electrons as being ‘aromatic’ and to compounds with 4n m-electrons as being ‘antiaro-
matic’. However, we stress that by using the ‘aromatic—antiaromatic’ notation we do not
imply that the compound thus referred to actually has the characteristics of an ‘aromatic’
or of an ‘antiaromatic’ compound. As discussed in detail in Section II below, the degree
of ‘aromaticity’ of a particular compound is difficult to define and is highly controversial
even for simple organic molecules, and the issue is even more problematic for organosil-
icon compounds. The reader is therefore advised to regard the notation ‘aromatic’ or
‘antiaromatic’ only as a guideline and he should consult the specific discussion regarding
the ‘degree of aromaticity’ for each particular compound of interest.

We have made an effort to review all the important theoretical studies on silaaromatic
compounds, emphasizing those published in the period January 1990-May 1997, and we
include also unpublished data that was brought to our attention. Although we did our best
to cover all studies, we might have missed some, and if so we apologize to their authors.
Earlier studies theoretical and experimental have been reviewed by Apeloig in the preced-
ing volume of The Chemistry of Organic Silicon Compounds'®. However, for the sake of
completeness we will also discuss older studies which are of importance. We do not review
or explain the theoretical methods which were used by the various researchers and the
interested reader is referred to the original papers or to the recent extensive encyclopedia
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of computational chemistry'2. We use the generally accepted notation to give the level of
theory at which the calculations were carried out; e.g. MP2/6-31G*//RHF/6-31G* denotes
a single point MP2/6-31G™* calculation at the RHF/6-31G™* optimized geometry. Relevant
experimental studies are mentioned, but no attempt was made to fully review all the
experimental studies related to silaaromatic compounds. In some cases we also discuss
the analogous compounds of the higher congeners of Si in group 14 of the Periodic Table,
i.e. Ge, Sn and Pb. As the reader will realize, this chapter points to many open ques-
tions which still require up-to-date calculations to provide reliable data on the still elusive
family of silaaromatic compounds.

The list of abbreviations used in this chapter, including those of the theoretical methods,
are given in Section XI.

Il. COMPUTATIONAL CRITERIA FOR ESTIMATING THE DEGREE OF
AROMATICITY

What is aromaticity? This fundamental and widely used chemical concept is nevertheless
one of the most controversial concepts in modern chemistry'>~'¢. Many definitions and
criteria for characterizing and estimating the degree of aromaticity have been considered,
and they are discussed extensively and critically in a recently published comprehensive
book by Minkin and coworkers!3. Schleyer and Jiao have recently emphasized the impor-
tance of magnetic properties for estimating aromaticity'®. We will summarize here briefly
the most widely used computational criteria for estimating the degree of aromaticity
whilst the reader is referred to References 13, 14 and 16 and the papers cited therein for
a more comprehensive discussion.

Aromaticity is associated with cyclic arrays of ‘mobile electrons’ with favourable sym-
metries. The ‘mobile electron’ arrays may be 7, o or mixed in character'®. The 4n +2/4n
Hiickel rule provides a quantum mechanical framework which allows one to relate the
stability and structure of m-systems to their m-electron count, and is widely utilized for
classifying m-cyclic systems as aromatic or antiaromatic'3.

The main computational criteria used for determining aromaticity are: (a) the geometric
criterion, (b) the energetic criterion, (c) the magnetic criterion. These criteria are discussed
below.

A. The Geometric Criterion

This widely used criterion is manifested in: (a) bond length equalization due to cyclic
delocalization and (b) planarity of the cyclic systems'3~!6. The planarity of cyclic con-
jugated systems is regarded as a manifestation of aromaticity, while the non-planarity of
cyclic conjugated systems is often taken as an indication of antiaromaticity.

The most widely used method for quantifying the equalization of bond lengths is by
calculating Julg’s parameter A, using equation 1!7. This parameter defines the degree of
aromaticity in terms of the deviation of n individual CC bond lengths (r;) from the mean
CC bond length (r); A = 1 for benzene (D¢p) and A = 0 for a ‘Kékule benzene’ (D3p).

A=1-1@225/m) ) (1= ri/r)] M

Both geometric criteria (i.e. bond equalization and planarity) do not provide definite
answers. Thus, bond equalization is found in borazine (B3N3Hg) and boroxine (B3O3H3)
which have 6 m-electrons, but these molecules were shown to be non-aromatic according
to the magnetic criterion!®'81%. Similarly, bond equalization was found in acyclic con-
jugated non-aromatic compounds, such as H,NCH=CH—CH=CHNH,'°. On the other
hand, substantial bond-length alternation can be found in compounds which are believed
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to be highly aromatic such as naphthalene, anthracene, phenanthrene etc.!32 15216 Cyclic
m-electron delocalization stabilizes planar structures, but other effects such as o-skeleton
strain may cause deviation from planarity, diminishing the degree of aromaticity'*. Devi-
ation from planarity is found in many silicon compounds such as hexasilabenzene and
silole anions which, according to other criteria, are believed to be aromatic (see below).

Shaik and coworkers, have argued recently that the bond length equalization in aromatic
molecules is not due to m-electron delocalization but is forced by the preference of the o-
framework for symmetric structures'>. According to Shaik and coworkers, the tendency
to adopt a symmetric or a distorted geometry results from competition between two
opposite driving forces: that of the o-skeleton which is always symmetrizing, and that of
the mw-electrons which, in all cases studied, favours localized non-symmetric structures.
Thus, according to Shaik bond-length equalization does not indicate a high degree of
aromaticity'>. Shaik and coworkers have criticized in particular the use of the 4n +2/4n
Hiickel rule for predicting the geometries of molecules other than hydrocarbons, and this
criticism is therefore particularly relevant to silaaromatic compounds.

B. The Energetic Criterion

This criterion is a measure of the stabilization/(destabilization) of the aro-
matic/(antiaromatic) compounds due to cyclic electron delocalization, relative to suitable
reference systems such as olefins or conjugated polyenes'31416:20.21 " Thig is demon-
strated for benzene in equations 2-5. The resonance stabilization energy (RE) may be
estimated by isodesmic equations?!? (e.g. equation 2 or 3) and the aromatic stabilization
energy (ASE) by homodesmotic equations?!®¢ (e.g. equation 4 or 5) or hyperhomod-
esmotic equations?!d. The homodesmotic and hyperhomodesmotic equations, and thus
the ASEs, are considered to be the more reliable as there is a better match of the number
of single and double bonds on both sides of the equation. The major problem with the
energetic criterion is that the estimation of the extra stability resulting from aromatic-
ity is dependent on the reference compound chosen, as demonstrated for benzene by
equations 2-5'% (the RE and ASE values reported for equations 2-5 use experimental
data??). In addition to aromatic stabilization, these equations reflect also the contribution
of strain energy and other factors. It is therefore difficult to apply the energy criterion to
strained systems, but even for regular systems its use is controversial

CeHg + 6CH4 —— 3C,H4 + 3C2Hg RE = 64.2 kcalmol ™! (2)
CeHg + 3CoHg —— 3C,H4 + cyclohexane RE = 48.9 kcalmol ™! 3)
CgHg + 3CoHy —— 3(trans-1, 3-butadiene) ASE = 21.7 kcal mol ™! “4)
C¢Hg + 3(cyclohexane) —— 3(1, 3-cyclohexadiene) ASE = 35.2 kcal mol ™! (®))

C. The Magnetic Criterion

A special magnetic behaviour of aromatic compounds is believed to result from the
occurrence of aromatic ring currents. The following magnetic criteria can be used to
determine if a molecule is aromatic.

1. Magnetic susceptibility anisotropy and susceptibility exaltation

Magnetic susceptibility anisotropy, Ay, is a characteristic attribute of aromaticity'®23.

The magnetic tensor which is normal to the aromatic ring is much larger than the average
of the other tensors. For aromatic systems A y is highly negative, while highly antiaromatic



1. Theoretical aspects and quantum mechanical calculations 7

compounds exhibit positive Ay values. Unfortunately, the absolute Ay values cannot
serve as an aromaticity index because, in addition to ring currents, local 7- and o-bonds
as well as local paramagnetic ring currents also contribute to the anisotropy!32. These
additional effects have to be subtracted from the total anisotropy in order to find the net
contribution of the aromaticity to Ay, e.g. by comparing A x of benzene with the sum of
the Ay of three ethylenes.

Another characteristic manifestation of aromaticity is the exaltation of the diamagnetic
susceptibility, A, which is defined as the difference between the diamagnetic susceptibility
of a conjugated cyclic system (xy) and the diamagnetic susceptibility of a hypothetical
reference system without cyclic electron delocalization (x'm)?*. A molecule is considered
to be aromatic when A < 0, antiaromatic when A > 0 and non-aromatic when A ~ 0.
Thus, the determination of aromaticity from A is dependent on the reference system, as
is the calculation of RE or ASE. The magnetic susceptibility associated with the ring
current (London susceptibility>) is dependent on the ring area, and so are the magnetic
susceptibility exaltations. This fact must be taken into consideration when systems of
different ring sizes are compared, for example, by defining a ring-size-adjusted aromaticity
index p which is calculated by equation 6, where n is the number of electrons, S is the
ring area and k is a scaling factor!3&19.

p = knA/S] 6)

2. Anomalous 'H chemical shifts

Anomalous "H chemical shifts manifest the deshielding of protons of aromatic cyclic
molecules, caused by ring currents induced by an external magnetic field. For aromatic
compounds, the protons located inside the ring are shifted upfield and those outside the
ring are shifted downfield; for antiaromatic compounds the direction is opposite!3-16:26,

Although this criterion is widely used!32, it is not general and many exceptions are known'®.

3. Other magnetic probes of aromaticity (e.g. NICS)

(i) For aromatic compounds that do not include protons, such as Cgg, the chemical shift
of an encapsulated 3He is used, both experimentally and computationally, as a probe for
aromaticity?’.

(ii) The chemical shift value of a LiT ion which complexes the m-face of aromatic
systems is shifted upfield due to ring current effects, and thus can serve as an inner-ring
current probe.

(iii) An efficient computational probe for diatropic and paratropic ring currents
associated with aromaticity and antiaromaticity, respectively, is the recently developed
Nucleus-Independent Chemical Shifts (NICS) method, which computes the absolute
magnetic shieldings at ring centres?®. The total NICS values can be divided into the
diamagnetic contributions from the m-bonds, NICS(rr), the paramagnetic contributions
from the ring o-bonds, NICS(o), and the contributions of other electrons (i.e. bonds
to hydrogens, in-plane lone pairs and core orbitals)!®. In aromatic delocalized systems
the negative NICS(w) values are larger than the positive NICS(o) values and thus
they have significantly negative total NICS values. Positive total NICS values indicate
antiaromaticity, and in the absence of significant delocalization the NICS(rr) and NICS(o)
values tend to cancel, resulting in total NICS values that are near zero!?. The total NICS
values show only modest dependence on the ring size and they can therefore be used
also to evaluate the aromaticity and antiaromaticity contributions of individual rings in

polycyclic systems?°.
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D. Interrelations between the Geometric, Energetic and Magnetic Criteria

The extensive literature on aromaticity reveals a significant degree of confusion and
controversy regarding the assessment of aromaticity using the above-mentioned criteria
and regarding the correlation between them. The examples below demonstrate the current
state of the issue:

(i) According to Minkin and coworkers, the best way to evaluate aromaticity is by
the energetic criterion which is based on the determination of aromatic stabilization by
‘making use of various schemes for calculating resonance energy’!32.

(i) Haddon proposed the existence of an analytic relationship between ring currents
and the resonance energy?®.

(iii) Katritzky and coworkers concluded from a comparison of a variety of heterocycles
with different ring sizes that the geometric and energetic criteria of aromaticity on the
one hand, and the magnetic criterion on the other, are almost completely orthogonal®®.

40 -

30+

220 . . . . . . .
-60 -40 -20 0 20 40

ASE (kcal mol™') ———

(a)

'0~2 T T T T T T T T T T
-65 -45 -25 -5 15 35

ASE (keal mol ™) — =
(b)

FIGURE 1. Correlation between various criteria for aromaticity for cyclic-C4H4X molecules: (a) Mag-
netic susceptibility exaltations A(107° cm® mol~!) vs ASE (kcal mol™'); (b) Julg’s paprameter A vs
ASE (kcal mol~1); (c) Julg’s parameter A vs magnetic susceptibility exaltations A; (d) NICS (ppm) vs
ASE (kcal mol™"). Plots (a)-(c) are reproduced by permission of WILEY-VCH, D-69451 Weinheim,
1995 from Reference 31a. Plot (d) is reprinted with permission from Reference 26. Copyright (1996).
American Chemical Society
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FIGURE 1. (continued)

(iv) Jug and Koster concluded that the geometric and energetic criteria are orthogonal
to each other while the magnetic criterion correlates with the energetic criteria®.

(v) Schleyer and coworkers found for a set of cyclic C4H4X 5-membered ring sys-
tems with 477- and 67-electrons?®-312 that linear relationships exist between the energetic,
geometric and magnetic criteria of aromaticity. Diagrams showing the linear correlation
between ASEs, Julg’s parameter A, the magnetic susceptibility exaltation A and the
NICS values are shown in Figure 1. Houk and Mendel suggested®'® that the contradiction
between the conclusions of Katritzky?® and Schleyer’!2 may result from a combination
of experimental uncertainties in the magnetic A values that Katritzky used, as well as
from a comparison of systems with different ring sizes. In a recent study of nearly 50
aromatic and heteroaromatic ring systems, Bird®'® confirms the conclusions of Schleyer
and coworkers>!2 and reports the existence of a good linear relationship between experi-
mental diamagnetic susceptibility enhancements and the corresponding resonance energies
as well as other aromaticity indices®!®.

(vi) According to Schleyer and coworkers exaltation of the diamagnetic susceptibility
A is ‘the only uniquely applicable’ criterion for aromaticity; other criteria serve only as
useful supplementary tools for characterizing aromaticity!'®2®. Schleyer and Jiao recently
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proposed the following definition of aromaticity: ‘Compounds which exhibit significantly
exalted diamagnetic susceptibility are aromatic. Cyclic electron delocalization may also
result in bond length equalization, abnormal chemical shifts and magnetic anisotropies,
as well as chemical and physical properties which reflect energetic stabilization’'®,

In view of the above-mentioned controversy about the definition of aromaticity, it is
obvious that there is no unique way to quantify the ‘degree of aromaticity’ of a particular
compound and that any quantification of aromaticity is likely to be highly controversial.
Keeping in mind the above discussion on the nature and definition of aromaticity we now
examine the available theoretical studies of silaaromatic and silaantiaromatic compounds.

lll. SILABENZENOIDS
A. Experimental Background

Barton and Banasink were the first in 1977 to generate and trap a silaaromatic com-
pound, the silatoluene, 73?2, This discovery was soon followed by a matrix isolation and
IR, UV and PE spectral characterization of both 732b.¢ and silabenzene (8)%3. In 1988
Mirkel and Schlosser reported the synthesis of the substituted silabenzene 3 which was
stable in solution up to 170 K°. Kinetic stabilization by bulky substituents led to the iso-
lation in an argon matrix of 9, R = Me3Si or i-PrMe,Si by Jutzi, Maier and coworkers;
9, R = i-PrMe;Si was stable up to 90 K even without an argon cage>*. In 1991 Maier
and coworkers isolated and characterized spectroscopically in the gas phase and in an

argon matrix at 12 K the 9-silaanthracenes, 10, R = H, Ph35. Most recently, Okazaki and
coworkers reported the synthesis and isolation of 2-silanaphthalene (1), the first silaben-
zenoid compound which is a stable crystalline material even at room temperature®.

SiMe;
CH3 t- Bu R
) 8) (9) R = Me3Si, i-PrMe;Si (10)R=H, Ph

Several studies reported on silabenzenes in which more than one carbon was substi-
tuted by silicon. Maier and coworkers observed 1,4-disilabenzene (11) in a matrix and
identified it by its IR absorbtion at 1273 cm™' and its electronic absorptions at 408, 340
and 275 nm3°. Evidence for the formation in the gas phase of 1,3,5-trisilabenzene (12)
as a ligand in the dehydrogenation reaction of 1,3,5-trisilacyclohexane with [Cp,Fe]™,
[Cp,Co]t and [Cp,Ni]* was recently reported by Bjarnason and Arnason®’. The structure
of 12 was assigned on the basis of the collision-induced dissociation spectrum and from
deuterium-labelling experiments’’

/Si ‘ Si/\&
L) T
Si Si

an 12)
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B. Monosilabenzenes
1. Silabenzene

Theory preceded experiment in predicting that silabenzene should be stable with respect
to other isomers and to possible decomposition products. Many calculations are available
for silabenzene, but most of them are relatively old and thus have used low levels of theory.
The available calculations include the following levels of theory: MINDO/338, floating
spherical Gaussian orbitals’®, MNDO*®, HF/STO-2G*!, HF/STO-3G*"*2, HF/3-21G*432
and HF/6-31G**3". The best available calculations are the recent B3LYP/6-311+G**
calculations®, but this study which concentrates on 2-silanaphthalene does not discuss
silabenzene in detail.

Is silabenzene aromatic? 8 is calculated to be a planar molecule with a Si—C bond
length of 1.771 A at B3LYP/6-311+G**® (1.760 A at 3-21G**32, see Figure 2a for a

(© Cay (d) Dy,

FIGURE 2. (a) B3LYP/6-311+G** optimized structure of silabenzene (8); (b—d) B3LYP/3-21G* opti-
mized geometries of ortho-, meta- and para- disilabenzenes, respectively; values in parentheses are at
MP2/6-31G**. All data are from Y. Apeloig, M. Bendikov and S. Sklenak, unpublished results
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detailed structure). This distance is intermediate between that of a single and a double
C—Si bond, displaying almost the same relative shortening relative to a Si—C single
bond as found for the C—C bond in benzene. Thus, the calculated structure exhibits
the expected partial double-bond character which is indicative of a delocalized system,
and all researchers have therefore concluded that silabenzene possesses some degree of
aromaticity. Further support for the aromatic character of 8 is provided by the molecular
orbital coefficients, which indicate that the m-electrons are delocalized over the entire
heavy-atom framework and by the nearly uniform m-electron distribution. The silicon
atom has a somewhat smaller electron density than the carbons, i.e. 0.82 electrons on
Si vs 1.09, 0.96 and 1.09 electrons on the ortho-, meta- and para-carbons, respectively,
exhibiting the charge build-up on the ortho- and para-carbons, typical of a benzenoid
m-system*2. The o-electrons are polarized away from the electropositive silicon towards
the neighbouring carbon atoms>#2.

The photoelectron spectra of silabenzene was measured and assigned on the basis of
a double-zeta ab initio SCF calculation**. The lowest ionization energy of 8 is 8.11 eV
(3B state, calculated to be 7.8 eV at HF/DZ*), by ca 1 eV lower than in benzene. The
authors conclude that silabenzene is best considered as a symmetry-distorted (due to the
presence of the Si atom) cyclic 6rr-electron system.

Several energetic comparisons indicate that the degree of aromaticity of 8 is ca 70-85%
of that of benzene*>*3 (depending on the reference compound and the level of calculation).
For example, the calculated (at HF/3-21G*) resonance energy (RE) of 8 (equation 7)
of 47.0 kcalmol™' is ca 77% of the RE of benzene (equation 2) of 61.0 kcal mol~!
(64.2 kecal mol ™!, experimental)*3. Similar results were obtained by using the more reliable
homodesmotic equation 8 and hyperhomodesmotic equation 9, according to which the
aromatic stabilization energy (ASE) of silabenzene is 70-85% (HF/6-31G*) of that of

benzene*3®,
8+ 5CH4+SiHy ——  2C,Hg¢ + 2C,H,4 + CH3SiH3 + CH,—SiH, (7)
/
+ 3H2C: CH2 —
A
X @®)

2 trans-H,C— CH— CH=—CH; + trans-H,C—XH— CH=—7=CH,
ASE (HF/6-31G*, kcal mol™): X = Si, 17.2%%; X = C, 24.8%

/
+ 3 trans-H)C—CH—CH—CH; —>

AN
X

2 trans-H,C—CH—CH—CH—CH=—CH;, + ©)

trans-H,C— CH— XH=—CH— CH=—CH,

ASE (HF/6-31G*, keal mol™)): X = Si, 17.6%%%; X = C, 23.5%°
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The high degree of aromaticity of silabenzene suggested by the geometric and energetic
criteria was supported in a recent paper by its high NICS value of —9.1 (GIAO-HF/6-
314+G*//B3LYP/6-3114+G**), which is almost as high as that of benzene (—9.7)3.

Schleyer and coworkers*® studied in detail the energetic relationships between sil-
abenzene 8 and four of its isomers, 13-16. However, as this study is quite old, the
calculated relative energies of 8 and 13-16, which have been calculated only at HF/3-
21G(*)//HF/STO-3G, are probably only approximate and higher level calculations are
required for a more reliable estimate of these relative energies.

H, -
YA C
OROCC
Si Si Si

o B
) (13) (14) 15) (16)

According to the HF/3-21G(*)//HF/STO-3G calculations the silylene isomers of sil-
abenzene, 14 and 15, are 20-25 kcal mol~! higher in energy than 8. The carbene isomer,
16, which is a ground-state triplet, lies about 60 kcal mol~! above silabenzene. The 814
(or 8-15) energy difference is much smaller than that between the analogous isomers of
benzene, reflecting the preference of silicon to adopt divalent structures instead of form-
ing multiple bonds (e.g. H3CSiH and H>C=SiH, have almost the same energy*®® while
ethylene is by ca 80 kcalmol~! more stable than CH3CH*®). The 20-25 kcal mol ™!
energy difference between 8 and 14 can be taken as yet another measure of the degree
of aromaticity of silabenzene. Dewar silabenzene 13 is by 38 kcal mol™! less stable than
silabenzene. This value is expected to be reduced at higher levels of theory*? but even
this value is much smaller than the corresponding energy difference of 60 kcalmol™!
(experimental) between benzene and Dewar benzene.

In summary, all the calculations find silabenzene to be highly aromatic. However, in
view of the relatively basic level of theory which was used in most of the available
studies, it is highly desirable to repeat the calculations for this fundamentally important
molecule using more reliable levels of theory.

2. Substituted silabenzenes

An extensive systematic study of 48 substituted silabenzenes was carried out by
Baldridge and Gordon*!®. Twelve substituents, namely F, Cl, OH, SH, OCH3, NH>,
PH,, CHj3, SiH3, CN, NO, and COOH, were attached to the four unique positions of
silabenzene, i.e. at the silicon, and at the ortho, meta and para positions (cf 17). The
analogous substituted benzenes were studied for comparison*'®. The questions studied
included the relative energies of the isomers, the degree of aromaticity, the electron
density distributions and the dipole moments. Although the calculations used a relatively
simple level of theory (in general HF/3-21G//HF/STO-2G, and in some cases HF/3-
21G(*)//HF/STO-2G), the qualitative conclusions will probably hold also when better
calculations become available (which is highly desirable). A summary of the major
findings is given below.

Of the four possible isomers, substitution at silicon produces the most stable isomer
(except for COOH), as shown in Table 1. The authors concluded that ‘the degree of stability
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appears to be a reflection of the electronegativity of the substituent; i.e. the more elec-
tronegative the substituent, the more stable the silicon-substituted species relative to the
other isomers’#!?. However, examination of Table 1 seems not to support this conclusion,
e.g. for the highly electronegative NO, or CN substituents the energy difference between
the ipso and the other isomers is much smaller than for the significantly less electronegative
SH or NH; substituents (Table 1). Apparently rr-effects also play an important role. A full
analysis as well as better calculations of the energy differences between the isomers are
still lacking. The relation between the stability of Si- and C-substituted silenes and the elec-
tronegativity of the substituent was discussed earlier by Apeloig and Karni*’. According to
Baldridge and Gordon®!® the relative stability of the ortho-, meta- and para-isomers appears
to be controlled by the effect of the substituent on the charge density at silicon, favouring
positions in which the substituent directs electron density away from the silicon. Thus,
the meta-substituted isomer is the most stable (after the ipso-substituted isomer) when the
substituents are ortho and para directing (i.e. directing electron density away from the Si).
Similarly, the ortho-substituted species is the most stable for meta-directing substituents
(except for NO, and SH) (Table 1).

TABLE 1. Relative energies (HF/3-21G//HF/STO-2G, kcal mol~!) of the four iso-
mers of several substituted silabenzenes (see 17) and the directing effects of the

substituents®
Substituent Relative energies Directing effect?
position of substitution

ipso ortho meta para
F 0.0 45.2 352 38.1 o, p
Cl 0.0 33.8 319 32.6 o, p
OH 0.0 38.8 29.1 33.6 0, p
SH 0.0 24.0 223 243 m
NH, 0.0 31.7 27.3 28.6 0, p
PH, 0.0 11.7 133 12.9 m
CN 0.0 8.6 12.9 10.2 m
NO, 0.0 6.9 10.7 6.4 m
CH3 0.0 14.0 13.0 14.2 0, p
SiH4 0.0 23 6.2 5.6 m
OCHj3 0.0 352 29.4 327 o, p
COOH 0.0 -7.0 —-23 —6.4 m

“From Reference 41b.

As predicted by electron density difference plots (see text). o,p = ortho-
(relative to silicon); m = meta-directing (relative to silicon).

and para-directing
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The m-directing effects of the substituents were determined from density difference
plots, constructed by subtracting the electron density of silabenzene (or benzene) from that
of the substituted silabenzene (or benzene). From such density difference plots Baldridge
and Gordon concluded that all the substituents studied have the same qualitative directing
effects in silabenzene and in benzene (see Table 1)*°. It should be pointed out, however,
that charge distributions are not always a reliable guide for predicting the substitution site
in electrophilic reactions. In principle, the relative energies of the appropriate intermediates
should be used for such predictions and such calculations are not yet available. A general
feature of all the electron density difference plots is the lack of any negative charge build-
up on silicon, regardless of whether the particular substituent is ortho-, para- or meta-
directing. Silicon, which is the least electronegative atom in the molecules considered,
prefers to remain positive.

The effect of ipso-substitution on the stability of the silabenzene was evaluated by
equation 10,*'® which compares the effects of the substituent X in the aromatic system
with that in H3SiX (we think that a comparison with HyC=SiHX would have been
a better choice). The results presented in Table 241b show that F, Cl, SH, NO; and CN

TABLE 2. Calculated substituent effects on the thermodynamic stability, AE

(in kcalmol™!), of ipso-substituted silabenzenes and of substituted benzenes
(HF/3-21G)*

Substituent Conformation AEP€ AES?
X silabenzenes benzenes

F —-1.2 12.9
Cl —-2.3 35
OH planar® —1.5 12.3
orthogonal/ 1.9 10.1

OCH3; planar® —0.8 12.5
orthogonal/ 14 11.0

SH planar® —-1.0 2.7
orthogonal/ —0.1 44

NH,; pyramidal (1)® 3.0 5.8
pyramidal (2)" 13 9.2

planar® 10.4 —

PH, pyramidal (1)® 1.9 33
pyramidal (2)" 35 4.0

planar® —18.5 —

CN —-1.2 1.9
NO, planar —4.6 74
CH3 1.1 2.1
SiH3 34 14
COOH planar 13.1 11.3

4From Reference 41b.

bCalculated by equation 10.

CPositive values indicate stabilization.

dCalculated by the equation: XCgHs+CH4 — CeHg+H3CX.
¢/ HYSIC (or Z HYCC in benzene)’ = 0°.

J'/ HYSIC (or ZHYCC in benzene)! = 90°.

8/ HYSIC (or Z HYCC in benzene)’ = 60°.

h/ HYSIC (or Z HYCC in benzene)' = 150°.

7Y is the atom in group X directly bonded to the ring.
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destabilize the silabenzene (or alternatively, stabilize H3SiX more than the ring) while the
other substituents slightly stabilize the ring. Relatively large stabilizing effects are found
for X=COOH and planar NH;. In general, the energies of equation 10 are similar to
those calculated for the analogous substitutions in H,C=SiHX*". The same substituents
in benzene are always stabilizing but their effects are generally much larger than for
the silabenzenes. This reflects the smaller conjugating ability of silabenzene relative to
benzene*!.

ipso-XSiCsHs + SiH4 —— Cs5HgSi (8) + H3SiX (10)

C. Silanaphthalenes

The recent synthesis and spectroscopic characterization of the crystalline, stable 2-
silanaphthalene 1, was accompanied by density-functional calculations of the geometries,
the NICS values and the NMR chemical shifts of three isomeric silanaphthalenes 18,
19a and 208 and two substituted 2-silanaphthalenes 19b and 19¢ (Table 3), of which 19¢
is the closest model for 1. The reliability of the calculations is demonstrated by their
ability to reproduce the experimental Raman and NMR spectra of 1. Thus, the strongest
observed Raman shifts for 1 (at 1368 cm™!) and for naphthalene (1382 cm~ 1) are in good
agreement with the calculated (B3LYP/6-31G*, scaled by 0.98) vibrational frequencies for
19a (1377 cm™"), for 19¢ (1378 cm™!) and for naphthalene (1389 cm™ ).

i
Si R
' N R
a8) (192)R = H (20)
(19b) R = Me
(19¢) R = Ph

The computational results point to an aromatic character of the silanaphthalenes 18-20.
The chemical shifts which were observed for 1 are similar to those calculated for 19a-c
(Table 3). The observed (in 1) and calculated (for 19a-c¢) 8(*°Si) and 8('3C) chemical
shifts are similar to those previously reported for other sp?-hybridized Si and C atoms>®3.
All the 'H NMR signals are, as expected, in the aromatic region (Table 3). The highly neg-
ative NICS values calculated for 18, 19a and 20 (Figure 3), which are very similar to those
of benzene, also indicate that all the calculated silanaphthalenes (18-20) are aromatic.

TABLE 3. Calculated 'H, 13C and 2°Si NMR chemical shifts® for 19a, 19b and 19c¢ and
the experimental values measured for 1

5("H) s(13C) 5(*si)

Hq Hg) Ha) Cay Co) Ca Si(2)
19a 7.74 7.27 8.64 128.45 125.13 153.38 67.80
19b 6.97 7.03 8.50 12043 122.68 153.26 100.97
19¢ 7.32 7.08 8.55 121.63 123.56 152.45 94.32
1 7.40 7.24 8.48 116.01 122.56 148.95 87.35

“In ppm, calculated with GIAO-B3LYP/6-311G(3d) for Si and GIAO-B3LYP/6-311G* for C and H, at
the B3LYP/6-31G* optimized geometries, the atom numbering is defined in Figure 3; from Reference 8.
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FIGURE 3. Calculated NICS values (ppm) at the ring centres for silanaphthalenes 18, 19a, 20
and related aromatic systems, at GIAO-SCF/6-31+G*. The optimized Si—C bond lengths (A) are
at B3LYP/6-311+G**. Reprinted with permission from Reference 8. Copyright (1997). American
Chemical Society

The calculated Si—C bond lengths (B3LYP/6-311+4+G*, Figure 3) also suggest the occur-
rence of a m-electron delocalization in the three isomeric silanaphthalenes®. Thus, for 18:
r(Si—C(2)) = 1.750 A and r(Si—C9)) = 1.803 A; for 19a: r(Si—C(1)) = 1.747 A (exp.
in 1: 1.704 A); and r(Si—C@)) = 1.790 A (exp. in 1: 1.765 A); for 20: r(Si—C(1)) =
1.786 A and r(Si—C(10)) = 1.792 A, compared to 1.771 A in silabenzene, 1.708 A in
H,Si=CH, and 1.885 A in H3SiCH;3. (Note that the reported experimental Si—C bond
lengths in 1 are considerably shorter that the calculated values for 19a. However, the
authors comment that the reported structure of 1 is preliminary, as the naphthalene ring in
1 is severely disordered.) The calculated vibrational modes of 19a and 19¢ are similar to
those of naphthalene, also suggesting that the 2-silanaphthalene (1) possesses a significant
aromatic character®.

Unfortunately, the relative energies of the 3 isomeric silanaphthalenes 18, 19a and 20
were not reported®.

D. Disilabenzenes
1. Geometry and the degree of aromatic stabilization

Of the three possible disilabenzene isomers, ortho-21, meta-22 and para-11, only 11
is known experimentally and was observed in a matrix®. The published calculations
on disilabenzenes are all at relatively low levels of theory (i.e. they used a relatively
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small basis set and electron correlation was not included), except for unpublished density
functional, B3LYP/3-21G*, calculations by Apeloig and coworkers which are reported
below*®. Schaefer and coworkers found, in a study of 1,3,5-trisilabenzene, that upon the
addition of a set of d-orbitals to the basis set (especially important for Si) the Si—C
bond lengths are contracted dramatically*® (see Section IILE). This shows that results
of calculations which use small basis sets (e.g. HF/STO-2G or HF/STO-3G) should be
treated with caution. Unfortunately, there is very little experimental data’® that can be
compared with the calculations for 11. Experimental UV and IR absorptions of 11 were
reported, but unfortunately related computational results which might help to assess the
reliability of the computational studies were not reported.

sHeNe
=S X J N
Si Si Si

21) (22) 11

Density functional B3LYP/3-21G**3 (as well as HF/STO-2G%?) calculations show that
the three disilabenzene isomers have planar geometries. The fact that ortho-disilabenzene
is planar whereas disilene is slightly non-planar may indicate some electron delocaliza-
tion in 21 which stabilizes the planar Si=Si moiety. The calculated geometries of the
disilabenzenes at B3LYP/3-21G* (shown in Figure 2b-d) reveal that the bond lengths,
including the bonds to silicon, are intermediate between single and double bond lengths,
reflecting electron delocalization and aromaticity*3.

meta-Disilabenzene (22) is the most stable disilabenzene. The other isomers 21 and 11
are by 6.1 kcalmol™! and 11.1 kcalmol™!, respectively (at B3LYP/3-21G*//B3LYP/3-
21G*), less stable. At HF/3-21G//HF/STO-2G the relative energies are: 22 (0.0) > 21
(2.0) > 11 (10.8)%%, Baldridge and Gordon suggested that the relative stabilities of the
disilabenzenes may be rationalized by considering the contributing ionic Kekulé structures
in the three isomers. Thus, only for the meta-isomer 22 do all contributing structures
(e.g. 22a) have a formal positive charge on silicon, while for 11 and 21 the undesirable
resonance structures with negative charge on silicon are also possible (e.g. 11a and 21a)>%,
We believe that other factors, such as the relative energies of C=Si vs Si=Si bonds, might
be more important than these charge effects, and a high-level computational study of these
interesting molecules is highly desirable.

N ‘ = . Si
RN

Si Si Si

+ + +

(21a) (22a) (11a)

Using the appropriate bond-separation reactions, the HF/3-21G aromatic stabilization
energies are calculated to be 47.2, 36.4 and 22.5 kcal mol~! for 22, 11 and 21, respectively,

compared to 59.0 kcal mol~! for benzene>®?; thus the meta-, para- and ortho-isomers have
80, 62 and 38% of the aromaticity of benzene. The different orders of the thermodynamic
stability of the three isomeric disilabenzene and of their aromatic stabilization energies
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result from the different reference compounds in the bond separation equations for 21, 22
and 11. Thus, the aromatic stabilization of 21 is calculated relative to disilene + ethylene,
while the aromatic stabilizations of 22 and 11 are calculated relative to two molecules of
silacthylene®

The molecular orbitals (MOs) of the disilabenezenes shown in Figure 4 are also of
interest. In all three isomers, the highest lying MO (HOMO) has the largest silicon con-
tribution. In 21 and 11 this orbital is strongly polarized toward the silicons, while in 22
the HOMO is more delocalized>®.
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FIGURE 4. The m-molecular orbitals of disilabenzenes: (a) 1,2-disilabenzene (21); (b) 1,3-disilabenzene
(22); (c) 1,4-disilabenzene (11). The orbital coefficients given are of the outer valence -atomic orbitals
(at HF/3-21G). Reproduced by permission of Elsevier Sequoia S.A., from Reference 50a

2. Relation to isomers

Comparison of the energy of para-disilabenzene (11) with that of the isomeric Dewar
disilabenzene (23) and the silylenes 24 and 25 follows the trends discussed above for
the isomers of silabenzene. At HF/3-21G(*)//HF/STO-3G the most stable isomer is the

silylene 24, which is more stable than 11 by 10 kcal mol*ISOb. The remarkable stability of
the silylene 24 relative to 11 results mainly from the fact that C=C bonds are by at least

25 kcalmol ™! stronger than C=Si bonds, thus compensating for the loss of aromaticity
in 24, which is estimated to stabilize 11 by only 23 kcal mol‘lSOb. The Dewar isomer 23
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is by only 6 kcalmol~! higher in energy than 11°° (2.3 kcalmol~! at HF/6-31G*>'%),
25 is the highest in energy being by 21 kcalmol™! (at HF/STO-3G, a HF/3-21G* value
was not reported) less stable than 11. When a larger basis set is used and the contribution
of electron correlation is taken into account, AE (23-11) increases to 10.0 kcal mol~!
at CCSD(T)/6-31G**//MP2/6-31G** +ZPE (13.3 kcalmol™! at MP2/6-31G**//MP2/6-
31G** 4+ZPE and 14.4 kcalmol~! at B3LYP/6-31G**//B3LYP/6-31G** +ZPE)*8. The
23-11 energy difference is considerably smaller than the energy difference between
Dewar silabenzene (13) and silabenzene (38 kcal mol~! at HF/3-21G*//HE/STO-3G) and
dramatically smaller than the calculated Dewar benzene-benzene energy difference of
81.1 kcalmol™! (at MP2/6-31G**//MP2/6-31G**>?). Two major factors are responsible
for the observed energy differences: (1) Ring strain decreases in the order: Dewar ben-
zene > Dewar silabenzene > Dewar disilabenzene, because silicon accommodates better
than carbon smaller valence angles. (2) Successive replacement of unsaturated carbon cen-
tres by silicon destabilizes the planar ‘aromatic’ structure. Experimentally, it was observed
that irradiation at A = 405 nm of the matrix-isolated 1,4-disilabenzene caused its disap-
pearance, probably yielding Dewar disilabenzene®. Most recently Ando has isolated and
characterized spectroscopically a substituted Dewar benzene (having Me groups at Si and
SiMes groups at the carbon atoms)’'?.

H H, H
Si Si Si
| X
Led 1 1 |
H
Si Si

(23) 24) (25)

Ando and coworkers have very recently isolated a bis(silacyclopropene) 26a, a valence
isomer of a substituted para-disilabenzene, and have shown that its thermolysis in benzene
afforded the corresponding stable crystalline disilabenzvalene 27a, yet another substituted
valence isomer of para-disilabenzene®'®. It was suggested that the isomerization of 26a
to 27a could proceed via the initial formation of the corresponding Dewar disilabenzene,
or para-disilabenzene, or the silylenic isomer 28a. At HF/6-31G* the calculated relative
thermodynamic stabilities (kcal mol~') of the valence isomers of 11 considered here are:
11 (0) > 23 (2.3) > 27b (8.5) > 26b (32.7) > 28b (36.3)°'2. It was suggested that since
large basis sets and inclusion of electron correlation tend to favour tricyclic over bicyclic
or monocyclic structures, 27b, 23 and 11 may actually have similar energies (and even the
stability order may be reversed)>!2. The possible reaction paths connecting these isomers
were not studied, and concrete conclusions about the mechanism of the rearrangement of
26a to 27a were not given.

R’ R’ R R
N N/ R R
Si—Si cC= c=C
<« / \\C S/ \S . \ /
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(26a) R=SiMe;; R"=Ph  (27a) R=SiMey; R’=Ph  (28a) R = SiMes; R’ =Ph
(26b)R=R’=H (27b)R=R’=H (28b)R=R’=H
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E. Trisilabenzenes

1. Geometry and the degree of aromaticity

The D3y 1,3,5-trisilabenzene 12 (TSB) was studied by Gordon and coworkers>?, who
used effective core potentials’* and a polarized basis set for geometry optimizations, and
more recently by Schaefer and coworkers at HF/TZ2P and at CCSD(T)/DZP//CISD/DZP*°
and by Apeloig and Hrusak at MP2/6-31G**5, The planar D3, geometry is a minimum on
the PES at all these levels of theory. The optimized C=Si bond length of 1.754-1.759 A
(1.755 A at HF/DZP; 1.754 A at CISD/DZP*; 1.759 A at MP2/6-31G**>%), which is
intermediate between those of typical C=Si (1.70 A) and C—=Si (1.87 A) bond lengths,
and the CSiC and SiCSi bond angles of 120.5° and 119.5° (CISD/DZP*®), respectively, are
indicative of an aromatic system. It was found that the inclusion of polarization functions
in the basis set is crucial for obtaining a reliable geometry*®. The calculated r(C=Si) is
shortened significantly when going from a DZ basis set (1.778 A) to a DZP basis set
(1.755 A), while the change on going to the larger TZ2P basis set is relatively small
(1.750 A). The HF/DZP Si=C bond length remains almost unchanged upon inclusion of
electron correlation (i.e. 1.754 A at CISD/DZP). From these calculations one can conclude
that earlier calculations of various silabenzenes**:#1%-39 which used small non-polarized
basis sets (e.g. HF/STO-3G, HF/3-21G) produced unreliable geometries. The DZ basis
set also seriously underestimates the spatial extent of electron delocalization in 12; upon
the addition of a set of d-orbitals (especially on Si) the orbital overlap and electron
delocalization increase dramatically, contracting the Si—C bond length*.

L J

Si
12)

The calculated resonance energies (RE) of 12 (equation 11) and of benzene (equation 2)
are 53.1 kcalmol~! and 63.8 kcal mol—!, respectively (at CCSD(T)/DZP//CISD/DZP),
indicating that 12 has 83% of the aromaticity of benzene*. Similar results were obtained
with lower levels of theory>32, but this is probably fortuitous. The addition of polarization
functions changes the 12/benzene RE ratio from 84% at DZ to 99% at DZP, while
electron correlation acts in the opposite direction, decreasing the above ratio to 83%*°. The
existence of aromatic stabilization in 12 can also be concluded from the large difference of
27 kecal mol~! (MP2/6-31G**//MP2/6-31G**) in the stability of the Si=C double bonds
in the aromatic 1,3,5-trisilabenzene and the non-aromatic 1,3,5-silacyclohexadiene; i.e.
AE = —35.3 and 8.5 kcalmol~! for equations 12 and 13, respectively®>. The calculated
mr-atomic populations and ;r-bond-orders point to a similar degree of aromaticity in C¢He,
C3SizHe and SigHe .

12 + 3CHy4 + 3SiH4 —— 3H3SiCH3 + 3H,C=SiH; (11)
12 + H3CSiH3 —— H,C=SiH; + ¢-C3SizHg (12)
c-C3Si3Hg + H3CSiH3 —— H,C=SiH; + ¢-C3Si3Ho (13)
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2. Relation to isomers

Schaefer and coworkers*® have also studied the relative stability of 1,3,5-trisilabenzene
(12) and its isomeric 1,3,5-trisilylene 29. Both isomers are possible products of the triple
dehydrogenation reaction of 1,3,5-trisilacyclohexane?’. Two minima were located for 29:
one having a chair conformation (29a) and one having a boat conformation (29b), the latter
being by 1.5 kcalmol~! higher in energy. The trisilylene 29a, is by 35.0 kcalmol~! less
stable than the aromatic 12 [CCSD(T)/DZP//CISD/DZP]*. A third isomer, the trisilapris-
mane 30, is by 35.3 kcalmol~! higher in energy than 12 (MP2/6-311G**//HF/effective
core potentials)>>?. These computational results may be taken as partial support for
the claim by Bjarnason and Arnason that 1,3,5-trisilabenzene is formed in the triple
dehydrogenation reaction of 1,3,5-trisilacyclohexane in the gas phase®’, but additional
experimental and theoretical studies are required to support more firmly the intermediacy
of 12 in this reaction.

HC/é;\CH éi\/ & ‘ \C—Si/
T T \// N
c— _

Siz C/\
1—C— 7SI C

H, ‘ ‘ / AN

29) (29a) (29b) 30)

F. Hexasilabenzenes
1. The parent hexasilabenzene

a. Geometry and the degree of aromaticity. Hexasilabenzene (31), being a complete
silicon analogue of benzene, has attracted considerable theoretical interest and as a result
our knowledge about this fascinating molecule is quite extensive, although it has not yet
been observed experimentally.

H e
| H Ho i
H Si H N
Si Si Si S],//Z%e
I | /"'sf"”:‘s'- -
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1 H / H
| H H
H
(31) Den (32) D3g

Is SigHg a planar D¢y molecule analogous to benzene? The answer varies between
the Dgp structure (31) and the D3q structure (32), depending on the theoretical method
used!9:52:56=61  The calculated optimized geometries of the Dgy, and D3gq structures
of SigHe at various theoretical levels are shown in Figure 5. While early HF/3-21G
calculations found SigHg to have Dgy symmetry with r(Si—Si) equal to 2.220 A5 this
is not the case at higher levels of theory!?-3%38761 Thus when d-functions are added to
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FIGURE 5. Optimized structures of D¢y and D34 SigHg at (from top to bottom): HF/6-31G*, HF/DZ+d,
MCSCF/DZ, MP2/6-31G** and B3LYP/6-311+G**. The D¢, values and the D3g MCSCF/DZ values
are from Reference 60, the D3g HF values are from Reference 59. The MP2/6-31G** and B3LYP/6-
3114+G** Si—Si bond lengths for both structures are from References 52 and 19, respectively

the basis set the planar Dg, structure becomes a maximum on the SigHg potential energy
surface>®. Full geometry optimization at HF/6-31G* (or at HF/6-31G** or at HF/DZ+d)
leads to a minimum which is a chair-like puckered structure of D3q symmetry (32) with
equal Si—Si (2.218 A at HF/6-31G**) and Si—H (1.471 A) bond lengths®. The deviation
from planarity is, however, relatively small (6 = 13.5° at HF/6-31G**>), as is the gain in

energy (0.6 kcal mol_159 at HF/6-31G**). However, the use of more extended basis sets
[including double sets of d-functions (HF/6-314++G(2d,p)] or a set of f-functions on Si
[HF/6-31G(df,p)] reverses the relative stability of the two structures and the D3g minimum
disappears, leaving the Dgy, structure as a minimum®. On the other hand, the addition of
electron correlation makes the SigHg potential energy surface less flat, and leads again
to a greater preference of the D3y puckered structure over the Degp planar structure
[AE = 23kcalmol™! at B3LYP/6-311+G**//B3LYP/6-311+G**1%; 4.3 kcal mol~!
at MP2/6-31G**//MP2/6-31G**>2; 4.8 kcalmol~! at MCSCF/DZ®; 3.0 kcalmol™! at
MP2/6-31G**//HF/ECP(d)>*®; 7.05 kcalmol™! at MP2/6-31G*//6-31G*>*] whilst the
deviation from planarity increases [0 = 16.5° and 19.0° at MCSCF/ZD% and MP2/6-
31G**//HF/ECP(d)>®, respectively]. The most reliable results available to date!®33-59~61
conclude that hexasilabenzene adopts a chair-like puckered structure of Dzq symmetry
(with equal Si—Si and Si—H bonds). The preference of the D3q structure over the Dgh
structure was explained by Nagase in terms of atom localization of the m-electrons onto
each Si, generating a radical character at each silicon atom, and as silyl radicals (in
contrast to methyl radicals) have strongly pyramidal structures SigHg prefers the puckered
structure®'2, On the other hand, a detailed analysis by Janoschek and coworkers shows
that the propensity to puckering is due solely to contributions of electron correlation
from the o-framework while correlation of the m-electrons is of little relevance®. It is
interesting to note that at all computational levels the Si—Si bond distances in the Dgp
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and D3q structures are quite similar being always intermediate in length between regular
Si=Si (2.15 A) and Si—Si (2.35 A) bond lengths, indicating the existence of electron
delocalization.

Another important question is the degree of aromatic stabilization in the planar
hexasilabenzene. Using the appropriate bond-separation reactions, hexasilabenzene,
31 is calculated to possess ca 50-80% of the aromatic stabilization energy of
benzene!9-332:56.58.62 depending on the theoretical method or the equations used. The
aromatic stabilization energies calculated according to equations 14a and 14b for benzene
and SigHg (31), predict that 31 has 50-60% of the aromaticity of benzene; i.e. the ASE
of 31 and benzene are 15.1 and 24.7 kcalmol ™!, respectively (at MP2/6-31G**//MP2/6-
31G**52), according to equation 14a and 15.6 kcal mol~! and 34.1 kcalmol~!,
respectively, according to equation 14b (at B3LYP/6-3114+G**//B3LYP/6-3114+G**)1°.
The ASE of the D3g non-planar structure (32) is by 2.3 kcal mol~! larger than for
31 because of the reduced strain in 32 relative to 31'°. The resonance energies (RE)
calculated for C¢Hg and SigHg (according to equation 15) predict that SigHg possesses
77% of the aromaticity of benzene, i.e. RE = 57.8 and 74.7 kcal mol™!, respectively [at
MP2/6-31G**//HF/ECP(d)]>3*. The significant degree of aromaticity of hexasilabenzene
suggested by the structural and energetic criteria is supported also by the magnetic criteria.
Thus, the calculated (CSGT-B3LYP/6-311+G**//B3LYP/6-311+G**) m-contributions to
the chemical shifts [based on NICS(xr) values] decrease from —16.8 ppm for benzene
to —14.1 ppm for 31, a result consistent with a relatively large w-electron delocalization
in SigHg (31)!°. The computed magnetic susceptibility exaltations (A) are larger for 31
(and 32) than for benzene. However, A depends on the ring size, which is larger in
SigHg than in benzene. Using the ring-size-adjusted aromaticity index p (see equation 6
in Section I1.C.1), it was deduced that 31 possesses 37% of the aromaticity of benzene!®.
A similar degree of aromaticity was deduced for GegHg according to its ASE and magnetic

criteria!®.

Xe¢Hg + 3H) X=XH; —— 3 trans-H)X=XH—-XH=XH, X =C;Si (14a)
XeHg + 3H, X=XH, —— 3 cis-HX=XH—-XH=XHj; X=C;Si (14b)
XeHg + 6XHy —— 3H,X=XH; + 3H3X—XH3 X =C;Si (15)

In the context of the question of the aromaticity of SigHg, special attention should be
paid to the recent studies by Shaik and coworkers'®. Using VB crossing diagrams and MO
calculations that separate the energetic effects of the o- and m-electrons on the distortion
(localization) of a conjugated system from a fully symmetric delocalized structure (i.e.
AE; and AE,, respectively), they reached the following conclusions:

(a) The geometry is not a proper measure of aromaticity. The tendency to adopt a
symmetric or a distorted geometry is the result of the balance between two opposite
driving forces: that of the o-skeleton which by nature is always symmetrizing, and that
of the m-electrons which favour localized structures; i.e. if AE; + AE, > 0, the structure
is dictated by the symmetric o-skeleton and it is delocalized. The localizing propensity
of the m-electrons is dependent on the singlet—triplet energy gap of the m-bond and
consequently on its strength. For second-row elements both the w-distortion propensity
and the o-resistance to distortion are weaker than for first-row elements, but the former is
weakened proportionally more. Thus, for SigHs, AE, = 5.3 kcalmol™! (16.3 kcal mol ™!
for C¢Hg) and AE,; = —2.4 kcalmol~! (=9.7 kcal mol~! for benzene), resulting in a net
positive AE; + AE;. Consequently, second-row atoms generate less distortive -systems
than first-row atoms, and therefore SigHg would tend to maintain its Dg, symmetry more
than benzene. However, the high stability of o-bonds relative to w-bonds in second-row
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elements drives SigHg towards non-planar structures, e.g. the more stable hexasilaprismane
(see below)!%.

(b) The Quantum Molecular Resonance Energy (QMRE), that is the resonance interac-
tion between the Kékule forms at the symmetric geometry, is an energetic measure of the
degree of aromaticity of a cyclic m-system. QMRE is related to measured thermochemical
properties, e.g. resonance energy (RE). The calculated QMRE of planar SigHg is about
half of that of C¢Hg (41.6 kcal mol~! vs 85.2 kcal mol~!, respectively, at HF/6-31G)!5b-¢
reflecting the difference in the aromaticity between hexasilabenzene and benzene. Hence
the degree of aromaticity of SigHg, which according to VB theory is ca 50% of that of
benzene, is similar to that deduced on the basis of MO theory.

The HOMO of hexasilabenzene is by ca 2 eV higher than in benzene, while the
HOMO-LUMO gap is much smaller in 31 than in benzene®®. This suggest that
hexasilabenzene should be more reactive than benzene towards both electrophiles and
nucleophiles.

b. Relation to isomers. In addition to the structural isomers of hexasilabenzene itself
(i.e. 31 and 32) discussed above, 5 additional SigHg isomers, 33 -37, were located on
the PES at various theoretical levels3230:38:60  Of these isomers the D¢y hexasilabenzene
(31), the Dewar hexasilabenzene (34a) and the hexasilabenzvalene (35a) are not minima
on the MP2/6-31G** PES>? (the highest available level of calculation for this problem);
3423290 and 35252 are, however, minima on the HF PES. The calculated relative energies
of these isomers and of the analogous CgHg isomers are given in Table 4 and are also
shown graphically in Figure 6a.
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The most interesting conclusion from Table 4 and Figure 6a is that, contrary to the
(CH)g series where benzene is by far the most stable isomer, hexasilabenzene is not the
most stable isomer on the PES. The most stable SigHe isomer is the hexasilaprismane,
33a. In general, the energy spacing between the XgHg isomers is much larger for X = C
(ranging over ca 120 kcal mol~!) than for X = Si where it ranges over ca 55 kcal mol~!
and five SigHg isomers have energies within 15 kcalmol~! (Table 4, Figure 6a).
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FIGURE 6. (a) Relative energies of (XH)s (X = Si, C) isomers; (b) relative energies of (XH)e, X = Si,
C, isomers, based on the bond additivity model (centre) and as stabilized by resonance or destabilized
by strain (edges). All energies are in kcalmol™' calculated at MP2/6-31G**//MP2/6-31G**. Reprinted

Yitzhak Apeloig and Miriam Karni

TABLE 4. Relative energies and strain energies (kcalmol™') of SigHg
and the analogous Cg¢Hg isomers”

Compound Relative energies Strain energies
Si6H6 C6H6 Si6H6 C6H6
31 11.9° 0.0° —15.14 —24.7%¢
32 7.6 , f
33 0.0 117.5 (127.6%) 110.0 148.9"
34 10.5' 81.0 (88.1%) 26.2 63.6"
35 5.9 74.8 (84.5%) 68.7 81.3"
36 56.8 126.4 72.5 107.2"
37 43.47 f f f

9From Reference 52 at MP2/6-31G**//MP2/6-31G**, unless stated otherwise.
bNot a minimum at the HF and the MP2 levels of theory.
“For benzene.
ASE energies according to equation 14a, X = Si.
¢ ASE energies according to equation 14a, X = C.
/Not available.
8 At HF/6-31G*//HF/3-21G, from Reference 58.
f‘At MP2/6-31G*//6-31G*, from Reference 63.
'Not a minimum at the MP2/6-31G** level, a minimum at HF.
J At CISDQ/TZP from Reference 60.
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M(CH)ﬁ (SiH)g

AD initio Bond Additivity Ab initio
(b)
FIGURE 6. (continued)

D34 hexasilabenzene 32 (which is by 4.3 kcal mol~! more stable than Dg, 31°2) is by
7.6 kcal mol~! less stable than hexasilaprismane (33a)°2. In contrast, benzene is more
stable than prismane (33b) by 117.5 kcal mol~! (all values are at MP2/6-31G**//MP2/6-
31G**)>2. The aromatic 31 (and 32) have a similar energy to that of hexasilabenzva-
lene (35a).
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The reasons for the dramatic differences between the SigHg and CgHg systems are
already familiar to the reader (see the discussion above regarding silabenzene, and di-
and tri-silabenzenes) and they are repeated and extended here. The energy of a Si=X
(or C=X) bond is lower than twice the energy of the corresponding Si—X (or C—X)
bond. However, these differences are much larger in silicon than in carbon compounds;
e.g. the C—C and Si—Si dissociation energies in H3X—XHj3; and HyX=XH, are 86.8 and
176.8 kcal molfl, respectively, for X = C, and 70.1 and 59.8 kcal molfl, respectively,
for X = Si%. This explains the higher preference of Si to be involved in o-bonds rather
than in m-bonds, and it is manifested in the order of stability of the SigHg isomers
(Table 4): 33a (most stable) > 35a > 34a (note that at MP2/6-31G** 34a and 35a are
not minima on the PES), where the stability increases as the number of Si=Si double
bonds decreases. The difference in ring strain between the C¢Hg and SigHg isomers also
contributes, but to a much smaller degree, i.e. hexasilaprismane (33a) is less strained than
prismane (33b) by 39 kcalmol~! (see Table 4). An interesting insight is provided when
the effects of ring strain and resonance energy are subtracted from the relative energies
of the SigHg and C¢Hg isomers, leaving only the ‘inherent differences’ in their average
single and double bond energies (i.e ‘bond additivity model’2). The relative energies of
the isomers calculated by this procedure are interpreted as given by the value of m-A for
a particular system, where m is the number of double bonds in the particular isomer and
A = 2D(X—X) — D(X=X), i.e. the energy difference between two X—X single bonds
and one X=X double bond. Using this procedure (the reader is referred to the original
paper for a more detailed description) the following relative energies of the XgHg isomers
(X = C, Si) were calculated (kcalmol™', in descending stability order): 33 (0, X = C;
Si) > 35249 X = C); 47.1 X = Si)] > 34 [48.8 (X = C); 943 (X = Si)] > 37
[(50.6 (X = C); 94.3 (X = Si)] > 31 [56.1 (X = C); 137.0 (X = Si)I>2. Figure 6b shows
a schematic description of these relative ‘inherent’ energies and how they are changed
when XgHg, X = C, Si, are stabilized by resonance or destabilized by strain. These results
indicate that when the resonance stabilization, on the one hand, and the destabilization
caused by strain, on the other, are removed from the total energies, the relative energies
of the various XgHg (X = Si, C) structures increase with the number of double bonds
that they possess. The bond energy difference A for silicon is almost twice that for
carbon, and as a result, according to the ‘bond additivity model’>? the relative energies
of the (SiH)g isomers are spread out compared to the corresponding (CH)g isomers and
hexasilaprismane becomes dramatically more stable than hexasilabenzene.

2. Substituted hexasilabenzenes

The effect of several substituents, i.e. R = F, CH3, SiH3 and BH,, on the structure and
the aromatic stabilization energies of R¢Sig (31a or 32a) was studied by Nagase and the
main results are summarized in Table 5°12.
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TABLE 5. Substituent effects on the structure and aromatic stabilization
energy (ASE) of SigR¢ (31a or 32a)*

ob

R r(Si=Si) 0 AES? AEpy®¢ ASE“/
A

H 2231 127 -04 -2.6 11.8¢

F 2.278 503 —14.4 -1 -8.7

CH; 2222 10.8 -02 -36 85

SiH3 2.226 0.0 h -1.0 217

BH, 2.239 0.0 h i 155

At HF/6-31G*, from Reference 61a.

"Defined in 32a.

“In kcalmol~!.

dAE=E (non-planar) —E (planar); a minus sign indicates that the non-planar structure
(32a) is more stable.

¢ AEpyr = E (pyramidal) —E (planar) for the (H3Si), SiR radical. A minus sign indicates
that the pyramidal structure is more stable.

J For the planar 31a.

815.6 and 15.1 kealmol™! at B3LYP/6-311+G**//B3LYP/6-311+G**19 and MP2/6-
31G**//MP2/6-31G**2  respectively.

hOnly the planar structure was identified as a minimum.

A minimum for the pyramidal radical could not be located.

Fluorine imposes a very large deviation from planarity (6 = 50.3°) which results
also in a long Si—Si bond of 2.278 A; this is in agreement with the strong preference
of the (H3Si);SiF radical to adopt a pyramidal structure [AEpy (pyramidalization) =
7.7 kcal mol~!]. On the other hand, the o-donor SiH3 and the mr-acceptor BH, substituents
increase the aromatic stability of the ReSig skeleton and prevent pyramidalization. Thus,
Sig(BH2) and Sig(SiH3)e are both planar having aromatic stabilization energies (ASEs)
of 15.5 and 21.7 kcal mol ™!, respectively, compared with 11.8 kcal mol~! for SigHg and
24.7 kealmol~! for benzene (HF/6-31G*)0!2, The substituent effects described above are
very similar to the effects that these substituents have on the geometry and stability of
disilenes; i.e. F causes a very strong trans-bending and elongation of the Si=Si bond, while
(H3Si1),Si=Si(SiH3); is planarlc'“. Based on these results we believe that Sig(SiR3)g with
bulky R groups, which are required for kinetic stabilization, may be good candidates for
the synthesis and isolation of the first planar hexasilabenzene.

G. Higher Congeners of Hexasilabenzene

Substitution of the Si atoms in SigHg by heavier group 14 atoms results in an increased
deviation from planarity (the planar structures are not minima on the PES) and an
increased stabilization upon ring puckering measured by AE(38-39). For Si3;GesHe,
6 = 36.8° and AE(38-39) = 4.8 kcal mol~! [MP2/6-31G**//HF/ECP(d)1>*®; for GegHg,
6 = 38.0° and AE(38-39) = 9.1 kcalmol~!; for SngHg, 6 = 50.8° and AE(38-39) =
23.1 kcalmol™!; and for PbgHs, 6 = 58.0° and AE((38-39) = 63.3 kcalmol™!
[MP2/DZ(d)//HF/DZ(d)]1°'P. The increased deviation from planarity and the larger energy
differences between the Dgp and D3q structures on moving down along group 14 of the
Periodic Table is explained by the increased tendency of the m-electrons to localize, and is
consistent with the progressively favoured pyramidal structure on going along the radical
series: germyl, stannyl and plumbyl®!. Similar behaviour was observed for the HyX=XH,
series, where X = Si65’66, Ge, Sn and Pb%-62,
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Substitution of the Si atoms in SigHg by its higher congeners has a small effect on their
aromatic stabilization energies; i.e. the ASEs calculated according to equation 14a for

XeHg (X = Si, Ge, Sn and Pb) are all in the range of 9-12 kcal mol_l62. The calculated
resonance stabilization energy of 39 (X = Si; Y = Ge) according to equation 15 is
60.2 kcal mol~!, identical to that of 1,3,5-trisilabenzene (12) and very similar to that
of SigHg [57.8 kcal mol~! at MP2/ECP(d)//HF/ECP(d)]>%, indicating the small effect of
substituting three Si atoms in SigHg by C or Ge.

The stability of the prismane isomers (40) in the X3Y3Hg (X, Y = C, Si, Ge, Sn,
Pb) series, relative to the corresponding aromatic 38 isomers, decreases in the follow-
ing order [AE, kcalmol™! at MP2/6-311G**//HF/ECP(d)*®, unless stated otherwise; a
negative AE indicates that the prismane isomer is more stable]: X = Y = Sn (—31.3,
MP2/DZ+d//HF/DZ+d%7) > X = Y = Pb (—=67.0, MP2/DZ+d//HF/DZ+d%") > X =
Y=Si(—13.6) > X=Y=Ge (—11.1) > X=Si; Y=Ge (—64) > X=C; Y =Ge
272) > X =C; Y = 8Si 355) > X =Y = C (113.9). The stability of the Dewar
benzene (34) and the benzvalene (35) isomers relative to the corresponding aromatic Dep
XeHg isomer also increases along the series X = C — X = Pb, though to a smaller
degree than the increase in the stability of the corresponding prismane isomers®’.

H. Silabenzenoids Containing Heteroatoms

The potentially aromatic silabenzenoids, s-1,3,5-trisilatriazine 41 and 2-, 3- and
4-silapyridines (42-44)%°, were studied by Veszprémi and coworkers. The MP2/6-31G*
calculated geometries of 41-44 are given in Figure 7 (almost identical geometries were
calculated for 41 also at MP2/6-311G** and CCSD/6-31G*%®). 41 has D3, symmetry

41)
1.398 ~.1.770 Si 1.765
10%1\ Si I\(y{st
1.403 lzﬂ”& 1eT{1:399
122:1 /&_ 1222
=S N
1.344> 71.348 N 1.344
43) (44)

FIGURE 7. MP2/6-31G* optimized geometries of 41-44. Drawn from data in References 68 and 69
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and thus the Si—N bond lengths (1.665 A) show no alternation, indicating a delocalized
aromatic system. The geometries of 42-44 also suggest an aromatic character; the C—C
bonds in 42-44 show almost no bond alternation, with bond lengths around 1.40 A,
very similar to those in benzene. The Si—C bond lengths in 42-44 of ca 1.77 A are
intermediate between typical Si—C and Si=C bond lengths, also indicating the existence
of electron delocalization.

i
Si Si
ﬁl/ %T m (\Si [ j
Si Si _si ) -
/NN N~ N N
H H
@1 42) 43) (44)

The calculated aromatic stabilization energy of 41 is 19.6 kcalmol™! (at MP2/6-
31G*//MP2/6-31G* using the homodesmotic equation 16)®8. A very similar ASE of
19.4 kcalmol™! was calculated for 42 using equation 17 (ASEs for 43 and 44 were not
reported)®. The ASE calculated for benzene and pyridine (at the same level of theory)
are 28.2 and 28.0 kcal mol~!, respectively, indicating a high degree of aromaticity (ca
70% of that of benzene) for both 41 and 42%°. This is very similar to the carbon analogue
of 41, s-triazine (c-C3N3H3), which was estimated to have 76% of the aromaticity of

benzene according to the calculated relative magnetic susceptibility anisotropies'® and
the relatively high NICS(rr) value!®.

41 + 3H,Si—NH —> 3H,Si=N—SiH=NH (16)

42 + H,Si=—NH + 2CH,—CH, —> amn

CH,— CH— SiH=—NH + CH,—CH—N=—SiH, + CH,—CH— CH=—CH,

The relative stability of the three silapyridines 42-44 follows the order (kcal mol~'): 42
(0.0, most stable) > 44 (11.0) > 43 (37.8), but no explanation was given for this stability
order®. The thermodynamic stability of s-1,3,5-trisilatriazine, 41, and of the silapyridines
42-44 relative to their isomeric silylenes is discussed in Section V.B.I.

I. Concluding Comments

The silabenzenoids are an exciting family of molecules and much remains to be learned
about their properties and chemistry. Table 6 summarizes the degree of aromaticity as cal-
culated from the ASE and NICS values (when available) of the various silabenzenoids
that were discussed in this section. Their degree of aromaticity is in the range of ca
40-90% of that of benzene. Unfortunately, as pointed out during the discussion, much of
the current data are based on quite old calculations which used relatively simple and there-
fore unreliable computational methods. Hence a reliable comparison of the aromaticity of
the various silabenzenoids is not yet possible. New theoretical studies of these intriguing
molecules using higher levels of theory and more sophisticated criteria for evaluating
aromaticity (such as the magnetic criteria) are needed for a better understanding of these
molecules.
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TABLE 6. ‘Degree of aromaticity’ of silabenzenoids relative to benzene (R) as estimated from their
ASEs calculated by various homodesmotic equations

Silabenzenoid ASE R“ Equation” Method References
(kcal mol~1)
Monosilabenzene (8) 17.2 0.69¢ 8 HF/6-31G*//HF/6-31G* 43b,45
meta-Disilabenzene (22) 47.2 0.80 d HF/3-21G//HF/STO-3G 50a
para-Disilabenzene (11) 36.4 0.62 d HF/3-21G//HF/STO-3G 50a
ortho-Disilabenzene (21) 225 0.38 e HF/3-21G//HF/STO-3G 50a
Trisilabenzene (12) 53.17 083 118 CCSD(T)/DZP//CISD/DZP 49
Hexasilabenzene (31) 15.1 0.61 14a MP2/6-31G**//MP2/6-31G** 52
15.6 0.46" 14b  B3LYP/6-311G**//B3LYP/6-311G** 19
2-Silapyridine (42) 194 0.69 17 MP2/6-31G*//MP2/6-31G* 69
s-Trisilatriazine (41) 19.1 0.68 16 MP2/6-31G*//MP2/6-31G* 68

4 ASE(silabenzenoid)/ASE(benzene).

"The number in the text of the homodesmotic equation used to evaluate ASE.

ENICS values are —9.1 ppm and —9.7 ppm for 8 and benzene, respectivelys.

dAccording to the equation: 22 (or 11) + 2SiHy + 4CH4 — 2H;Si=CH; + C,H4 + CpHg + 2H3CSiH3.
¢According to the equation: 21 + 2SiH4 + 4CH4 — H,Si=SiH; + CoH4 + CyHg + 2H3CSiHj3.
/Resonance energy (RE); ASE is not reported.

8The RE of benzene was calculated from equation 2.

ANICS(r) values are —14.1 ppm and —16.8 ppm for 31 and benzene, respectivelylg.

IV. CHARGED SILAAROMATIC SYSTEMS

In this section we will discuss charged silaaromatic systems which formally possess 4n +2
m-electrons, such as 45-49. These species are isoelectronic with the cyclopropenium
cation, tropylium cation and cyclopentadienyl anions, respectively, which are all well
established aromatic systems!3%18,

H
|+

‘ + “+ Si
Ay VAN A

/ AN / AN .

45) (46) 47)

i
R’ Si ) R* R Si g R’
\ / \ /
R’ R’ R’ R’
48) (49)

(48a) R=R'=H (49a) R'=H
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A. Systems with Two n-Electrons
1. The monosilacyclopropenium cation

The cyclopropenium cation (45, M = C) is a well established aromatic system with a
high aromatic stabilization energy of 58.7 kcal mol~! [equation 18, M = C, at B3LYP/6-
3114++G(2d,2p)]7°. What happens when one carbon atom is substituted by silicon? At
HF/STO-2G the monosilacyclopropenium cation, 46, has a rather delocalized structure
with r(C—C) = 1.393 A, r(C—Si) = 1.722 A and with CSiC and SiCC bond angles
of 46.3° and 66.9°, respectively*!2. However, according to equation 19 which measures
the effect of delocalization, 46 is destabilized by 11 kcal mol~! (HE/3-21G//HF/STO-2G)
while 45, M = C is stabilized by 36 kcalmol~'. Unfortunately, this study used a very
low computational level and should be repeated using more reliable methods.

H H, H, H
M + M M M+
/Nt /N T /Nt /N (18)
HM=MH H,M—MH, HM=MH H,M—MH,
M=Si, C
i Ve
+MH;" + 2CH;MH; ——— "\ + 2CH;MH,* + MH, (19)
HC=—CH HC=CH MeSi C

2. The trisilacyclopropenium cation and its higher congeners

The trisilacyclopropenium cation (45, M = Si), the full silicon analogue of the cyclo-
propenium cation, was calculated to be the global minimum on the Si3H3* PES. The
aromatic stabilization energy of 45, M = Si according to equation 18 is 35.6 kcal mol~!
[B3LYP/6—311++G(2d,2p)]70, about 60% of the aromatic stabilization energy of the
cyclopropenium cation. The silacyclopropenium cation has D3, symmetry with a Si—Si
bond length of 2.203 A [B3LYP/6-3114++G(2d,2p)’"; 2.199 A at MP2/6-31G*7!], inter-
mediate between typical Si—Si and Si=Si bond lengths. Based on these facts it can be
concluded that 45, M = Si has a considerable degree of aromaticity. On going down
group 14 the m-stabilization of 45 decreases, i.e. AE(equation 18) = 58.7, 35.6, 31.9,
26.4 and 24.1 kcalmol~! for M = C, Si, Ge, Sn and Pb’’.

Three non-classical hydrogen-bridged isomers, S0a, S0b and 51 (M = Si), which are
by about 20 kcal mol~! less stable than 45 (M = Si), were also located as minima on
the SizH3™ PES7%7!. On going down group 14 the preference for the hydrogen-bridged
isomer 51 increases and for M = Ge, Sn and Pb it becomes the global minimum on the
M3Hs* PES, ie. AE(51-45) = 23.7, —17.4, —32.4 and —63.3 kcalmol~! for M = Si,
Ge, Sn and Pb, respectively’®. This trend was attributed to the increased stability of
divalent arrangements when moving down group 14 of the Periodic Table.”®

H\
+ +
M. M M
// S /H AN M .
’ M M / \
_M——M__ N
H g H 'y

(50a) c1 (50b) C; (51) Cyy

o
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3. The tetrasilacyclobutadiene dication

The most stable isomer on the SisH42+ PES is the slightly puckered (D>g4 symmetry)
potentially 2m-aromatic tetrasilacyclobutadiene dication, 52a, having a SiSiSiSi dihedral
angle of 9° (the planar Dy, isomer is not a minimum on the PES). The analogous D4
cyclobutadiene dication 52b is considerably more puckered (/CCCC = 32.5°)7!. This
is a unique example of a silicon system which is less folded than the carbon analogue.
The identical Si—Si bond lengths of 2.268 A indicate electron delocalization and thus aro-
maticity. The calculated ASE of 52a and 52b according to equation 20 are 32.4 kcal mol !
and 26.8 kcal mol ™!, respectively [at MP2(full)/6-31G*]. The unusual higher ASE of 52a
relative to 52b is attributed, however, to the destabilization of the corresponding reference

compounds in equation 20 for M = Si and not to its higher aromatic character’!.

H H
AN /
[
/ AN
H H
(52a) M = Si
(52b) M = C
H,M— MH, H,M— MH H,M—MH
52a(or52b) + | - = 0+ o
H,M— MH, H,M—MH HM—MH,

B. The Silatropylium Cation and its Isomers

Gas-phase experiments by Beauchamp and coworkers’? point to the existence of two
distinct C¢SiH7™ isomers, which are formed by loss of a hydrogen from a silatoluene
cation-radical. Based on the observed gas-phase chemistry, the authors proposed that
these isomers are the silabenzyl cation 53 and the silatropylium cation 47. They have
also concluded from indirect evidence that the silatropylium ion is thermodynamically
more stable than the silabenzyl cation, similar to the stability order in the analogous
carbon systems’?. Based on the reluctance of 47 to react with cycloheptatriene, it was
concluded that the hydride affinity of 47 is even lower than that of the tropylium cation,
which has one of the lowest hydride affinities known for organic cations’?. In order to
shed more light on these conclusions Nicolaides and Radom studied computationally the
CsSiH;t surface’?, using very high computational levels, up to G2 and G2(MP2)’. The
calculations reveal a fascinating complex C¢SiH7+ PES with 9 minima, i.e. 47, 53-59,
several of which have ‘non-classical’. The most surprising result of the calculations is that
the global minimum on the PES is the pyramidal ‘non-classical’ structure 59, which is by
20-26 kcalmol~! lower in energy than the silabenzyl cation 53 and 29-35 kcal mol ™!
below the silatropylium cation 47. The remarkable stability of 59 is also exhibited in its
high dissociation energy to Si plus CH3CsH4™ of 145.2 kcal mol~! [at G2(MP2)]732. The
other C¢SiH7™" isomers, 47 and 53-58, are clustered in a rather narrow energy range of
14 kcalmol~!, arranged in the following stability order [in kcal mol~' at QCISD(T)/6-
311G**//MP2/6-31G*]: 59 (0.0) < 53 (26.3) < 58 (31.8) < 54 (34.0) < 47 (35.4) < 57a
(37.5) < 57b (38.3) < 55 (39.0) < 56 (40.2)73.
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B H, * +
SiH, * CH CH, b g —H
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Si AN
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H C H H
H H
(57a)

(59

In contrast to the conclusions of Beauchamp and coworkers’?, the computational results
predict that the silatropylium cation (47) is less stable than the silabenzyl cation, this being
the case at all ab initio levels, e.g. by 9.1 kcal mol~! at QCISD(T)/6-31 1G(d,p)//MP2/6-
31G(d)+ZPE (in the C;H7" analogue the tropylium cation is by 7.6 kcal mol~! more
stable than the benzyl cation)’3. Moreover, the calculated hydride affinity of 47 is by
11.0 kcalmol~! higher than that of the tropylium cation, in contrast to the experimental
suggestion’2. Based on the calculations it was concluded that, in addition to the silabenzyl
cation, the other C4SiH; ™ isomer that was observed in the gas-phase experiments is most
likely the (°-methylcyclopentadienyl)silanium cation, 59. This cation has a calculated
hydride affinity 33 kcalmol~! lower than that of the tropylium cation’®?, in agreement
with the experimental observation that the hydride affinity of the ‘second isomer’ is smaller
than that of the tropylium cation. However, in a later study by Jarek and Shin?>® low-
energy collision-induced dissociation (CID) of the unreactive C¢SiH7T isomer yielded
SiHt and CgHg. The authors concluded that the unreactive CgSiH;T isomer is a n*-
CgHg-SiH™T adduct and not 59 as predicted earlier’>®" (e.g. 59 is also expected to yield
Sit as a fragment, and this is not observed experimentally)’3°. Ab initio calculations
find that the hydride affinity of 5*-CgHg-SiH™ is by 11.9 kcalmol~! at MP2/6-311G**
lower than that of a tropylium ion, in agreement with the experimental relative value of
—7.0 kcalmol~!. Further experimental and theoretical studies are needed to clarify the
identity of the observed C¢SiH7™ species.

Nicolaides and Radom emphasize the crucial importance of the inclusion of electron
correlation, especially for the ‘non-classical’ isomers, for a reliable calculation of the
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relative energies, heats of formation and hydride affinities of the various C¢SiH7 ™ iso-
mers. For the ‘non-classical’ structures, even the MP2 computational level does not always
describe correctly their relative energies. For cases where the relative stabilities of the iso-
mers oscillate at the MPn levels, the authors recommend using the QCISD(T) method”3P.

The structure of the planar C,, silatropylium cation 47 is quite sensitive to the com-
putational level; whereas at HF/6-31G* the C—C bonds are alternating, being 1.360 A,
1.440 A and 1.355 A; the inclusion of electron correlation tends to narrow their range
and at MP2/6-31G* they are 1.387 A, 1.416 A and 1.393 A, consistent with a more delo-
calized structure. The calculated Si—C bonds are 1.781 A and 1.782 A at HF/6-31G* and
MP2/6-31G*, respectively. The degree of electron delocalization or aromaticity in the
silatropylium ring (and its isomers) was not discussed”>.

The most stable CgSiH;" isomer 59 may be viewed as an 7°-ion-molecule complex
involving a Si>* cation and a methylcyclopentadienyl anion. In 59, the five-membered ring
is flat and the distances of the apical Si from the ring carbons are 2.143 A, 2.147 A and
2.178 A at MP2/6-31G*. The cyclopentadienyl C—C bond lengths are almost identical:
1.429 A, 1.426 A and 1.422 A (MP2/6-31G*), indicating a delocalized system.

In this context, it is interesting to note the related CeSiHg ™™ isomers, which are obtained
by a gas-phase reaction of Si™* and CgHg”>. MP2/6-31G**//UHF/3-21G* calculations
identified 3 minima on the C¢SiHg™ PES, the m-complex 60, the C—H insertion isomer
61 and the ionized seven-membered ring structure 627° (these are formally hydrogen
abstraction products of 57a, 53 and 47, respectively). Their calculated relative energies
(kcal mol~!) are: 60 (0.0) > 61 (5.5) > 62 (30.8), the r-complex 60 being the most stable.
The potentially aromatic 62 is planar and has Cy, symmetry. The C—C bond lengths are
alternating (i.e. 1.375 A, 1.422 A and 1.382 A), indicating small -delocalization. The
calculated Si—C bond length is 1.788 A, i.e. it is slightly shorter than a single Si—C
bond. The structure of 62 is very similar to the structure calculated at HF/6-31G* for 47.
However, inclusion of electron correlation in the geometry optimization may result in a
more delocalized structure also for 62 as was found for 47 (see above).

+° H
H -

! S . .

H\\ ! 1+ +

Si

g [

H H —

(60) (61) (62)

C. C5H5Si" Isomers

The pyramidal silicon capped cation 63a is a potential ‘three-dimensional’ 67-electron
aromatic system76a, where the formal coordination number of the silicon is five (as in 59).
The interest in 63a results from the detection of a CsSiHs* fragment in the gas phase®".
The crucial question is the stability of the pyramidal ion 63a relative to other possible
C5SiHs™ isomers, such as 64a and 65a. A comparison with the analogous C¢Hs™ isomers
is of interest.

The available, rather low level calculations (HF/STO-3G, HF/STO-3G* and HF/3-21G,
all at the HF/STO-3G optimized geometries) show that the pyramidal aromatic structure
63a is more stable than the two planar structures. In the analogous carbon cations, on
the other hand, the planar cations 64b and 65b are considerably lower in energy than the
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i
H X+
H H H H
=
A
H )-(;- H H H
(63a) X =Si (64a) X =Si (65a) X =Si
(63b) X =C (64b) X =C (65b) X =C

pyramidal structure 63b. Obviously, the reluctance of silicon to participate in multiple
bonding destabilizes the planar structures relative to the pyramidal one, while in the
all-carbon compounds the situation is reversed. The calculated Si—C distances in 63a
of 1.745 A are very short, considerably shorter than the value of 2.189 A (HF/6-31G*,
2.178 A at MP2/6-31G*)732 in the very closely related 59, and is by only ca 0.04 A longer
than that of a Si=C double bond. This short Si—C bond length is probably an artifact of
the small STO-3G basis set used in the geometry optimization. In view of the relatively
low level of calculations used so far, we recommend that this interesting system should
be reinvestigated.

D. Silacyclopentadienyl Anions and Dianions
1. Experimental background

The search in recent years for silicon compounds with multiple bonds or cyclic -
systems has renewed interest in siloles (66)”7 and their mono- and di-anions (48 and
49), and led to the successful isolation of stable silole anions coordinated to various
metal counter ions (Lit, Nat, K+)102=¢.78=86 44 a5 complexes with ruthenium (e.g. 6a
and 6b)'%d,

R R”
\/
R’ - Si\ R’
~— C4 Cl/
W
C3_ Cz
R,/ \R,
(66)
(66a) R=R’'=R”"=H

The conclusions regarding the aromaticity of silole anions and dianions as gathered
from the experimental studies of their structural and magnetic properties are summarized
in Table 7, which reveals some controversy regarding the degree of aromaticity of silole
anions. Hong and Boudjouk’® found that the chemical shift of the ring Si atom in Li[c-
Ph4sC4Si(Bu-7)] (in THF) is shifted downfield relative to that of the parent silole, and
this was interpreted as indicating charge delocalization in the anion. On the other hand,
Tilley and coworkers'® find that in Li[c-MesC4Si(SiMes)] (in THF) and K(18-crown-
6)[c-MesC4Si(SiMes)], 8(2°Si) of the ring silicon is shifted considerably upfield with
respect to the analogous neutral silole compounds (Table 7). This result was interpreted
as indicative of a localized structure!®®. The latter interpretation is strongly supported
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by the X-ray structure of K(18-crown-6)[c-MesC4Si(SiMe3)], which shows a difference
of ca 0.1 A between the C1)—C(2) and C(2)—C(3) bond lengths (see 66 for the atom
notation) and a high degree of pyramidalization at silicon, the angle between the C4Si
plane and the Si—Si bond being 99.6° (see Figure 8a for the ORTEP diagram). The long
Si- - -K distance of 3.60 A suggests a weak Si- - -K interaction, indicating that the inherent
electronic properties of the anion were preserved. This might not be the case for the
Li-coordinated silolyl ion in THF, studied by Hong and Boudjouk and whose structure is
unknown’®. A localized structure was also suggested for the analogous germolyl anion,
e.g. Li(12-crown-4);[c-Me4CaGe(Si(SiMe3)3)], which also does not show any indication
for a strong interaction with the counter ion, and which was therefore considered to be
a free ion'%. The different NMR behaviour of Li[c—Ph4C4$i(Bu-z)]79 and the closely
related Li[c-MesC4Si(SiMe3)]'% (both in THF) may be attributed to the phenyl vs Me
substitution or to the different degrees of interaction between the alkali metal ions and the
silolyl ring in the two systems®?, but these points were not further evaluated. Complexation
to ruthenium as in 6a and 6b reduces the pyramidality at the ring Si (Figure 8b), thus
enhancing the electron delocalization within the ring!®d.

The known silole dianions are coordinated to the metallic counter ions either by .-
bonding!%%82 or by n',n’-bonding!%® (Figures 8c and 8d). Pyramidality at Si is, of course,
not a problem for the silole dianions where the Si is dicoordinated, and the known dianions
are all planar (Figures 8c and 8d). The structural and magnetic properties of the silole
dianions are consistent with charge delocalization and aromatic character of these species,
as shown by the data collected in Table 7.

FIGURE 8. ORTEP drawings of several silolyl anion complexes: (a) K(18-crown-6)[c-Me4Cy4Si
(SiMe3)]'%2; (b) silolyl anion-ruthenium complex 6b'%; (c) 7°,7°-2[K(18-crown-6)"][c-C4Mey
Sizf]loa; (d) nl,n5—2Li+[c-Ph4C4Si2’]-(5THF)1°b. Reprinted with permission from References 10a,
10b and 10d. Copyright (1994, 1995, 1996) American Chemical Society
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FIGURE 8. (continued)
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FIGURE 8. (continued)

2. ¢-C4H4SiR~ silolyl anions

a. The parent ion c-C4H4SiH™ and its lithiated complexes. The cyclopentadienyl anion
(CsHs™) is a well characterized aromatic system calculated to have, according to w-ring
currents and magnetic susceptibility, about 80-90% of the aromaticity of benzene!S. In
contrast, the analogous silacyclopentadienyl anion, 48a, is still unknown. Low-level early
computational studies of the geometry and thermodynamic stability of 48a were in conflict
regarding the degree of its aromaticity*'87. According to HF/3-21G//HF/STO-2G calcu-

lations, 48a is planar and possesses ca 25% of the aromaticity of C5H5_41d. On the other
hand, according to HF/6-31G*//HF/6-31G* calculations, the silacyclopentadienyl anion has
a C pyramidal structure, 67a, and the planar Cyy structure 48a is the transition state for
pyramidal inversion at silicon®”. The degree of the aromaticity of 67a as estimated from
its ASE is negligible®’. Recent high-level computational studies?-312:36.88.89 that were
stimulated by the experimental progress in this field showed clearly that the silacyclopen-
tadienyl anion indeed has a Cy symmetry but that it has a significant degree of aromaticity.
The calculated structural, energetic and magnetic properties of silolyl anions (and of silole
dianions) and their lithium silolides, together with a comparison to their carbon analogues
and the conclusions regarding their degree of aromaticity, are presented in Table 8.

R
!
Si. —
R’ AUNCTR
™c; C
N
CG—GC
R,/ g
(67) Cs
(67a)R=R’'=H
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FIGURE 9. Optimized structures of the silolyl anion and its lithium silolide. Bond lengths in A, bond
angles in degrees. (a) The Cy structure of 67a at MP2/6-314+G**; (b) the C,y structure of 48a at
MP2/6-31+G**; (c) the structure of the lithium silolide 68 at MP2/6-31G**. Reprinted with permission
from Reference 88. Copyright (1995) American Chemical Society

Calculations at MP2/6-314+G**38 find that the parent silolyl anion 67a has a C, non-
planar structure (Figure 9a), possessing a pyramidal Si centre with an angle sum at
the silicon of 321.6°. Yet, the Si atom in 67a is less pyramidal than in SiH3~ (angle
sum = 289.3°). The difference between r(C(1)—C(2)) and r(C(2)—C3)) is relatively small,
0.043 A compared to 0.124 A in the neutral 66a, indicating some degree of electron
delocalization in 67a. The structural evidence for electron delocalization in 67a is sup-
ported by its calculated ASE of 12.9 kcal mol~! compared to 23.6 kcal mol~! for CsHs™
(equation 21, X = SiH™ and CH™, respectively) and also by its magnetic properties; 67a
has a negative magnetic susceptibility exaltation (—10.4 x 107% cm? mol~")®® and a nega-
tive NICS value (—6.7 ppm; Table 8)%°. Based on these structural, energetic and magnetic
properties it was concluded that the silolyl anion, 67a, has ca 50% of the aromaticity of
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CsHs ™, contrary to the earlier conclusions of Damewood®” which were based on a signif-
icantly lower level of theory. This emphasizes again the need for high level calculations
for silicon-containing molecules.

X X X
\ / + ) \ X =SiH", SiHLi, CH",
; / \ / \ / CHLI, Si*, SiLi~ (1)

The calculated 2°Si NMR chemical shift of 67a (—50.6 ppm) is shifted upfield by
8.6 ppm relative to 66a, indicating that in the parent silolyl anion the effect of the
negative charge (causing an upfield shift) is larger than the effect of electron delocal-
ization (causing a downfield shift). Upfield shifts of 8(*%Si) were reported when neutral
silanes are converted to silyl anions, as in going from Me3SiSiMes (—19.7 ppm) to
Me;3SiK [—34.4 ppm, AS(®Si) = 14.7 ppm]90 where no electron delocalization takes
place. A significant upfield shift of 36.5 ppm was measured for the ring silicon in Li[c-
Me4C4Si(SiMe3)] [6(3Si) = —45.4 ppm] relative to its neutral precursor (66, R = Me,
R’ = H, R” = SiMej3). According to Tilley and coworkers, these NMR data as well
as the structural data are consistent with a significant localization of the charge on the
silicon and with a non-aromatic bond-localized structure!% (see above and Table 7). How-
ever, this interpretation contradicts the conclusions of Goldfuss and Schleyer (who have
also calculated an upfield shift for 67a relative to 66a) that 67a possesses a significant
degree of aromaticity®®-89. This conclusion was based on other evidence, namely ASE,
NICS values and the susceptibility exaltation of 67a. The different conclusions by Tilley
and coworkers!®® on the one hand, and by Goldfuss and Schleyer on the other38:89
may be due to the different substituents or to interactions with the Li™ counter ion in
Li[c-Me4C4Si(SiMe3)]. We believe that Tilley’s conclusion should be revised, because
chemical shifts and geometry are not the most indicative criteria for aromaticity and,
as suggested by Schleyer and Jiao'®, we prefer to rely on magnetic criteria such as A
and NICS. Interestingly, Hong and Boudjouk found a downfield shift in the 2°Si NMR
chemical shift in Li[c-Ph4C4Si(Bu-#)] in line with electron delocalization of the negative
charge of the silicon into the hydrocarbon moiety”® (see Section IV.D.1).

The C», parent silolyl anion 48a, in which the Si atom is forced to be planar (Figure 9b),
is a transition state for the inversion at Si, but the inversion barrier is only 3.8 kcal mol~!
(MP2/6-314+G**//MP2/6-314G**), much smaller than that computed previously at HF/6-
31G* (16.2 kcalmol~")¥7. The bond length equalization in 48a (Figure 9b), its large
negative magnetic susceptibility exaltation of —18.4 x 107% cm3 mol~! which is even
more negative than that of CsHs™ (—17.3 x 107% cm3 mol ™!, Table 8) and the downfield
shift of its 8(>?Si) relative to 66a [8(*’Si) = —6.6 and —42 ppm, respectively] are all
strong indications of a highly aromatic system®3.

The lower degree of aromaticity of 67a relative to CsHs ™ is due mostly to the pyramidal
geometry around the silicon. A similar reduction in aromaticity is observed for phosphole
c-C4H4PH relative to pyrrole3'2, This implies that reduction or elimination of the pyra-
midality problem should result in increased charge delocalization. Computationally, this
could be demonstrated by 1’-coordination of Lit to the silolyl anions, i.e. as in 68. Such
coordination reduces the pyramidality at the Si (sum of angles around the Si is 340.2) and
enhances its CC bond equalization (Figure 9c). Furthermore, n’-LiT coordination to 67
increases its ASE to —32 kcal mol ™! (equation 21) which is about 80% of the ASE of -
CsHsLi, causes a considerable downfield shift in 8(2°Si) to —22.4 ppm and increases the
diamagnetic susceptibility exaltation to —14.1 x 10~ cm? mol~!, which is nearly as large
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as that of 7°-CsHsLi (Table 8). All these facts together are best interpreted as indicating
that Li™ coordination to 67 results in a strong ‘three-dimensional aromaticity’®' and in
stabilization of the w-electrons®?. Thus, the structural, energetic and magnetic criteria all
agree that 68 is highly delocalized and shows a significant aromatic character3®-8%-932 The
recent experimental conclusions regarding the aromaticity of Li[c-PhsC4Si(Bu-1)]"° are
in agreement with this computational conclusion. Similar ‘three-dimensional aromaticity’
was achieved in 6a and 6b by complexation of the silolyl anion to a 7°-MesCsRu™
fragment (Figure 8b, Table 7)'%4.

(68)

b. The silyl substituted silolyl anion, c-C4H4Si(SiH3)~. The structure and charge dis-
tribution of the silyl substituted metalolyl anions, c-C4H4E(SiH3)™, E = C, Si, Ge and
Sn, were studied at HF/6-31G* by Tilley and coworkers®®. The calculated structure of
c-C4H4Si(SiH3)™ exhibits a strong pyramidality at the ring silicon. The angle o between
the Si—Si bond and the plane of the ring is 104.5°. This strong pyramidality is accom-
panied by a localized 7-system with C(;)—C(2) and C2)—C3) bond lengths of 1.367 A
and 1.477 A, respectively%. Note, however, that a very similar localized structure was
calculated at the same level of theory for 67a%", which indicates that the effect of the
silyl group is small. Going down along group 14, the pyramidality at E as well as the
degree of bond localization increases®® (similar conclusions were reached by Goldfuss
and Schleyer89 for c-C4H4EH™; see Section IV.D.4)

3. The parent silole dianion c-C4H4Si?~ and its lithiated complexes

The parent silole dianion, 49a, where the pyramidality at the silicon is removed, shows
a high degree of aromaticity as concluded from its structure (equalized bond lengths
of 142 A; A = 1°%, see Figure 10a) and its magnetic properties, ie. A = —30 x

1076 cm? mol=""™, NICS = —12.8 ppm®®, relative to A = —17.3 x 106 cm? mol=1>"
and a NICS value of —14.3 ppm?® for CsHs~ (Table 8). The »’-Lit coordinated 69
and the n°,n°-2Li* coordinated inverse sandwich structure 70 are also highly aromatic
molecules. The optimized structures of 69 and 70 are shown in Figures 10b and 10c,
respectively. Their C(1)—C() and C;2)—C3) bond lengths are nearly equal with a
Julg parameter of 1.0, indicating a strong delocalization. Analysis of the nature of the
Si—C(1) o-bonds shows a large p-character on Si, and this may be responsible for
the particularly long Si—C(;) bond distances, i.e. 1.884 A and 1.901 A in 69 and 70,
respectively®3®. The diamagnetic susceptibility exaltation calculated for 69 and 70 are
highly negative, i.e. —20.7 x 107 and —23.5 x 10~° cm?® mol~!, respectively (relative
to —17.3 x 107 cm? mol~! for CsHs™). The NICS values for 69 and 70 of —17.1 ppm
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r(Li—CCC): 1.747:
® (SiCCC): -6.5

FIGURE 10. Optimized structures of the silole dianion 49a and its mono- (69) and dilithium (70
and 72) salts. Bond lengths in A, bond angles in degrees: (a) 49a at MP2/6-31+G**%; (b) 69 at
MP2/6-314+G*%32; (c) 1°,n-dilithium silole 70 at MP2/6-31+G** (in parentheses at MP2/6-31G*)?32;
(d) n',n°-dilithium silole 72 at MP2/6-31+G*1%_ Reprinted with permission from References 10b and
93a. Copyright (1995, 1996) American Chemical Society

and —17.6 ppm, respectively, are almost identical to that of CsHsLi (—17.7 ppm®),
pointing to large aromatic ring currents in all these molecules. The NICS values for 69
and 70 are considerably more negative than for 49, and this might point to a remarkable
aromaticity of the lithiated complexes or might be caused by diamagnetic contributions
from the bonds between Li and the ring atoms®?. This point should be further investigated
computationally. Note, however, that the diamagnetic susceptibility exaltations of 69 and
70 are less negative than those of the free dianion 49, which may point to a smaller degree
of aromaticity in the lithiated complexes. The aromatic ring currents in 70 are responsible
for the strong magnetic shielding of the Li* ions [§("Li) = —7.7 ppm”**; —6.2 ppm in
68 and —9.1 ppm in CsHsLi%]. The Nat and K* analogues of 69 and 70 show similar
characteristics and are therefore also highly aromatic®3,

West, Apeloig and coworkers reported recently an X-ray structure of an n',n°-dilithium
silole (71). One Li atom (with its associated two THF solvation molecules) is 7°-bonded
to the silole ring and the second Li is n'-bonded to the Si as well as to three THF
molecules (Figure 8d)'%. Considering the fact that the solvating THF molecules were not
included in the calculations, the MP2/6-314+G* optimized structure of the model system
72 (Figure 10d) is in reasonable agreement with the experimental structure of 71. The
calculated C(jy—C() and C(2y—C3) bond lengths are 1.420 A and 1.426 A, respectively,
compared to the measured bond lengths of 1.448 A and 1.430 A, respectively'%®. The
experimental distances involving the Li atoms are longer in 71 than those calculated for
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72, as expected, because the THF solvation is not present in the calculations. According
to the calculations 70 is by 21 kcalmol~! more stable than 72 (MP2/6-314+G*//MP2/6-
314+G*), but the authors suggest that solvation by THF may reverse this order. The effect
of solvation on the 70-72 energy difference is currently being investigated computa-
tionally by Apeloig and coworkers. The structure of 2Lit[¢-PhsC4Si%~] in solution is
still uncertain, although some NMR evidence [i.e. an upfield shift of 8(>Si) to 68.5 ppm
in solution, from 87.3 ppm in the solid state, and a single signal in the 7Li NMR (at
0.23 ppm) even at —100 °C] might point to a single environment for the two Li atoms as
in the thermodynamically more stable isomer 70. The nearly equal, calculated C—C bond
lengths in 72 and its NICS value (—18.4 ppm)®* point to the highly aromatic character of
72, similar to that of 69 and 70. More recently, the analogous germoles 73a and 73b were
crystallized from dioxane in two distinct structures: one with !,n>-coordination of the two
Li™ cations (73a) and the other having a n’,n°-coordination (73b). As in the silicon case,
also for germanium the calculations (MP2/LANL2DZ) find the ), p-2LiT [c-H4CsGe?™]

isomer to be by 25 kcal mol~! more stable than the r)l,ns 2Li*[c-H4CaGe? ] isomer®.

Li(THF),
Ph
" _-Ph
(THF);Li- - -$i LD
Ph
Ph
(71) (72)
ITi(C4H802)2 Li(C4Hg02),
Ph Ph
‘__-Ph ‘" _-Ph
Gl Gel (D
(C4HgOy),Li Ph ‘ Ph
Ph Ph
I
Li(C4Hg0,),
(73a) (73b)
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4. Higher congeners of the silolyl anion and silole dianion

How is the aromaticity of the silolyl anion and dianion affected by substitution of the
Si atom by its higher congeners Ge, Sn and Pb? In a comprehensive study Goldfuss and
Schleyer® evaluated the degree of the aromaticity of mono- and dianions of group 14
metalloles: c-C4H4EH™ and ¢-C4H4E2~ (E = C, Si, Ge, Sn and Pb) by using a variety of
criteria: structural, energetic (ASE) and magnetic (diamagnetic susceptibility exaltations
and NICS). Their main conclusions are summarized briefly below.

(a) The aromaticity of the metallolyl monoanions c-C4H4EH™ decreases in the order: C
(most aromatic) > Si > Ge > Sn > Pb (least aromatic). This is exhibited in an increased
bond alternation, stronger pyramidality at E, higher inversion barriers and decreased ASE
along the C—Pb series. Similarly, the A and NICS values become less negative in going
down along group 14, also indicating a decrease in aromaticity.

(b) The aromaticity of the lithium metallolides Li[c-C4H4EH] decreases along the
C—Pb series similarly to the c-C4H4EH™ series. However, Li- - -H interactions between
the 7°-coordinated Li atoms and the E—H hydrogen stabilize significantly the heavier
metalloles with E = Sn and Pb relative to their lower congeners.

(c) In contrast to the c-C4H4EH™ and Li[c-C4H4EH] systems, the degree of aromaticity
of the metallole dianions c-C4H4E%~ and of their dilithium 2Li* [c-C4H4E% ] complexes
is remarkably constant for all group 14 elements.

5. The pentasilacyclopentadienyl anion

¢-SisHs™ (74) has [at MP2(full)/6-31G*] two non-planar minima of Cg and C, sym-
metry which have identical energies’!. The planar, formally “fully aromatic’ Dsp, structure
(74) is not a minimum on the MP2(full)/6-31G* SisHs~ PES and it is by 8.3 kcal mol~!
higher in energy than the C or C» structures. The calculated geometries of the Cs, C2 and
Dsy, SisHs™ structures are shown in Figure 11. The aromatic stabilization energy of Cs
SisHs ™ according to equation 22 is 52.8 kcal mol~!, much smaller than for its all-carbon
analogue CsHs~ (84.7 kcalmol™!)’!, pointing to a significantly lower degree of aro-
maticity in SisHs™. Yet, this ASE is much higher than the ASE of only 2.2 kcal mol~!
(HF/6-31G*) calculated for the monosilacyclopentadienyl anion (67a) according to an

analogous isodesmic equation®’.

1|{ H
H S __H H s H
s Ssi7 Nsi”
A
si—si =4l
\ 1 1
H / AN
H H H
74
H
|_ - Hy
H 1 H Si
st s g g 22)
N + SiH, —> N +  SiHy
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Dsp, 8.31 keal mol™!

FIGURE 11. Calculated structures and relative energies at MP2(full)/6-31G* of Cs, C, and Dsy c-
SisHs~ (74). Bond lengths in A, bond angles in degrees. The angles given outside the ring are dihedral
angles. Reproduced by permission of John Wiley & Sons from Reference 71



52 Yitzhak Apeloig and Miriam Karni

V. SILYLENES WITH AROMATIC CHARACTER
A. Stable ‘Arduengo-type’ Silylenes
1. Experimental background

Divalent group 14 compounds (carbenes, silylenes and germylenes) are generally highly
reactive intermediates which, until recently, were directly observed only in matrices
at low temperatures®°*. In 1991 Arduengo and coworkers reported the synthesis of
the first stable carbenes 75a”*" and 76a%°. This remarkable achievement stimulated
numerous studies which reported physico-chemical measurements®3~2 and theoretical
studies?>d7M% of these stable carbenes. Consequently, the isostructural germylenes 75b
and 76b°7 and silylenes 75¢°329 and 76¢%%%>d were synthesized and characterized. The
silylene 75¢ exhibits remarkable thermal and kinetic stability®3®9, Thus, it does not
dimerize or react with various bases and other known silylene scavengers under condi-
tions in which simple silylenes react instantaneously®®?. The saturated analogue 76c is
also highly stable, but it slowly dimerizes with a half-life of ca 5 days®3®4, These stud-
ies were supplemented by theoretical calculations of the corresponding parent silylenes
75d and 76d and the related silanes 77a and 78%.

R R
H
N N
\ H,C™ O\
: | M:
/ H-C /
H N SN
R R

(75a) M =C, R =H, -Bu, 1-Ad, Ar
(75b) M =Ge, R=1-Bu

(75¢) M =Si, R =#-Bu

(75d) M =Si,R=H

\S'H
i

Y, 2
N

R

(77a)R=H
(77b) R = +-Bu

H

(76a) M =C,R = Ar
(76b) M = Ge, R =1-Bu
(76¢) M = Si, R =+-Bu
(76d) M=Si,R=H

H

N
H,C ™

| SiH,

H
(78)

Most recently, stable crystalline 1,3-di(neo-pentyl)-2-silabenzimidazol-2-ylidene, 79a,
and its related saturated 2,2-dihydro-1,3-di(neo-pentyl)-2-silabenzodiaminosilole, 80a,
were synthesized®®. 79a can be stored under nitrogen for more than a year at ambient
conditions and it can be distilled or sublimed without significant decomposition®. 79a
was characterized by its X-ray and by the UV photoelectron spectrum which was assigned
with the help of MP2/6-31G*//MP2/6-31G* calculations for 79b%°°.
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/ N / N
N N
\ AN
Si: ’ SiH,
/ /
X N AN N
R R
(79a) R = CH,Bu-¢ (80a) R = CH,Bu-¢
(79b)R=H (80b)R=H

2. Aromaticity

Why are silylenes 75¢ or 79a so highly stable? Is the stabilization due to the presence
of the two a-amino groups? Are these silylenes aromatic? The calculations show that
(HoN),Sit is by 37.2 keal mol ~! more stable than HSi: (CCSD/6-31G*//MP2/6-31G*)%8,
30.0 kcalmol~! at MP4/6-31G*//6-31G*+ZPE'®. If this is the only factor contributing
to the stability of 75¢, why then is the analogous four-membered ring diamidosilylene
(81) stable only below 77 K!012

SiMez
N
t+-Bu—N N— Bu-t
AN
Si

(81

The high kinetic stability of 75¢ and 76¢ towards dimerization was explained by Denk
and coworkers in terms of their high singlet-triplet energy difference, AEst?%. Thus,
AEst (75d) of 69 kcalmol™! and AEst (76d) of 74 kcal mol~! (MP4/6-31G*//6-31G*)
are larger than 60 kcal mol~! —a value which was predicted® to be the limit above which
the resulting dimers (i.e. the disilenes) dissociate spontaneously to the corresponding
silylenes. It is therefore expected that 75¢ and 76¢ would dimerize very slowly, if at
all’8®. However, the lower reactivity of 75¢ relative to 76¢ towards dimerization and
hydrogenation at silicon and its higher thermodynamic stability (see below) point to
an additional stabilizing effect which is present in 75¢ but not in 76¢”%®. The additional
stabilizing effect in 75¢ was attributed to the contribution of the 6;-electron delocalization,
i.e. to aromaticity, as shown in resonance structure §296.98,100,102,103

R R
H N H N
N\ N\
sip ~——= si:
o/ /
N N
H R H R

(82)

The occurrence of cyclic 6r-electron delocalization in imidazol-2-ylidene-type systems
(75) is supported by a variety of structural, energetic, and magnetic criteria, as well as by
the charge distributions and low-energy ionization processes which have been carefully
analysed theoretically?®%8:100.102,103 = A" summery of the conclusions of the theoretical
studies regarding the degree of aromaticity in imidazol-2-ylidene-type systems is presented
in Table 9.
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TABLE 9. Experimental and theoretical studies on imidazol-2-ylidenes (75a) and their silicon ana-
logues (75¢, 75d and 79a, 79b)*

Property studied Method Conclusions Ref.
Carbenes
Electronic structure of Correlated ab initio calculations  Bonding character is 95h
imidazol-2-ylidene in the carbenic rather than ylidic;
lowest singlet and triplet m-delocalization is important
states; proton affinity in the imidazolium cation but
not in the carbene
Electronic structure of Correlated ab initio calculations  Stabilization of singlet 95d
imidazol-2-ylidene: Bond ground state by o-back-
orders, atomic charges, donation along C-N bonds;
localized orbitals m-delocalization plays only
a minor role in imidazol-2-
ylidene, but a major role in
imidazolium cation
Electronic structure of Correlated ab initio calculations  Singlet—triplet splitting in 95¢g
aminocarbenes: Sin- imidazol-2-ylidene is 15
glet—triplet splittings, kcal mol~! higher than in
Mulliken populations, barri- imidazolin-2-ylidene, 76a,
ers for 1,2-rearrangements to R=H; consequently, there is
imines a smaller propensity of the
former towards dimerization;
imidazol-2-ylidene is
kinetically stable towards
rearrangement to imidazole
Chemical shielding tensor Solid-state NMR; Correlated Dominance in 75a of 95e
of a substituted imidazol-2-  ab initio and density-functional  carbenic over ylidic
ylidene calculations resonance structures
Photoelectron spectra of 75a, Photoelectron spectroscopy; Degree of interaction 96
R =H and 75d density-functional calculations between the m-electrons of
the five-membered ring and
the divalent group 14 atom
is higher in silylenes 75¢ and
75d as compared to carbene
75a
Electron distribution in X-ray and neutron diffraction; m-Delocalization not 95f
a substituted imidazol-2- density-functional calculations dominant in imidazol-2-
ylidene ylidenes; stability of 75a is
kinetic in origin
Electronic structure of stable Correlated ab initio calculations 75a, R = H has partial 103
carbenes, silylenes and aromatic character. -
germylenes Delocalization is more
extensive in 75a, R = H
than in 76a, R = H. Similar
conclusions were reached for
the corresponding silylenes
and germylenes
Silylenes
Gas-phase structure and Electron diffraction; correlated 75¢ and 75d benefit from 98a

solution-phase NMR of
75c¢; theoretical heats of
hydrogenation for 75d and
76d

ab initio calculations

aromatic stabilization
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TABLE 9. (continued)

Property studied Method Conclusions Ref.
Photoelectron spectra of 75¢  Photoelectron spectroscopy; Significant p; - p, inter- 98b
and 76c¢; rotational barriers correlated ab initio calculations action between divalent

in Si(NH), and C(NH»), group 14 centres and amino

substituents; aromatic reso-
nance structures contribute
significantly in 75¢ and 75d

Chemical shifts and Correlated ab initio calculations  Significant degree of 102
anisotropies in amino- 6r-aromaticity in 75d

silylenes

Thermodynamic stabilization, Correlated ab initio calculations, Significant conjugation in 100
structure, chemical shift ‘atoms-in-molecules’ charge 75d relative to 76d according
anisotropies and charge distribution analysis to the thermodynamic

distribution and magnetic criteria.

Small cyclic delocalization
according to the topological
analysis of charge density.
More extensive w-resonance
is found in the carbene 75a

Photoelectron spectra, Photoelectron spectroscopy and  Cyclic delocalization plays 99¢
structure and thermodynamic correlated ab initio calculations  an important role in the

stability of 79a and 79b stability of 79a and 79b

Nucleus independent Correlated ab initio calculations  75¢, 75d, 79a and 79b 107
chemical shifts possess a discernible ring

current, which however is
ca half as large as that in
benzene. The ring current in
76¢ and 76d is negligible

“9Based on Reference 100.

The structural, energetic, magnetic and charge distribution data that support the occur-
rence of 6mr-electron delocalization in imidazol-2-ylidene-type silylenes and carbenes are
discussed below:

a. Structural criteria. The experimental X-ray and calculated structures of 75¢ (at ECP/6-
31G*194) and 75d (at 6-31G*?%%P and MP2/6-31G*982:100.103) are in very good agreement.
The calculated structures of 75¢'% and 75d%%2b.100.103 are very similar. There is also
good agreement between the experimental structure of 79a and the MP2/6-31G*//MP2/6-
31G* calculated structure of 79b°%¢. The MP2/6-31G* optimized structures of 75d, 76d,
77a, 78 and 79b are shown in Figure 12. There is no significant difference between the
experimental structures of 75¢ and of the corresponding benzo-derivatives 79a, or between
the calculated structures of the corresponding hydrogen-substituted 75d and 79b.

The calculated Si—N bond length in 75d is 1.774 A, by 0.034 A longer than in 76d
(exp. 1.753 A and 1.719 A in 75¢ and 76c¢, respectively)®®®. The shorter Si—N bonds in
76¢ (or 76d) were interpreted as resulting from the fact that in these molecules the lone-
pairs on the nitrogen atoms can conjugate only with the empty 3p(Si) orbital, whereas in
75¢ (or 75d) the N lone-pair electrons are cyclically delocalized as shown in 82, resulting
in a longer Si—N bond in 75 relative to 76°%". The assumption of cyclic delocalization
in 75¢ (or 75d) is reinforced by the 0.011 A longer calculated r(C=C) in 75d (1.333 A,
MP2/6-31G*) than in the corresponding silane 77a (where cyclic electron delocalization
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/_ NSiN = 85.8° (88.2°)
/_ SiNC =116.0° (114.1°)

Z_ NC=C=111.1°(111.9°)

FIGURE 12. MP2/6-31G* optimized geometries of 75d (a), 76d (b) and of their corresponding silanes
77a (c), 78 (d) and of 2-silabenzimidazol-2-ylidene 79b (e); the experimental structure of 79a is given
in parentheses. Reprinted with permission from References 100 and 99c. Copyright (1996) American
Chemical Society

is not possible)?8>1%0 The structures of the 2-silabenzimidazol-2-ylidenes 79a and 79b
are indicative of a small but significant double-bond character in its Si—N bonds®°.
Comparison of the cyclosilylenes 75¢ and 75d with the corresponding cyclic carbenes
(75a, R = t-Bu or H) shows that the structural effects in the two types of species are
similar, but they are somewhat smaller in the cyclosilylenes, indicating a smaller degree
of electron delocalization in the silylenes!%0,



1. Theoretical aspects and quantum mechanical calculations 57

b. Energetic criteria. According to the energies of equations 23a, 23b and 23c,
the unsaturated cyclic silylene 75d is by 20.5 and 11.8 kcalmol™!' (MP4/6-31G*//6-
31G*+ZPE) more stable than (H,N),Si: and 76d, respectively'®. Similarly, 75d is
by 25-27 kcalmol™! more stable than 76d relative to ethane and ethene, respectively
(equation 24)'00-103 " Thys, the results of equations 23 and 24 indicate an additional
stabilization in 75d due to the endocyclic C=C double bond. This additional stabilization
is not due to a localized conjugative interaction within the HN—CH=CH—NH ‘backbone’,
since 1,2-diaminoethene (in the planar C», geometry) is stabilized by only 1.4 kcal mol~!
(MP4/6-31G*//6-31G*+ZPE) relative to 1,2-diaminoethane!%. The extra stabilization of
75d over 76d was interpreted to indicate cyclic electron delocalization in 75d, which is
absent in the C—C saturated silylene 76d. However, Heinemann and coworkers pointed
out that this interpretation relies on the a priori assumption that the m-electrons do in
fact undergo cyclic delocalization and that such electron delocalization indeed results
in a thermodynamic stabilization'®’. The occurrence of cyclic conjugation in 75d was
consequently studied directly by analysis of the charge distribution in 75d and 76d (see
below).

R,Si: + SiHy —— R,SiH, + H»Si: (23)
100
R = NH, AE = 30.0 kcal mol ™! (23a)
100
R,Si: = 75d AE = 50.5 kcal mol ™! (23b)
100
R,Si: = 76d AE = 38.7 kcal mol ™! (23c)
H H
H
N H,C— N
Si: + C;Hy — | /Si: + CoH,
H N WL~y
H H (24)
(75d) (76d)

AE =25.0 kcal mol™! (MP4/6-31G*//HF/6-31G*!%0);
27.4 kcal mol™! (MP2/6-31G*//MP2/6-31G*103)

The higher exothermicity, by 13 kcal mol~!, of the hydrogenation energy of the silicon
atom in 76d (equation 25) compared to that of 75d (equation 26)°% and also in the
hydrogenation energy of the C=C double bond in 77a (equation 27) compared to that
of 75d (equation 28)*%" are also believed to be manifestations of the cyclic 67-electron
delocalization in 75d°32-5,

H H
H,C™ N H,C™ N
| /Si: + —_— | SiH,
H H
L~y L~y (25)
H H
(76d) (78)

AE =15.1 kcal mol™! (MP2/6-31G*//HF/6-31G*8%)
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H H
H N H .
N\ N
Sit + Hy —— SiH,
N/ N/
H H
H H (26)
(75d) (77a)
AE =—1.7 kcal mol"! (MP2/6-31G*//HF/6-31G*33);
-9.8 kcal mol™! (MP4/6-311G**//MP2/6-31G*!1%%)
H H H
N N
AN HC™ O\
SiH, + Hy —> | SiH,
/ HZC ~ /
H N N on
H H
(77a) (78)
AE = —19.7 kcal mol'! (MP4/6-31G*//HF/6-31G*%8);
H H H
N N
\ H,C™ O\
/Si: + Hy —— | /Si .
H,C —
H N N 28)
H H
(75d) (76d)

AE = —6.7 kcal mol”! (MP4/6-31G*//HF/6-31G*%b);

Cyclic delocalization plays an important role also in the stabilization of the
benzimidazol-2-ylidenes, 79°%°, as concluded from the calculated ring fragmentation
energies (equations 29 and 30), i.e. AE = 40.9 and 22.9 kcal mol~!, respectively (MP2/6-
31G*//MP2/6-31G*). The effect of the five-membered ring is taken into account by
keeping the geometry of the N—Si—N units in HyNSiNH; in the same geometry as that
in 79 or in 80. A significant delocalization stabilization of 31.6 kcal mol~! was suggested
also for the isomeric silaimine 83 (equation 31)%%,

79b + 2NH3 + 2CHy ——— Ho;N—Si—NH; + 2H,NCHj3 + CgHg 29)
80b + 2NH3 + 2CHy ——— H,N—-SiH;—NH, + 2H>,NCH3 + C¢Hg 30)
83 + 2NH3 + 2CH4 —— HoN—SiH=NH + 2H,NCH3; + CgHg A31)
= N
A\
/Sl_ H
\ N
H

(83)
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¢. Magnetic criteria. The isolation of 75c¢ allowed to record the first NMR spectra of a
silylene, and the measured chemical shifts”® are given in Figure 13.

GIAO'% [MP2/TZ2P(Si), TZP(C,N),DZ(H)] calculations for the hydrogen substituted
silylene 75d predict chemical shifts which are in very good agreement with the exper-
imental values measured for the substituted 75¢ (Figure 13)'92. In particular, the 2Si
chemical shift of 75d is calculated to be 64 ppm!?%, compared with the experimental
value for 75¢ of 78 ppm?®2. The experimental -theoretical agreement for the carbon and
nitrogen chemical shifts is also good!'%2. Similar calculations for the saturated silylene
76d predict a 2°Si chemical shift of 117 ppm'%%, again in very good agreement with the
experimental value for 76¢ of 119 ppm®d. This success suggests that GIAO calculations
can be used to elucidate the NMR spectra of transient silylenes which cannot yet be
studied experimentally. Such studies can provide important fundamental information on
the electronic structure of silylenes.

Further insight into the NMR spectrum of 75¢ and 76¢ was provided by additional
GIAO calculations for H>Si: and for several diaminosilylenes, carried out by Apeloig,
Karni and Miiller (Table 10)'92. The calculated 2°Si chemical shift for the parent H,Si:
is 817 ppm (relative to TMS), and it shows a very large 2°Si chemical shift anisotropy
(CSA), Ao, of 1516 ppm (Table 10)!92, This very high CSA indicates a strong charge
anisotropy around the silicon, as is required by its electronic structure having perpendicular
empty and filled orbitals, as shown by the magnetic axes of silylenes 75 and 79 drawn
in Figure 14. Both the 2°Si chemical shift and the CSA of H,Si: decrease strongly upon
substitution of the hydrogens by two amino groups. In the planar (HoN),Si: §(*°Si) =
108 ppm and Ao (*°Si) = 214 ppm. This large substituent effect can be attributed to the
conjugation between the lone pairs on N and the empty 3p(Si) orbital. This interpretation
is supported by the much higher §(2°Si) and CSA in the perpendicular (HoN),Si:, where
such 2p(N)-3p(Si) conjugation is not possible (Table 10). The endocyclic C=C m-bond
in 75d causes an additional 53 ppm upfield shift in §(>°Si) relative to 76d, and to a
significant increase in the CSA (from 73 ppm in 76d to 165 ppm in 75d)'92. These trends,
in both the 2Si chemical shifts and in the CSAs, seem to support the hypothesis that the
‘aromatic’ resonance structure 82 contributes significantly to the total wave function of

+78 ppm +64 ppm
. 'S i pd
+Bu._ Si _Bur H S _H
N N N
\ / +210 ppm \ / +189 ppm
C=—C +120 ppm C—C +121 ppm
N\ / \
H H H H
+6.8 ppm +6.5 ppm
Experiment Calculations

FIGURE 13. Experimental and calculated [GIAO/(MP2/TZ2P(Si)TZP(C)DZ(H))] chemical shifts of
75c¢ and 75d, respectively. >N chemical shifts are relative to NH3. The reported experimental >N chem-
ical shift (relative to CH3NO,%%2) was corrected using the experimental difference of 380 ppm between
the "N chemical shifts of CH;NO, and NH3. Reproduced by permission of VCH Verlagsgesellschaft
from Reference 102
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75d'02, The large anisotropies of the magnetic susceptibility, Ay (calculated using the
IGLO method!%®), support the occurrence of ring currents in 75d (Ay = 6.46 au), as
well as in the corresponding potentially aromatic silicenium cation 84 (Ax = 5.64 au),
but not in 76d or 78 — the correspondingly saturated analogues (Ax = 1.41 and 1.96 au,
respectively)'?’. The smaller calculated Ay for the silylene 75d, relative to that of the
analogous carbene 75a, R = H (Ax = 8.17 au), also indicates a smaller ring current and
thus a reduced ‘aromaticity’ in 75d relative to that in 75a, R = H100,

The NICS values of the silylenes 75¢ and 79a, calculated at a distance of 2.0 A above
the ring centre, are —2.7 ppm and —2.6 ppm, respectively'%’. These values are signifi-
cantly lower than for benzene (—5.3 ppm) or thiophene (—4.7 ppm), but still indicate that
these silylenes possess a discernible diamagnetic ring current of about half of that in ben-
zene. In contrast, the NICS value of the saturated silylene 76¢ is negligible (—0.6 ppm),
indicating the absence of a significant ring current!?7.

TABLE 10. Calculated 2°Si chemical shifts [8(2Si)] and chemical shift
anisotropies [CSA, Ac(PSi)] for several silylenes (in ppm)“

Silylene s(¥siyt Ac(*Si)
H,Si 817 1516
(H,N),Si, per? 421 558
(H,N),Si, pl° 108 214
76d 117/ 738
75d 64" 165

“From Reference 102 at GIAO[MP2/TZ2P(Si), TZP(C,N), DZ(H)],

bRelative to (CH3)4Si,

¢Calculated from absolute chemical shielding values,

dPerpendicular conformation, i.e. ZHNSiN = 90°C.

¢Planar conformation, i.e. ZHNSIN = 0°.

/131.9 ppm at GIAO[B3LYP/6-311+G(2df,p)(Si), HF/6-31G*(C,N,H)//B3LYP/6-31G*107],
Experimental values for 76c: 117.0 ppmgg(1 and 119.0 ppmI07
respectively.

8The CSA values (calculated from chemical shifts) are 447.7 and 363.1 ppm for 76d
and 75d, respectively [at GIAO(B3LYP/6-311+G(2df,p)(Si), HF/6-31G*(C,N,H)//B3LYP/6-
31G*197]; the corresponding experimental values for 76¢ and 75¢ are 354.0 and 314.6 ppm,
respectivelylm.

"848 ppm at GIAO[B3LYP/6-311-+G(2dfp)(Si), HF/6-31G*(C.N.H)/B3LYP/6-31G*107]
Experimental values for 75¢: 78 ppm in solution?8d and 75.2 ppm in the solid!07.

in solution and in the solid,

FIGURE 14. Molecular and magnetic axes for silylene 75. The same axes also apply for 79. Reprinted
with permission from Reference 107. Copyright (1998) American Chemical Society
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H
H
+
Si—H
H N
H
(84

d. Charge distribution and ionization potentials. The degree of m-delocalization in 75,
from the -NCH=CHN— backbone into the formally empty p atomic orbital of M, can be
evaluated by several theoretical approaches. NBO analysis'%® of the charge distribution in
75d and 76d (at MP2/6-31G*) shows significant electron occupancy of the 3p(Si) orbital
in both silylenes. However, as expected if 75d is aromatic, the electron occupancy of the
3p(Si) in orbital in 75d (0.54e) is higher than in the saturated silylene 76d (0.33¢)13,
The 3p(Si) electron occupation in 75d is smaller than in the corresponding carbene 75a,
R = H (0.67e) and germylene 75, M = Ge, R = H (0.63e), as expected from their
electronegativites (Ge is more electronegative than Si)!93. This result contrasts with that of
DFT calculations, which predicted that the degree of m-electron delocalization in divalent
75 will decrease in the order M = Ge > Si > C, i.e. delocalization is most efficient for 75,
M = Ge”®. Arduengo and coworkers suggested a ‘chelated-atom’ model to account for
this trend”®. Boehme and Frenking pointed out that this model and the DFT trend of the
occupation of the 3p-orbital would suggest that the oxidation strength increases in the order
Ge > Si > C, which is difficult to understand!?3. Analysis using the ‘Atoms in Molecules’
theory'? also provides evidence for some degree of cyclic electron delocalization in the
unsaturated Arduengo-type cyclic carbene 75a, R = H (although to a smaller degree
than calculated by other methods) and to an even smaller extent of delocalization in the
analogous silylene 75d'%.

Another argument in favour of the aromaticity of unsaturated cyclic silylenes such as
75c¢ (or 75d) comes from the analysis of their ionization potentials. Denk and coworkers
argued®®® that the energy lowering by 0.5 eV (HF/6-31G*) of the HOMO of 75d shown
in 85a (E = —7.62 eV) as compared to the HOMO of the silane 77a shown in 85b
(E = —7.1 eV)?®_ is consistent with a contribution of the 3p(Si) orbital to the stability of
the HOMO orbital in 75d but not in 77a. The calculated difference in the orbital energies
of 0.5 eV is in excellent agreement with the measured vertical ionization potentials of
6.96 eV and 6.56 eV for 75c and 77b, respectively®®98 A similar stabilization of the
HOMO of 79b, by 0.33 eV (0.41 eV, experimental), relative to that of the corresponding
silane 80b, was also attributed to the contribution of the empty 3p(Si) orbital to the
delocalization of the 7-electrons®*.

SiH
N I
(85a) (85b)
In conclusion, all the criteria discussed above point to the existence of m-electron

delocalization and thus to some degree of aromaticity in the unsaturated carbenes, silylenes
and germylenes of type 75. However, the degree of conjugation and aromaticity depends
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on the criteria that are used to evaluate these effects. The degree of aromaticity in 75
is quite small according to the ‘Atoms in Molecules’ topological charge analysis'%, but
is more significant according to NBO charge analysis'*® or according to the structural,
energetic and magnetic properties'%% 193, However, regardless of the criteria used, 7-
electron delocalization is generally found to be less extensive in the unsaturated silylenes
(and germylenes) compared to their carbene analogues, and it is much smaller than in
prototypic aromatic systems such as imidazolium cations or benzene'%0-103,

3. Reactions

As mentioned above, the cyclic silylenes 75¢ and also 76¢ (or 79a and 79b) are dramat-
ically less reactive than other known silylenes which are all transients. Thus, 75¢ has such
a low Lewis acidity that, unlike other silylenes, it does not react as an electrophile. How-
ever, 75¢ reacts as a Lewis base, i.e. as a nucleophilic reagent®®°. The known reactions
of ‘Arduengo-type’ silylenes are summarized in References 2e, 98c, 98d and 99b and the
references cited therein. The theoretical study of the possible reactions of ‘Arduengo-type’
silylenes is quite limited and awaits the attention of computational chemists.

a. 1,2-H rearrangements. An important factor which contributes to the kinetic sta-
bility of silylene 75c is the fact that 1,2-H rearrangements to give the corresponding
tetravalent silaimines do not occur. CCSD(T)/DZP calculations carried out by Heine-
mann and coworkers!® showed that the rearrangement of simple aminosilylenes via a
1,2-H shift to produce the corresponding silaimines (equations 32-34) are endothermic,
i.e. the silylenes are more stable than the isomeric silaimines. The isomerization energy,
AE;, of the cyclic silylene 75d to the corresponding silaimine, of 31.8 kcalmol™!, is
significantly higher than for the rearrangements of the parent aminosilylene 86 to 87
or of the diaminosilylene 88 to 89. A similar isomerization energy of 33.3 kcal mol~!
(MP2/6-31G*//MP2/6-31G*) was calculated for the rearrangement of 79b to 83. The high
isomerization energy was attributed to the high strain of the five-membered ring in 83%°¢.
Furthermore, the energy barriers for these rearrangements, E,, are very high, larger than
50 kcalmol~! (above the silylenes). The high barrier of 54.4 kcalmol™! calculated for
the 75d— 90 rearrangement explains why for 75¢ such rearrangements were not observed
experimentally?®. The relatively low barrier of 22.6 kcalmol~! for the reverse 90— 75d
rearrangement suggests that this type of reaction might be used to synthesize novel cyclic
aminosilylenes'%*. The barrier for the analogous isomerization of the carbene 75a, R = H
to the corresponding imidazole of 44.1 kcalmol~! is somewhat lower than for 75d, but
the barrier for the reverse reaction is significantly higher for the carbene (71.1 kcal mol~!
at MP4/6-311G**//MP2/6-31G*)!%3.

1
Si H Si
H SN S o H NS N
\ |
H H (32)
(86) 87)

AE, = 14.2 kcal mol’!
E, = 68.8 kcal mol’!
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H
I
Si H Si
~
LNT N7 o HNT 1|\1
\
H H (33)
(88) (89)
AE, = 19.2 kcal mol'!
E, = 70.0 kcal mol!
H
|
i Si
~ SN
HN NH — HN N

\—/ / (34)

(75d) 90)

AE, = 31.8 kcal mol’!
E, = 54.4 kcal mol’!

b. Dimerization. The report that the saturated silylene 76¢ dimerizes slowly to give
an unidentified product®®® stimulated a theoretical study of the structure of this dimer!!°.
Silylenes usually dimerize to give disilenes (91) as shown schematically in equation 35 for
M = Si, and this is the main experimental route for the synthesis of disilenes'?. However,
Apeloig and coworkers'92 110111 and Trinquier and coworkers®112 pointed out that the
dimerization of two silylenes can in principle lead also to the bridged 92 (equation 36,
both trans and cis arrangements of the R groups are possible). 92 was indeed found to be
a minimum on the MpHy surfaces for M = Si and Ge, but not for M = C, and it is even
the global minimum for M = Sn and Pb%4:112, 92 M = Si, R = H is by 21.3 kcalmol ™!
less stable than H,Si=SiH, at the G2 level of theoryloz’llo.

R R R
R\O AN 4 /sR
MO Ov@ — _M=M (35)
R™() 0 R4
91)
QR® R
s R
Ql\f[@ QI\L[Q R (36)
— M M
R QRIQ ‘R/ |
92)

Apeloig and Miiller found that electronegative substituents having lone-pairs(e.g.
R = F, OH and NHj) stabilize considerably the bridged isomer (92) relative to the
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corresponding isomeric disilene (91). For example, when the bridging R groups are
NH, and the exocyclic R groups are H, 92 is more stable than 91 by 10 kcalmol~!
at MP4/6-311G**//6-31G**102110 Furthermore, disilenes substituted with four NH,, F
or OH substituents are no longer minima on the Si;R4 PES (at HF/6-31G**). On the
other hand, the corresponding bridged isomers 92, R = NH;, OH and F are local
minima on the PES; e.g. 92, R = NHjy, is by 15.3 kcalmol~! more stable than two
isolated diaminosilylenes at MP2(fc)/6-31G*//MP2(fc)/6-31G*'10, Calculations at HF/6-
31G** show that, in analogy to (HyN),Si=Si(NH3);, also the disilene 93, R = H, the
formal dimer of 76d, is not a minimum on the PES. In contrast, the corresponding bridged
dimer 94, R = H is a minimum on the PES, lying 7.8 kcal mol~! below the energy level
of two isolated 76d silylenes. Apeloig and Miiller therefore proposed that 76¢ does not
dimerize to the corresponding disilene 93, R = 7-Bu, but to the bridged cage-like structure
94, R = r-Bu'!%. This prediction awaits experimental testing.

R R R
/ \ R/
N N
\S S/ | RN
pr— AN
At S‘xN,sl
N / ! |
\ / R N
R R e R
93) 94)

B. Miscellaneous Potentially Aromatic Silylenes
1. Cyclic aminosilylenes

Veszprémi and coworkers®®% suggested that silylenes such as 95 and 96 are also

potentially aromatic and that therefore they should be good candidates for synthesis. The
formal trisilylene 95 is calculated to be by 30.5 kcal mol~! (CCSD/6-31G*//MP2/6-31G*;
16.5 kealmol~! at MP2/6-31G*//MP2/6-31G*) more stable than the isomeric aromatic
4158 (see Section IILH. for a discussion on 41 and 42). Similarly, the silylene 96a is
by 8.9 kcalmol~! more stable than 2-silapyridine 42 (MP2/6-311G**//MP2/6-311G**%%),
96a and 42 are separated by a high barrier of 56 kcalmol~!, similar to the barrier of
54 kcalmol ™! that separates 75d from 90 (see Section V.A.2.a). The 96-42 stability
order is reversed upon methyl substitution; 96b is by 5.6 kcalmol~! less stable than the
methyl-substituted (on Si) 42.

H H
| |
N Si
7Y o rr O
/N\ _/N\ /Sl\ ¢Si\ /Si-’ ¢Si\
i H N H l|\1 N H
R
95) 41) (96a) R=H 42)

(96b) R =Me
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The higher stability of 95 and 96a relative to their silaimine isomers is consistent with
the relative energies of other silylimine—aminosilylene pairs (e.g. compare the relative
energies of 86 vs 87, 88 vs 89 and 75d vs 90). It is also in harmony with the relative
bond energies of Si—H and N—H bonds, N—H being by about 16 kcal mol~! stronger than
Si—H'9* (based on the dissociation energies of SiH4'132 and NH3!'13Y). This stability order
is in sharp contrast to that for the related phosphinine-2-ylidene (97)-phosphinine (98)
pair, for which the carbene isomer is by 75 kcal mol~! less stable than the phosphinine!'4.

C. _C
f|’ -~ p 2N H
H

97) 98)

Veszprémi and coworkers concluded, on the basis of geometric and energetic criteria,
that the silylenes 95 and 96a, as well as the isomeric silaimines 41 and 42, exhibit
some degree of aromaticity. The geometries of the silaimine isomers, 41 and 42, were
discussed already in Section III.LH and they are shown in Figure 7. We will compare here
their geometries to those of the silylidene isomers 95 and 96a. The Si—N bond lengths of
1.756 A in 95 and 1.665 A in 41 (MP2/6-31G*) show no bond alternation. The SiNSi and
NSiN bond angles in 95 are 129.6° and 110.4°, respectively, while in 41 they are more
similar, i.e. 117.0° and 123.0°, respectively. The three C—C bonds in the cis-butadiene
unit in 42 are almost identical and are similar to those in benzene (i.e. 1.40 A, Figure 7)
while in 96a these bonds (i.e. 1.382 A, 1.413 A and 1373 A at MP2/6-31G*® show
some bond length alternation, similar to that in pyrrole, but smaller than that in cis-1,3-
butadiene®. Based on the C—C bond length alternations, the authors concluded that the
delocalization in 42 is somewhat larger than in 96a%.

The aromatic stabilization energies (at MP2/6-31G*//MP2/6-31G*) of 95 and 41,
according to the homodesmotic equations 37 and 16, are 6.0 and 19.6 kcalmol™!,
respectively, and those of 96a and 42 (equations 38 and 17) are 14.7 and 19.4 kcal mol~!,
respectively. These aromatic stabilization energies, although significant, are considerably
smaller than the aromatic stabilization energies of benzene, phosphabenzene, pyridine
and silabenzene of 28.2, 27.1, 28.0 and 23.5 kcal mol—!, respective1y69. Note that these
homodesmotic reactions do not provide a pure measure of the aromatic stabilization
as they also include the ring strain of 10.0, 5.5 and 14.1 kcal mol~! for 41, 96a and
42, respectively® (the ring strain of 95 was not reported), which is released upon ring
cleavage.

95 4+ 3HSiNH, —— 3HSiNHSiNH; (37)

96a + HSiNH; + 2CH,=CH, —— CH>=CHSiNH; + CH,=CHNHSiH +
CH;=CH-CH=CH, (38)
Thus, according to the geometric and energetic criteria the silylenes 95 and 96a possess
some degree of aromaticity, although smaller than that of the corresponding silaimine

isomers 41 and 42. Magnetic properties, which might help in evaluating reliably the
degree of aromaticity of these compounds, were not yet reported.
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To evaluate the kinetic stability of 96a its dimerization reaction was studied®.
The authors find, in analogy to the previous findings of Apeloig and Miiller for
76¢ (Section V.A.3.b)10%110 " that the head-to-head dimerization of 96a to give the
corresponding disilene 99 (equation 39) is not feasible as 99 is not a minimum on the
HF/6-31G* PES. On the other hand, the head-to-tail bridged dimer 100 (equation 40) is
a minimum on the PES. However, 100 is by 18.4 kcalmol™! less stable than the two
isolated silylenes (96a). This contrasts the situation with the bridged dimer 94, which is
by 7.8 kcal mol~! more stable than the corresponding two isolated silylenes 76d''°. Thus,
96a and its substituted derivatives are expected to be highly stable towards dimerization,
making silylene 96a (and especially its sterically protected derivatives) a promising target

for synthesis.
m I;I
| —_— Si=Si
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2. Silacyclopropenylidene and silacyclopropynylidene

Kinetic studies of the reaction of Si(’P) with acetylene suggested the formation of
stable complexes!!'>. The potentially 27-aromatic silylene, 1-silacyclopropenylidene 101,
was suggested as a possible intermediate, but at that time spectroscopic evidence which
supports this suggestion was not available''3. 101 and its cation-radical were later iden-
tified in the gas phase by a neutralization-reionization experiment!'®. Most recently in
a beautiful study, Maier and coworkers have generated 101 in a matrix by pulsed flash
pyrolysis of HC=CSiH,Si(CH3)3. Irradiation of 101 produced the non-cyclic isomers
102 and 103 and, surprisingly, due to their high strain, also silacyclopropyne (104) and
silacyclopropynylidene (105)!'72b_ 104 and 105 are calculated to have strain energies of

ca 100 kcal mol_llna’b and are the most strained cycloalkynes ever identified. Isomers
101-105 were identified spectroscopically by comparison of their experimental and cal-
culated (MP2/6-31G**!17P) IR spectra. The structure of 1-silacyclopropenylidene, 101,
was determined by microwave spectroscopy!!7°.

Extensive computational studies of 101172118119 and also of other singlet'!311% and
triplet!1%120 C,H,Si isomers followed the first prediction of the existence of 101''5. The
optimized geometries of singlet 101 at various theoretical levels are shown in Figure 15.
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FIGURE 15. Optimized structures of singlet (*4;) 101, at (from top to bottom): SCE/TZ2p!18b
MP2/6-311G**117° CISD/TZ2P!'8 and CCSD(T)/TZ(2df,2pd)!'. Experimental values''7® are given
in parentheses, bond lengths in A, bond angles in degrees

Is 101 aromatic? The C—C and Si—C bond distances in 101 [at CCSD(T)/TZ(2df,2pd),
the best available level of theory for this system], of 1.350 A and 1.833 A
respectively!!®, are in good agreement with the experimental values of 1.346 A and
1.820 A, respectively'!’®. The C—C bond is somewhat longer than in the analogous
cyclopropenylidene (1.328 A!!%) and the C—Si bond distance is somewhat shorter than
a regular single C—Si bond. These structural data and the results of Mulliken'!82b
and NBO!'”" population analyses indicate some degree of 2s-aromatic delocalization
of the C=C m-electrons into the formally empty 3p-orbital of the silicon, as described
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by resonance structure 101b. The stabilization energy resulting from m-delocalization
in 101, as calculated according to equation 41a, is very high, 38.1 kcalmol~! (MP2/6-
31G**//MP2/6-311G**)!17*_ The authors attributed this large effect to the ‘differences in
the silanediyl structure’!!’?. A more detailed analysis of this large ASE was not given'!7?,
but it certainly supports the aromatic character of 101. The ring strain energy of 101 is
estimated to be ca 50 kcalmol~! according to equation 41b and assuming that 101 and
106 have similar ring strain energies!!7°.

101 + H,Si(CH3); —— 106 + (CHj3),Si: (41a)
106 + C,Hg + SioHg —— H,Si(CH3), + (Z2)-H3SiHC=CHSiH3 (41b)

101 is the global minimum, on both the singlet'!721182 and triplet'?® C,H,Si PES.
The vinylidenesilanediyl 102 and the ethynylsilylene 103 are by 17 and 22 kcalmol~!,
respectively, higher in energy than 101 (at CI/DZP+Davidson’s correction'!82; the relative
energies at MP2/6-31G** are similar''7®). The isomeric carbenes 107 and 108 are by
55.8 and 116.7 kcal mol~!, respectively, higher in energy than 101 (at HF/DZ)!'82, The
interesting cyclic silane 104 was calculated to be by 47.4 kcal mol~! higher in energy than
101 at CCSD(T)/TZ(2df,2pd)!'® (54.4 kcalmol~! at MP2/6-31G**172b; 86.7 kcal mol !
at SCF/DZ!13%),

Calculations at UMP4/6-31G**//UHF/6-31G* show that the 24, cation-radical of 101,
that was detected in the gas phase!!® and which formally is also 27-aromatic, is by
43.7 kcal mol~! more stable than its Sit and CoHj fragments, and that it is by only 0.5
and 8.5 kcal mol~! more stable than the isomeric 102F- and 103*-, respectively!2!.

105, one of the irradiation products of 101, is also a potentially 2w-aromatic silylene
(see 105b). 105 was identified earlier in gas-phase experiments by IR and electronic
spectra'??, According to an NBO analysis, 105 is best described by a Lewis structure
that has a delocalized 3-centre aromatic-type m-orbital and an in-plane CC m-orbital that
has essentially a non-bonding character!!”?. The calculated C=C and C—Si bond lengths
in 105 are 1.285 and 1.838 A, respectively (MP2/6-311G**!170_ 1294 and 1.838 A at
MBPT(2)/DZ+d'?2"). The C=C bond length is intermediate between that of a C=C bond
in ethylene and a C=C bond in acetylene, and it was therefore described as a ‘weak
triple bond’!?2¢, a description which is supported by NBO analysis'!”?. The calculated
delocalization stabilization energy of 105 is very high, 42.0 kcalmol~! (equation 42a),
and it is calculated to have an incredibly high ring strain energy of ca 100 kcal mol~!
(equation 42b)

105 + H,Si(CH3), —— 104 + (CHj3),Si: (42a)
105 + C,Hg + SipHg —— H»Si(CHj3), + H3SiC=CSiH3 (42b)

3. Trisilapropenylidene and other SizH> isomers

The SisH, PES was studied at CISD/TZP//HF/DZP'?3. The global minimum is the
potentially 2m-aromatic trisilapropenylidene (109). The degree of aromaticity of 109
was not discussed. The Si=Si bond length is 2.11 A, typical of a Si=Si double bond,
and the Si—Si: bond distances are 2.28 A (HF/DZP), very close to that of a typical
Si—Si: single bond of ca 2.24 A. 109 can isomerize with relatively low barriers of 12.5
and 13.6 kcal mol~!, respectively, to the planar hydrogen-bridged structures 110a and
110b, which are by only 1.4 and 1.7 kcalmol~!, respectively, less stable than 10923,
Another interesting SizHy isomer is the planar 111a (Cs symmetry) which is by only



1. Theoretical aspects and quantum mechanical calculations 69

6.6 kcalmol ™! less stable than 109. The conventional ‘perpendicular’ C», isomer 111b
is by 47.8 kcalmol ™! less stable than 111a. The remarkable high stability of planar 111a
was rationalized as due to a 3-centre m-interaction in the cyclic Siz skeleton'?3. Higher
level calculations are required to substantiate this interesting PES.

i
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VI. SILAFULLERENES
A. Are Fullerenes and Silafullerenes Aromatic?

The remarkable series of experiments by Kroto and coworkers'?# leading to the discov-
ery of the spheroidal Cgy Buckminsterfullerene and of larger carbon clusters, followed by
the development by Krischmer and coworkers'?> of methods which enabled the synthesis
of macroscopic amounts of Cgg, have stimulated an outburst of interest, both experimental
and theoretical, in this class of compounds!?6. The silicon analogues of Cgo and of larger
carbon clusters have not been yet synthesized, but silicon clusters are currently of growing
experimental and theoretical interest.

Are fullerenes and silafullerenes, e.g. Cgp, Sieo, C70 and Si7g, aromatic? The suggestion
by Kroto and coworkers'2#? that Cep and related molecules are aromatic raised consid-
erable controversy and inspired analysis of this question by a variety of criteria, such as
structure, energy, reactivity and magnetic properties'3®1277133 Studies of the magnetic
properties included the chemical shifts of encapsulated He atoms!?8129 as well as NICS
calculations2% 132, These studies lead to the conclusion that Cg is aromatic, but only to a
modest extent!2” =130 The degree of aromaticity of Cyg, Ceo ™0 and Cy970 is considerably
larger129'131'132. Larger spheroidal carbon clusters such as C7¢, C7g, Csy and Cg4 have
a higher degree of aromaticity than Cgg, but smaller than that of Cq0'33. The interested
reader is referred to the above-mentioned references for a full discussion of this interesting
topic.

The studies reported to date on silafullerenes have not assessed explicitly their aromatic
character. We will assume here that as Cgy and C7¢ are aromatic, so are their silicon
analogues Sigp and Si7g, although they probably possess a smaller degree of aromaticity
than their carbon analogues. Consequently, we include a discussion on Sigp and Si7g.

Due to their large size, most theoretical studies on silafullerenes were carried out using
relatively simple computational levels. The theoretical studies on Sigg conducted up to
the end of 1991 were reviewed by NagaseS!, and here we will summarize briefly only
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the most important conclusions of the earlier studies and add the few new studies which
appeared after 1991.

The dramatic developments in computer technology and, in particular, the development
of density functional methods will enable one in the near future to repeat and extend the
studies discussed below, using more accurate and reliable computational methods. The
study of the magnetic properties of silafullerenes and the evaluation of the degree of their
aromaticity is also a worthwhile field of exploration for the future.

B. Sigg
1. Structure

As mentioned above, Sigp is still unknown and theory therefore remains the main tool
for establishing its structure. Does Sign possess the buckyball icosohedral structure 112
(Figure 16) that is constructed form 12 five-membered rings (5-MRs) and 20 6-MRs, as
in Cgp? Does Sigo adopt an isomeric structure? Several possible Sigg isomers 112-116 are
shown in Figure 16. In view of the observation that in the gas phase silicon cluster ions
lose mainly Sig and Sio units'3, it was suggested!3>130 that these clusters are built either
as stacked plates of silanaphthalenes (113) or as a cylinder of stacked benzenes (114),
both structures being stabilized by electron conjugation within the silicon plates. However,
Nagase and Kobayashi found, using the semiempirical AM1 method®!-!137, that the most
stable structure of Sigg is the icosohedral silafullerene 112, while the planar stacked 113
and 114 are by 158 and 228 kcalmol~! less stable, respectively. Single-point HF/DZ
calculations at the AM1 geometries predict that 113 is by as much as 606 kcalmol~!
less stable than 112, indicating that AM1 strongly underestimates strain energies. This
stability order is not surprising in view of the high strain in structures 113 and 114, which
contain many bond angles that deviate significantly from the tetrahedral value of 109.5°.
The preference of 112 over 113 and 114 suggests that the gas-phase fragmentation data
do not reflect in a simple way the structure of Sigo®3".

Sigp with I;, symmetry (112) is by 16.3 and 21.1 kcal mol~! at AM1 and HF/DZ//AM1,
respectively, more stable than the Cy, isomer of Siggp (115). The higher stability of 112
ensures its higher population up to 2080 K. Above this temperature the less symmetric
115 is computed to dominate the Sigo equilibrium mixture!3®. The finding that the Ca,
structure is destabilized relative to the Iy structure is consistent with the ‘isolated pen-
tagon rule’'3° which states that the fusion of pentagons is energetically unfavourable as
a result of increased strain and the resulting induced antiaromatic character'?. C,, Sigo
(115) has two paris of edge-sharing pentagons, causing its destabilization relative to Iy
Sigp, which has no edge-sharing pentagons. The number of adjacent pentagons increases
as the cluster becomes smaller, causing its destabilization. Thus, at HF/DZ//HF/DZ the
smaller spheroidal clusters, Siso (Dsp), Sizg (C2y) and Sixg (D3), are by 2.0, 5.8 and
9.3 kcalmol !, respectively, less stable per atom than Sigy'>’. This effect is much larger
in the analogous carbon clusters, which suffer higher strain and antiaromaticity due to
the presence of adjacent pentagons'3?. Larger silicon clusters such as Si7g, Sizg and Sigs,
with a larger number of hexagons, are thermodynamically slightly more stable (per Si
atom) than Sigo®!137. The full hydrogenation of Sigp leads to the saturated SigoHgp. The
strain energy in SigoHgp of 114 kcal mol~! (at AM1, 207 kcal mol~! at HF/DZ//HF/DZ)
is considerably smaller than the strain energy in CgoHgp of 530 kcal mol~! (at AM1).
This may also reflect the fact that Sigg is significantly less strained than Cgo01-137,

Optimization of the structure of Sigy without any symmetry restrictions, using a
tight binding molecular dynamic technique, resulted in a Cpn structure (116). This
relaxed geometry is probably preferred over the Iy structure because it allows increased
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FIGURE 16. Various structures of Sigo: fullerene (112, I,)'37; stacked naphthalene (113, Dyy)'¥7,
stacked benzene (114, Coy)'?7, fullerenes (115, C2,)!*® and (166, Cop)'0. Reproduced from Refer-
ence 137, Copyright (1993) by courtesy of Marcel Dekker Inc. and from References 138 and 140,
Copyright (1994) with kind permission of Elsevier Science-NL, Sara Burgehartstraat 25, 1055 KV
Amsterdam, The Netherlands



72 Yitzhak Apeloig and Miriam Karni

tetrahedrality of the atoms, so that out of the 60 vertices, 10 have the ideal tetrahedral
angle!*0. Higher level calculations are required to establish whether Sigo has I}, or a lower
symmetry structure.

In Sigp has two distinct Si—Si bond lengths, one which fuses two adjacent 6-MRs
[designated as r(6-6)], and the second which is longer and fuses a 5-MR and a 6-MR
[designated as r(5-6)]. The calculated bond lengths at various levels of theory are given
in Table 11, which also lists the corresponding bond lengths in Cgg.

The r(5-6) — r(6-6) bond length difference, A, is quite large when using the AM1
and PM3 semiempirical levels but is reduced significantly to 0.077-0.088 A at ab initio
levels (Table 11). The size of the basis set has a small effect on A but, based on the
experience with Cgo (Table 11), it is expected that inclusion of electron correlation will
decrease A considerably also in Sigg. A small A may be considered as an indication of
aromaticity.

Iy Sieo has a five-fold-degenerate HOMO and a three-fold-degenerate LUMO!43.148,
At HF/3-21G the HOMO and LUMO energies are —6.39 and —1.95 eV, respectively!43
(—6.5 and —2.1 eV at HF/DZ+ECP®"143), resulting in a small HOMO-LUMO gap of
only 5.0 eV, indicating its high polarizability. This HOMO-LUMO gap is only about 65%
of that in Cgp (Table 12). A similar reduction of the HOMO-LUMO gap was calculated
also for the hexasilabenzene/benzene pair>®. The HOMO-LUMO gap is further reduced
to 4.3 eV in Gegp!*S.

TABLE 11. Optimized X—X bond lengths in 7}, Xeo (X = Si and C)
at various levels of calculation

r(6-6)* r(5-6)¢ AP Method Reference
Sigo
2.092 2.297 0.205 AM1 141
1.879 2.247 0.368 PM3 147
2.088 2.169 0.081 STO-3G 142
2.067 2.152 0.085 STO-3G* 142
2213 2.301 0.088 3-21G 142
2.229 2.307 0.078 6-31G 142
2.189 2.266 0.077 ECP/DZ 143
Ceo
1.385 1.464 0.079 AM1 141
1.400 1.474 0.074 MNDO 144
1.384 1.457 0.073 PM3 147
1.367 1.453 0.086 3-21G 129
1.406 1.446 0.040 MP2/TZP 145
1.401 1.458 0.057 exp.¢ 146
41n A

b Bond length difference, in A.
¢ Gas-phase electron diffraction.

2. Endohedral complexes of Sigp

One of the most remarkable properties of fullerenes is their ability to encapsulate atoms,
ions and small molecules, to form the so-called endohedral fullerene complexes, denoted
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TABLE 12. Encaged ion population (Njon), HOMO and LUMO energies (eV) and stabilization ener-

gies (AE, kcal mol~") of endohedral complexes of Ygo (Y = C, Si and Ge) with various jons®-b-
ITon Nion E(HOMO) E(LUMO) Al AE*
- Ceo

none — —8.3 (-8.0)/ —0.69 (—0.3)/ 7.61 (7.3) —
Ne — (—8.0) (—0.3) (7.7) 0.4)
Lit 2.004 —11.78 —4.16 7.62 —9.37
Na* 10.0 —11.79 (—11.4) —4.17 (—3.8) 7.62 (7.6) —8.66 (—6.7)
K* 18.05 —11.82 —4.19 7.63 —2.21
Rb* 36.05 —11.83 —4.20 7.63 3.90
F~ 9.92 —4.79 (—4.5) 2.81 (3.1) 7.59 (7.6) —22.54 (—39.8)
Cl~ 17.86 —4.82 2.78 7.60 -5.29
Br~ 35.78 —4.84 2.74 7.58 7.73
I~ 53.72 —4.93 2.67 7.60 39.27

Sigo
none — —6.39 (—6.5)8 —1.95 (—2.1)8 4.98 (4.4) —
Ne — (—6.5) (=2.1) (4.40) (0.0)
Lit 2.002 —8.60 —4.14 4.46 —30.27
Na™ 9.996 —8.59 (—8.8) —4.14 (—4.4) 4.45 (4.4) —30.30 (—20.3)
K* 18.00 —8.58 —4.13 4.45 —30.36
Rb* 36.02 —8.54 —4.13 441 —30.09
F~ 9.98 —4.16 (—4.2) 0.26 (0.2) 4.42 (4.4) 6.69 (2.2)
Cl~ 17.98 —4.18 0.25 443 5.49
Br~ 35.93 —4.18 0.25 443 4.45
I~ 53.93 —4.19 0.24 443 5.02

Ge60
none — —-5.99 —1.73 4.26 —
Ne — 6.1/ 2.1/ 4.1/ 0.0
Lit 2.002 —8.08 —3.81 4.27 —23.37
Na™ 9.997 —8.08 —3.80 4.28 —29.86
K* 18.00 —8.07 —3.80 4.27 —29.83
Rb* 36.01 —8.07 —3.80 4.27 —22.34
F~ 9.99 —3.89 0.35 4.24 6.73
Cl~ 17.98 -3.90 0.35 4.25 5.97
Br~ 35.94 -3.90 0.35 425 5.24
I~ 53.94 —-3.91 0.35 4.26 5.55

“Based on data from Reference 148 unless stated otherwise.

b At HF3-21G (3-21+G for the halide ions), the fullerene cages have I, symmetry with bond distances of 1.370 and
1.450 A for Cgp!59, 2.189 and 2.266 A for Sigp!4® and 2.315 and 2.398 A for Gego®! and the ion is placed at the
centre of the cage.

“Values in parentheses are from Reference 149 for X@Cg), at HF/4-31G for the carbons and HF/DZP for the guest
atom; from Reference 143 and for X@Sig at HF/DZ+ECP.

4HOMO-LUMO energy difference, in eV.

¢ According to equation 43, corrected for basis-set superposition error. Negative values indicate stabilization by the
ion.

f At AM1 the HOMO and LUMO energies are —9.64 eV and —2.95 eV, respectively!4!.

8At AM1 the HOMO and LUMO energies are —8.0 eV and —3.38 eV, respectively!4!.
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as, e.g., X@Cgp, where X is the encapsulated atom. The diameter of the hollow spherical
cage of Iy Sigp of 11.1 A% is much larger than that of Iy, Cgp (7.1 A)!#°. In addition,
Sigp is also more polarizable than Cgp and, as a result, it is expected to form endohedral
complexes even with larger guest atoms and ions than Cgp. Nagase and Kobayashi®!-143
have studied the properties of X@ Yo complexes where Y = Si, Ge and X = Ne, Na* and
F~; Cioslowsky and Fleischmann!#® studied X@Cg complexes with the same guests and
Geerlings and coworkers!*® studied X@Ygo complexes with X = Li*, Nat, KT, Rbt,
F~, Cl7, Br~ and I” and Y = C, Si and Ge. Their main conclusions are summarized
below and in Table 12.

(1) Charge transfer from the ion or neutral atom to the Ygo cage, or in the opposite
direction, is negligible. The interactions in the complexes are electrostatic in origin and
are due mainly to polarization®!-143.148

(2) The ionic radii of the encaged ions are strongly expanded within the fullerene cage,
compared to that of the isolated ions, especially in the larger Sigy and Gego cages'*S.

(3) Encapsulation of a cation in Cgg, Sigp and Gego cages conserves the typical orbital
structure of the neutral fullerene (i.e. a five-fold-degenerate HOMO and a three-fold-
degenerate LUMO). Both the HOMO and LUMO are stabilized by the encapsulated
cations, resulting in an increase in the ionization potentials and electron affinities (accord-
ing to Koopmans’ theorem). The HOMO-LUMO gap of Sig is slightly reduced, but is
almost unchanged for Cgog and Gegg. When an anion is placed within the cages the frontier
orbitals are destabilized, giving rise even to negative electron affinities of the cages (see
Table 12)!4%.

(4) The stabilization energies of the X@Ygp systems as a result of the encapsulation
(AE) are calculated by equation 43 (where E(x@vy) is the energy of the endohedral com-
plex whilst Ex and Ey,, are the energies of the free ion and of the fullerene, respectively)
and are given in Table 12. The stabilization energies, AE, depend on the following fac-
tors: (i) the endohedral electrostatic potential; (ii) the ion-induced dipole interaction of
the central ion with the polarizable cage and (iii) the electrostatic repulsions between the
ion and the cage electrons. The stabilization energy sequences within a series of alkali
metal ions or halide ions can be explained by using the ‘hard’and ‘soft’ concept'*®. For
Sigp and Gegp the cations are strongly stabilizing whereas the anions are destabilizing.
In the Cgp cages all ionic species are stabilizing except for Rb™, Br~ and 1=, which
have ionic radii close to the radius of the Cgp cage so that steric repulsions destabilize
the endohedral complex'#®. Note the significant stabilizing effect of an encapsulated F~
in the Cg cage (Table 12). Geerlings and coworkers developed an analytical expression
(within the framework of the density functional theory) for the endohedral complexation
energy of various ions to Yo cages, and the interested reader is referred to their paper
for the detailed derivation of this expression'43.

AE = ExeYq) — (Ex + Eyy) (43)

Biihl and Thiel used the chemical shifts of a He atom (see above)!3%:133 encaged
within a fullerene for evaluating the degree of aromaticity of carbon fullerenes. A similar
study is required for evaluating the degree of aromaticity of Sigp.

In an attempt to construct a new polymorph of silicon carbide, Osawa and coworkers
employed the semi-empirical PM3 method and ab initio methods to study a hypothetical
double fullerene Cgo@Sigp (117, Figure 17) in which a Cgp fullerene is encapsulated
within a Sigy cage!4’. However, geometry optimization shows the generation of 60 new
Si—C bonds connecting the inner Cgp shell and the outer Sigop shell, forming a new
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FIGURE 17. PM3 optimized structure of Cgo@Sigo (117). Reprinted from Reference 147, by courtesy
of Marcel Dekker, Inc.

molecule rather than an encapsulated fullerene pair. The Cgp and Sig radii in the optimized
Cs0@Sigo structure have expanded relative to the isolated fullerenes from 3.22 A to
3.73 A for Cgp and from 5.24 A to 5.75 A for Sig, forming an inter-shell distance of
2.02 A. Consequently, the Si—Si and C—C bond lengths became considerably longer as is
expected of a sp2 to sp3 rehybridization; i.e. the Si—Si r(6-6) and r(5-6) bond distances
in 117 are 2.309 and 2.327 A, respectively, relative to 1.879 and 2.247A, respectively, in
Sigy (PM3), whilst the C—C r(6-6) and r(5-6) bond distances are 1.492 and 1.513 A in
117 relative to 1.384 and 1.457 A in Cgo. The calculated bond-order and electron density
map also clearly support the formation of new Si—C o-bonds. As expected, the electron
distribution along the Si—C bonds is shifted towards the more electronegative carbon
atoms. Hence 117 is electron-deficient on the outer surface and electron-rich in the inner
shell. 117 is still a hypothetical molecule, but the authors believe that it may be formed
by the reaction of silicon with Cgp by CVD techniques'*’.

C. Si70

An AMI1 comparison of the geometry and electronic structure of Ds, Sizo (118,
Figure 18) with that of Cyg, Sigp and Cgp was reported by Piqueras and coworkers'?!.
The calculated bond lengths and bond orders, which are given in Table 13, suggest that
the silicon clusters have a more localized structure than the carbon clusters, and that Siyg
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(118)

FIGURE 18. AM1 optimized structure of Si7o (118). Reprinted from Reference 151, Copyright (1995)
by permission of Elsevier Science-NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands

TABLE 13. AMI1 bond lengths and bond orders for Siygp and

Cro”
Bond? Bond length (A) Bond order
Sizg Cro Sizo Cro

X(l)—Xél) 2.297 1.464 1.079 1.105
X1)—X@) 2.094 1.387 1.677 1.480
X2)—X@3) 2.296 1.460 1.079 1.109
X(3)—XE3) 2.067 1.375 1.715 1.526
X3y—X@4) 2.304 1.467 1.049 1.065
X(4)—X£4) 2218 1.434 1.374 1.302
X@4—X(5) 2.196 1414 1.369 1.306
X(g)—Xés) 2.296 1.465 1.078 1.094

“From Reference 151.
bFor atom numbering see Figure 18.



1. Theoretical aspects and quantum mechanical calculations 77

is more delocalized than Sigy. A similar trend was found for C79 vs Cgo based on their
NICS values!'32, Among the four studied clusters, Siyo has the lowest ionization poten-
tial (7.63 eV), highest electron affinity (3.61 eV) and smallest HOMO-LUMO gap of
4.02 eV. The Koopmans’ ionization potential of Sig is by 0.37 eV lower than for Sig
and the authors argue that this is due to the more efficient electron delocalization in Si7g
compared to Sigp!!. The HOMO-LUMO gap for Si7g (4.02 eV) is smaller than for Siggp
(4.62 eV), suggesting that the electrons in Si7g are more polarizable than in Sigg.

Siyg and higher silicon fullerenes, e.g. Sizg and Sig4, are more stable thermodynamically
than Sigog because they have a larger number of hexagons and therefore they may be even
better candidates for synthesis than Sige0!137.

VII. SILICON COMPOUNDS WITH POTENTIAL ‘THREE-DIMENSIONAL
AROMATICITY’

The concept of ‘aromaticity’ is not restricted only to planar conjugated systems. The
‘4n 4 2 interstitial electron rule’ extends the concept of aromaticity to three-dimensional
delocalized systems'3221:1522 Such systems have marked thermodynamic stability and
favour substitution over addition reactions, a property characteristic of planar delocalized
aromatic systems. For instance, ferrocene undergoes electrophilic substitution reactions
in analogy to benzene'®3. Pyramidal molecules with three-dimensional aromaticity can
be divided conceptually into caps (X) and rings (see 119). The mw-electrons of the ring,
and the electrons available from the cap that form the cap-ring binding, constitute the
interstitial electrons. A system with 4n + 2 delocalized interstitial electrons is considered
to have aromatic properties. Several examples of charged compounds which have potential
‘three-dimensional aromaticity’ have already been discussed in this review, i.e. 59, 63a,
and 68-73.

X

-

(119)

In this section we will discuss three families of neutral silicon compounds with potential
‘three-dimensional aromaticity’.

A. Silicocenes

The synthesis of decamethylsilicocene (120), which is regarded as the first stable sily-
lene known, was reported by Jutzi and coworkers in 1986'5#2, This remarkable molecule
can be formally described as being formed from 3 units, 2 units of cyclopentadienyl anions
(Cp*) and Si**, which share 14 electrons (12 from the cyclopentadienyl rings and 2 from
the Si). In terms of the cap-ring description, 6 interstitial electrons hold each of the rings
to the ‘sandwiched’ silicon atom and the 2 remaining electrons reside in a lone-pair orbital
on Si. The molecular orbital picture of 120, which is discussed below, is analogous to
that in ferrocene!>2", and therefore silicocene can be regarded as an aromatic molecule.

Crystal structure analysis of 120 indicated the presence of two structures, 120a and
120b, in a ratio of 1 : 2, respectively. In 120a, the rings are parallel while in 120b they

form a tilt angle 6 of 167.4°154. According to electron diffraction studies, also in the gas
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phase 120 has a bent metallocene-type structure with a tilt angle of 169.6°154b. Thus, the
tilting of the rings in 120b is not due to crystal packing forces.
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These findings have stimulated computational studies of several possible isomers of
the parent silicocene 121, i.e. 121a—c and their possible rotamers!3*:155 and the nl,ns -
isomer (the n',n'-isomer was considered, but was not studied due to computational
problems)!3**. For geometry optimizations these studies used the HF/STO-3G'3*153,
HF/STO-3G*154:155 HE/DZ+d (in which one set of d orbitals is added only on Si)
and HF/DZP'% (with two sets of d orbitals on the Si and one set of d orbitals on C)
methods. Electron correlation was introduced only in single-point energy calculations,
using the MP2, CISD and CISD+Q methods!3>. The results of the calculations showed
that: (a) With all the methods used the most stable structures are the bent Cg or Copy
conformers, 121b or 121c (or their C, rotamers). All these structures are quite close in
energy and their relative energies depend on the level of calculation. 121a is found to be
less stable, i.e. the calculated energy difference between 121a and 121b at HF/DZ+d,
HF/DZP, MP2/DZ+d and CISD+Q/DZ+d are 15.4, 11.2, 5.7 and 13.8 kcalmol~!,
respectively!>>. These findings are in agreement with the experimental electron diffraction
results according to which decamethylsilicocene (120) has a bent structure! 34, The r)l ,ns -
isomer is much higher in energy; e.g. it is by 52.8 kcalmol~! (at HF/STO-3G*) higher
in energy than 121b'5*". (b) Addition of polarization functions to the basis set stabilizes
the more symmetric structures, and thus decreases the energy difference between the Dsq
isomer and the bent isomers. This is due to the participation of the low-lying d-orbitals
of silicon in the bonding, a participation which is larger in more symmetric structures'®>.
(c) The Dsq isomer (121a) is not a minimum on the SCF PES, and geometry optimization
using correlated levels of theory have not been yet reported.

The most general conclusion from the calculations is that the PES of the parent silic-
ocene 121 is flat with respect to the motion of the cyclopentadienyl rings, and the authors’
prediction is that calculations at higher levels of theory will find that 121a, 121b and 121¢
have similar energies'>>. This conclusion may explain the presence of two structures, 120a
and 120b, in the solid state of decamethylsilicocene'54.
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The calculated (HF/DZP) geometry'>> of 121b and the X-ray structure of 120b, which
are shown in Figure 19, differ significantly in several parameters: (1) The Si-x2 distance
is by as much as 0.4 A longer than the experimental value. (2) the calculated and experi-
mental C—C bond lengths in one of the cyclopentadienyl rings (x1 in Figure 19) differ by
as much as 0.07 A. Furthermore, the experimental C—C bond lengths in both cyclopen-
tadienyl rings show little bond alternation with a typical average aromatic bond length of
ca 1.4 A. In contrast, the calculated C—C bond lengths show equalization in one of the
cyclopentadienyl rings (x2) but significant localization in the second ring (x1). (3) The
calculated tilt angle 6 in 121b of 152.4° is considerably smaller than the experimental
value of 167.4° found in 120b. This difference is probably due to the steric repulsions
associated with the methyl groups, which increase the tilt angle relative to the parent
silicocene!340:153,

How can the bonding in silicocenes be described? The seven highest occupied molecular
orbitals of 120a, in which the 14 relevant electrons reside, are drawn schematically in
Figure 20. Most of the bonding between the Si atom and the cyclopentadienyl rings is
associated with the two lowest occupied MOs of ajz and az, symmetry, which are the
bonding combinations of the two cyclopentadienyl 2p, MOs and the 3s-orbital (lajg)
and one of the 3p-orbitals (ap,) of the Si atom. Additional bonding interactions are
associated with the ej,-orbitals, which are the bonding linear combinations between the
silicon 3p-orbitals and the 2p;-MOs of the cyclopentadienyl ligands of ey, symmetry. The
two highest occupied MOs of ej, symmetry which are localized on the cyclopentadienyl
ligands, and the 2a;, orbital which is an antibonding combination of the Si 3s-orbital and
the 2p, MOs on the ligands, contribute little, if at all, to the bonding in the silicocene. This
bonding picture, with several bonding orbitals which bind the 3 fragments together, topped
by essentially non-bonding orbitals, is similar to the bonding picture of ferrocene!32.

The PE spectrum of 120b reveals 3 major vertical ionization bands at 6.7, 7.5 and
8.1 eV (very similar ionization energies were calculated at HF/STO-3G* for 121b, but
this good agreement is probably fortuitous'>*?). The first and third ionization potentials
were assigned to ionization from the weakly bonding e and ey, 7-MOs and the ionization

energy at 7.5 eV was assigned to ionization from the 2a;, orbital34b.
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FIGURE 19. The HE/DZP'> optimized structure of 121b and the experimental X-ray structure of 120b
(in parentheses)!>*. Bond lengths in A, bond angles in degrees. x1 and x2 specify the centres of the
cyclopentadienyl rings
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FIGURE 20. Schematic drawing of the seven highest occupied MOs of the parent silicocene, 120a
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B. Persilaferrocene, (H5Sis),Fe

In contrast to the well known ferrocene 122153, persilaferrocene (HsSis),Fe (123) is
not known experimentally. However, 123 was studied computationally at the HF and
MP2 levels of theory, using DZ and DZP quality basis sets (with ECP for Si and Fe).

All-electron calculations were carried out only at the HF level!°.
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The HF calculations show that persilaferrocene adopts the highly symmetric Dsq struc-
ture in analogy to ferrocene. In 123, r(Fe-x) (where x is a point at the centre of the
cyclopentadienyl rings) ranges from 2.060 to 2.175 A, depending on the basis set. In
122, r(Fe-x) is significantly shorter and varies from 1.869 to 1.898 A. Comparison with
experimental data for 122, where r(Fe-x) is 1.65 A, shows that the calculated r(Fe—x)
distance is significantly overestimated by HF calculations and this conclusion probably
holds also for 123. The Si—Si bond lengths in 123 are all equal and they vary between
2.184 and 2.242 A as a function of the basis set. This indicates the existence of some
Si—Si double-bond character, which is also supported by the calculated Si—Si bond-order
of 1.266. The planarity of the SisHs ligands is noteworthy, since the free cyclic SisHs
radical has a non-planar structure. The calculated vibrational frequencies and relative ener-
gies suggest, however, that the Dsq structure of 123 lies in a rather shallow minimum and
that its transformation to structures of lower symmetry (e.g. Cay or Cop), which involve
non-planar SisHs rings, should therefore be facile'>®.

The binding energy of the Fe atom to the two cyclopentadienyl rings is smaller in
123 than in 122, i.e. 113.6 vs 144.1 kcal mol ™!, respectively, at MP2/DZP//HF/DZP. The
vibration frequencies for the Fe-ring stretchings, of 103 cm™! for 123 and 236 cm™! for
122, also indicate that the interaction of the Fe atom with the SisHs rings is smaller than
with the CsHs rings.

The positive charge on the Fe in (H5Sis);Fe is about half of that in 122, and the ring
Si atoms of 123 are almost neutral. On this basis, it was predicted that the electrophilic
reactivity of (HsSis),Fe towards polar reagents should be lower than that of (H5Cs),Fe,
where the cyclopentadienyl rings carry a significant negative charge!°.

C. Aromaticity in closo-Silaboranes, B3SisHj

Two bonding alternatives are possible for the closo-boranes 1,5-X;B3H3 (X = SiH,
CH, N, P, BH7), i.e. the classical representation 124 and the non-classical representation
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125. Theoretical studies which used Bader’s ‘Atoms in Molecules’ bonding analysis!'%®
or Mulliken population analysis suggested that these members of the closo-borane fam-
ily favour the classical Lewis representation 12457 In contrast, a more recent study by
Schleyer and coworkers'>® concluded that these closo-boranes are best represented by the
non-classical representation 125 and that these compounds have ‘three-dimensional aro-
maticity’. These conclusions were based on their calculated B—B and B—X distances and
the corresponding Wiberg’s bond indices (WBI) and natural atomic bond orders (NAO),
as well as on their calculated aromatic stabilization energies (ASE) and magnetic prop-
erties (susceptibility exaltation and NICS values). Table 14 lists some of these values for
the 1,5-X,B,Hj3 closo-boranes, with X = SiH, CH and BH™ (for X = P and N see Ref-
erence 158), which show clearly their non-classical aromatic character. Natural localized
molecular orbital analysis reveals significant electron delocalization on each deltahedral
face of the 1,5-X,B3H3 closo-boranes, also favouring representation 125 over 124.

X
N |
H—B  p B—H H—B=<:B—H
//\H \ 1/ H
X X

(124) X=SiH,CH, N, P,BH™ (125)

The degree of the ‘three-dimensional aromaticity’ and the preference for the non-
classical structure 125 over the classical structure 124 follow the electronegativity of
X in each row, i.e. the degree of aromaticity follows the order: X = BH™ > SiH > P

TABLE 14. Bonding, energetic and magnetic properties
of closo-1,5-X,B3H3 (125, X = SiH, CH and BH™)*

Property X

SiH CH BH™
r(B-X)” 1.941 1.554 1.684
r(B-B)? 2.078 1.844 1.811
WBI(B-X)* 0.92 0.933 0.93
WBI(B-B)" 0.44 0.202 0.45
NAO(B-X)4 0.87 0.89 0.88
NAO(B-B)? 0.44 0.35 0.49
ASE¢ —292 —19.8 —34.8
AT —36.6 —6.9 —46.1
NICS# —224 —17.1 —28.1

“From Reference 158.

bAt MP2/6-31+G*, in A.

“Wiberg’s bond index.

4Natural atomic bond orders.

“In kcal mol~! at MP2/6-31G*+ZPE.

/ Diamagnetic susceptibility exaltation, calculated at CSGT-HF/6-
3114+G**//MP2/6-31+G*.

8 At the cage centre, using GIAO-HF/6-311+G**//MP2/6-31+G*.
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> CH > N, being the highest for 125, X = BH_ISS. According to the calculated ASE,
closo-disilaborane (125, X = SiH) has 84% of the aromaticity of 125, X = BH™ but it is
by ca 50% more aromatic than the carbon analogue 125, X = CH.

VIil. POTENTIAL SILAANTIAROMATIC COMPOUNDS
A. Silacyclobutadienes

Several sila-analogues of cyclobutadiene, the prototype of Hiickel 4n antiaromatic
systems, were studied computationally. The available studies on mono- and disilacy-
clobutadiene are quite old and therefore use relatively low levels of theory, and their
results should therefore be treated with caution.

1. Monosilacyclobutadiene

Monosilacyclobutadiene 126 was first studied by Gordon at the HF/6-31G*//HF/3-21G
level of theory'>®. More extensive calculations for the lowest singlet and triplet states of
126 were later carried out by Colvin and Schaefer'® and a detailed HF/6-31G*//HF/6-
31G* study of the C3SiH, PES was later reported by Gordon and coworkers!®!.

H H
N..

Si—C
i
/ AN
H H
(126)

The optimized geometries (at HF/DZ+d and HF/6-31G*) of the singlet and triplet
states of 126 are given in Figures 21a and 21b, respectively. Vibrational frequencies of
126 were also reported'?. The singlet ground state of 126 is predicted to possess a planar
geometry with alternating single and double bonds (Figure 21a). At HF/DZ+d, the C—Si
bonds are calculated to be 1.866 and 1.688 A (1.884 and 1.685 A, respectively, at HF/6-
31G*), close to those in methylsilane and silaethylene, respectively. This indicates little
m-conjugation, as suggested also by the vibrational frequencies!®?. The structure of the
3A’ triplet state of 126 (Figure 21b) is very different. The shortest C—C and C—Si bonds
are geminal, and not on opposite sides of the ring as in singlet 126. Furthermore, the Si—C
bond lengths are comparable to those of regular Si—C single bonds, while the C—C bond
lengths are closer to those of C=C double bonds. Although silicon substitution rules out
a truly square structure, the geometry of triplet 126 is much more ‘square-like’ than is
the singlet monosilacyclobutadiene!®°.

The singlet—triplet energy difference is, as expected, strongly dependent on the level of
the calculations. At the CISD level the triplet is found to lie only 5 kcal mol~! above the
singlet'0. This singlet—triplet splitting is about 16 kcal mol~! smaller than the calculated
splitting of cyclobutadiene at the same level of theory!®.

The ‘antiaromatic’ destabilization of singlet 126 was estimated (using equation 44)
to be 49.1 kcalmol~' (HF/DZ!0; 53.5 kcalmol™' at HF/6-31G*//HF/3-21G'>), by
ca 17 kcalmol™!' smaller than the destabilization calculated for cyclobutadiene at
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FIGURE 21. (a) Optimized geometries of the lowest 'A’ singlet state of monosilacyclobutadiene, 126;
(b) optimized geometries of the lowest >A’ triplet state of 126, both at HF/DZ+d'%° (HF/6-31G*!6! val-
ues in parentheses); (c), (d), (e) optimized geometries of disilacyclobutadienes 138-140 at HF/3-21G'%2;
(f) and (g) optimized geometrics of tetrasilacyclobutadienes 144 (D,p) and 146 (Dyq), respectively, at
MP2/6-31G**2, HF/DZP'%? (in round parentheses) and at HF/6-31G*!%4 (in square brackets). Bond
lengths in A, bond angles in degrees

a comparable level of theory'®. However, note that equation 44 cannot distinguish
destabilizing conjugation effects from angle strain or 1,3-interactions'®.

126 4 3CH4 + SiH4 —— CH3SiH3 + CH3CH;3; + H,C=CH; + H,C=SiH; (44)
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The relative energies at HF/6-31G*//HF/6-31G* of various isomers of monosilacyclobu-
tadiene are given in Figure 22'0!. The global minimum on the C3SiHy PES is silylene
127, which is stabilized by the interaction of the vacant p-orbital on silicon with the
C=C m-bond to form a 2mw-aromatic system. Four other silylenes 128-131 follow 127.
These silylenes are all lower in energy than the isomeric structures which possess a
C=Si double bond or strained rings, such as 132-137. This stability order contrasts with
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FIGURE 22. Relative energies (RE, in kcal mol~!) calculated at HF/6-31G*//HF/6-31G* of C3SiH4
isomers. Data from Reference 161
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that in the isoelectronic C4Hs system, where structures with multiple bonds are substan-
tially more stable than the corresponding carbenes. Monosilacyclobutadiene (126) is by
59.5 kcalmol ™! less stable than the silylene, 127, but it is by 32.0 kcal mol~!' more sta-
ble than the isomeric, highly strained silatetrahedrane 137'6!. Due to the high degree of
unsaturation or strain in many of the C3SiHs isomers, it is clear that a correlated level
of theory is required to obtain more reliable information on the relative energies of these
isomers.

2. Disilacyclobutadienes

Holmes, Gordon and coworkers'%? studied at the HF/3-21G//HF/3-21G level (and for
some isomers also at MP3/6-31G*//HF/3-21G) the three possible disilacyclobutadienes
138, 139 and 140, along with other C,SioHy isomers. The HF/3-21G optimized structures
(within the indicated symmetry constraints) of 138, 139 and 140 are shown in Figures 21c,
21d and 21e, respectively. All three structures reflect bond localization, as expected for
antiaromatic compounds. Of special interest is the Si—Si bond length in 140 of 2.50 A,
which is considerably longer even than a typical Si—Si single bond length of 2.35 A,
indicating the instability of the structure. Indeed, upon full geometry optimization, 140
decays to a disilylene structure with a C; symmetry (141), which has a very long Si—Si
bond of 2.860 A.

Of the three disilacyclobutadiene isomers (138-140), only 138 is a minimum on the
HF/3-21G surface and is estimated to be by 49.7 kcal mol~! (at MP3/6-31G*//HF/3-21G)
higher in energy than the isomeric aromatic silylene 142, which is the most stable C,SioHy
isomer (in analogy to 127), 138 possesses, in analogy to cyclobutadiene, a high diradical
character and it therefore cannot be adequately described at the RHF level of theory.
The inclusion of the contribution of electron correlation using the MCSCF level or UHF-
NO CI methods stabilizes 138, but 142 is still by ca 20 kcalmol~! more stable!'6?. The
disilylene 141 is by 7.0 kcalmol~! more stable than 138 and by 42.7 kcalmol~! less
stable than 142 (at MP3/6-31G*//HF/3-21G)!%2. 138 is by 37.7 kcalmol~! more stable
than disilatetrahedrane 143, which is the least stable C,SioHy isomer.
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3. Tetrasilacyclobutadiene

The PES of tetrasilacyclobutadiene, 144, the full silicon analogue of cyclobutadiene,
was studied extensively using relatively high levels of theory which include the contri-
butions of polarization functions and of electron correlation® 1937165 The calculations
revealed a very complex SiyHy PES.

What is the structure of SigH4? Is it a delocalized square or a distorted planar rectangle,
or does it possess a three-dimensional structure? The propensity of a planar square SisHy
to distort to the rectangular Dy, structure 144 was studied by a valence bond approach (see
Section IILF.1). Shaik and coworkers'>™¢ found that the r-distortion energies of square
SigH4 are approximately the same as for SigHg, but the resistance of the o-framework
to distortion is smaller for the square than for the hexagon, due to the smaller number
of bonds. The total outcome is that SigsH4 is more distorted (resulting in alternating bond
lengths) than SigHg and that this distortion is dominated by the o-framework.

The square and the rectangular 144 (see Figure 21f) are both not local minima on the
SisH4 PES at all levels of calculation®19%165 Upon geometry optimization the planar
Doy, structure (144) collapses to a Cpy structure, 145, which lies 1.0 kcal mol~! below
144 (CISD/DZP//HF/DZP'6%%). However, 145 is also not a minimum on the HF PES, and
following its a, imaginary frequency it collapses to a puckered D>y minimum (146) which
lies 17.4 kcal mol~! below 144 (at CISD/DZP//HF/DZP'6%%; 34.8 kcal mol~! at MP2/6-
31G**//MP2/6-31G**2, 4.7 kcalmol~! at HF/DZP'%%, reflecting a very large electron
correlation effect). 146 is thus the most stable (SiH), isomer!6%, The high stability of 146
is due to a large extent to its reduced strain, i.e. the calculated MP2/6-31G™** strain ener-
gies of 144 and 146 are 38.7 and 8.3 kcal mol~!, respectively>. 146 is by 4.5 kcal mol ™!
less stable than the [1.1.0] bicyclic tetrasilane 147 (MC8SDQCI/TZP)!63> The most sta-
ble isomer on the SigH; PES is 148, which is by 7.5 kcal mol~! more stable than 147
[CISD(Q)/DZP//HF/DZP]'6%b,
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The least stable isomer on the SigHy PES is tetrasilatetrahedrane (149), which is a local
minimum at the HF level but has two imaginary vibrational frequencies at the MP2 level®2.
149 is by only 7.9 kcalmol~! less stable than 144 but by 33.4 kcal mol~! less stable than
146, at C1/6-31G*//HF/6-31G*'%* (40.9 and 21.9 kcalmol™! at MP2/6-31G**//MP2/6-
31G**52 and CISD/DZP//HF/DZP'%%, respectively). Tetrasilatetrahedrane is also unstable
kinetically, and it isomerizes to 146 with a negligible barrier of only 0.6 kcal mol~!
[HF/6-31G(2d,p)+ZPE'%*]. However, despite the high predicted reactivity of the parent
tetrasilatetrahedrane, a stable derivative of tetrasilatetrahedrane, substituted with 4 bulky -
BusSi groups, was recently synthesized and identified by X-ray crystallography by Wiberg
and coworkers 66,

The geometries of 144 and 146 are shown in Figures 21f and 21g, respectively. The
planar tetrasilacyclobutadiene (144) has a rectangular geometry with typical Si=Si and
Si—Si bond lengths of 2.149 and 2.365 A (MP2/6-31G***2, 2.123 and 2.381 A at HF/6-
31G*1%4, respectively). On the other hand, 146 has 4 equivalent Si—Si bonds of 2.300 A
(MP2/6-31G*; 2.301 A at HF/DZP'5 and 2.298 A at HF/6-31G*!%4).

B. Charged Silaantiaromatic Compounds
1. The silirenyl anion, C>SiHz™

The antiaromaticity of three-membered ring anions, 150, at their ground and excited
states was determined by Malar'®’ by the bond-order definition of aromaticity suggested
by Jug, which relates the lowest bond order in the ring with aromatic ring currents!68.
According to this method the aromaticity index of a ring is defined as being equal to the
smallest bond order in the ring!%8,

(150) X =SiH™, CH™

The geometries of the ground states and of the first excited singlet and triplet states
of 150 with X = SiH™, CH™, NH, O, PH and S were calculated by the CI version
of the semi-empirical SINDO1 method'®”. We will discuss here only the silirenyl anion
(150, X = SiH™) and compare the properties of this anion to those of the analogous
cyclopropenyl anion (150, X = CH™). The calculated optimized geometries and bond
orders for 150, X = SiH™ and CH™ are given in Table 15.

In the ground state of the silirenyl anion (150, X = SiH™) the C=C and C—Si bond
lengths are 1.325 and 1.867 A, respectively, typical values of regular C=C and C—Si
bonds. The Si centre in 150, X = SiH™ is highly pyramidal. The geometries of the
excited triplet and singlet states do not differ significantly from that of the ground state,
except for the Si centre which becomes less pyramidal upon excitation (Table 15).

The calculated vertical excitation energies to the 7 and S; states are 2.3 and 3.0 eV,
respectively (using SINDO1). The C—X bond order in the ground state of 150, X = SiH™
is 1.21, a typical value for strong single bonds!®” and in the range of non-aromatic
systems'%8, leading to the conclusion that the ground state of the silirenyl anion is non-
aromatic!97. Upon excitation, the C—Si bond-order is reduced to 0.99 and 1.03 for the
S1 and T states, respectively, leading to the conclusion that the excited states of 150,
X = SiH™ are highly antiaromatic. Generation of the singlet and triplet excited states of
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TABLE 15. Calculated geometries and bond orders of the silirenyl anion (150, X = SiH™) and the
cyclopropenyl anion (150, X = CH™) in their ground and first excited singlet and triplet states®

State Cc-C C-X C-H X—H CCX CCH CXH HCCX CCXH

X = SiH~™
Geometry
So 1.325 1.867 1.058 1.474 69.2 134.0 103.8 175.0 96.0
S 1.336 1.875 1.060 1.484 69.1 131.0 155.4 178.3 146.3
T, 1.333 1.856 1.067 1.477 68.9 132.5 158.5 182.5 167.6
Bond order
So 2.05 1.215¢
S1 1.96 0.9954
T 1.95 1.0354
X =CH™
Geometry
So 1.313 1.505 1.062 1.138 64.1 140.5 115.0 193.0 101.3
S 1.393 1.415 1.089 1.096 60.6 152.4 129.0 235.5 118.2
T, 1.482 1.427 1.079 1.088 58.7 132.0 126.0 232.0 116.2
Bond order
So 2.10 1.14b¢
S1 13951 142
T 14357 146

9From Reference 167, using the CI/SINDO1 method. Bond lengths in A, bond angles in degrees.
”Aromalicily index determined by the lowest ring bond order.

“Non-aromatic.

dHighly antiaromatic.

¢Moderately antiaromatic.

! Moderately aromatic.

the silirenyl anion involves a o(a;) — 7*(ap) transition. Both the o and 7* orbitals are
bonding along the C—C bond and antibonding along the C—X bond, but the antibonding
along the C—X bonds is more pronounced in the 7* orbital. Thus, excitation weakens the
C—X bonds and the S} and T'; states of 150, X = SiH™ become antiaromatic. In contrast
to 150, X = SiH™, the geometry of 150, X = CH™ varies from a localized structure
in the So ground state (moderately antiaromatic according to its bond order aromaticity
index), to a delocalized structure in the S1 and 7'; states, which are moderately aromatic
(Table 15). Excitation of 150, X = CH™ involves a transition from the o(a;) orbital
to a w*(by) orbital. The o(a;) orbital of 150, X = CH™ is bonding along the C—C
bond and antibonding along the C—X bonds whilst the 7*(b;) orbital is antibonding
along the C—C bond and non-bonding along the C—X bonds. Hence excitation weakens,
and thus elongates, the C—C bond and strengthens, and thus shortens, the C—X bonds
(Table 15)1¢7,

2. Silacyclopentadienyl! cations

a. C4HySiH". The degree of the antiaromaticity of singlet C4H4SiH™, 151 (C»,), a 47-
electron system, in comparison to the aromaticity/antiaromaticity of other five-membered
C4H4X ring systems was estimated by Schleyer and coworkers using several criteria:
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structural (Julg parameter), energetic (ASE, according to equation 21, Section IV.D.2a)
and magnetic [i.e. magnetic susceptibility anisotropy (xanis), diamagnetic susceptibility
exaltation (A) and NICS values]?%-312. These calculated properties for 151 and those of the
analogous 152, X = CH', CH™ and SiH™ are given in Table 16. A graphical presentation
of the correlation between the various criteria for the aromaticity/antiaromaticity of five-
membered C4HyX ring systems is shown in Figure 1 (Section I1.D).

H
|-+
H\C/Sl /H H\C/ N /H
\é / \é Vi
—C —C
/ \ / \
H H H H
1s1) 152)

C4H4SiHT (C»y) is a minimum on the MP2/6-31G* PES, with a C=C bond length
of 1.357 A, resembling that in polyenes. On the other hand, the conjugated C—C single
bond length of 1.518 A is significantly longer than in polyenes (1.450 A in frans-1,3-
butadiene). The Si—C bond lengths of 1.820 A are very close to those of regular Si—C
single bonds. This localized structure results in a small Julg parameter of 0.346. The
pronounced bond length alternation points to a significant antiaromatic character of 151.
This conclusion is strongly supported by the relatively high destabilization energy of
—24.1 kcalmol~! and by the magnetic properties, i.e. Xanis = —0.8 X 107% cm3 mol ™!,
A =132 x107% cm® mol~! and NICS = 12.8 ppm of 151, which are all characteristic
of an antiaromatic Compound26*3]e. Table 16 shows, however, that the antiaromaticity of
151 is smaller than that of CsHs™. In analogy, the aromaticity of c-C4H4SiH™ (152,
X = SiH7) is smaller than that of its carbon analogue 152, X = CH™.

b. Sis Hs ™. A detailed study at MP2/6-31G*! of the potentially 47r-antiaromatic SisHs ™

L . 169,170 .
reveals a complex PES, which is very different from that of CsHs™ . Several impor-

tant isomers on the PES of SisHs ™, 153-160, arranged according to their relative energies at
MP2/6-31G*, are presented in Figure 23 (additional isomers are discussed in Reference 169).

TABLE 16. Calculated structural, energetic and magnetic properties of ¢-C4HsX,

152¢

X Symmetry AP ASE* X s Al NICS*
SiH* Cay 0346  —24.1 -0.8 132 12.8
CH* Cay -0.084  —56.7 58.1 32.6

SiH~ Cs 0.926 13.8 —41.5 -7 —6.7
CH- Dsp 1.000 28.8 458  —172 -143

9From Reference 31a; all species are minima at MP2/6-31G*.
bJulg’s parameter.
“In kcal mol~!.
In 10~% cm? mol~ 1.
°In ppm, at GIAO-SCF/6-31+G*.
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FIGURE 23. Optimized structures (MP2/6-31G*) and relative energies (at MP2/6-31G* + ZPE, in
kcal mol™!) of SisHs™ isomers. Bond lengths in A, bond angles in degrees. Data from Reference 169

The singlet and triplet states of the antiaromatic Dsp, SisHs™ (153) are not minima on
the SisHs* PES. When the Dsp symmetry of the singlet is released, it first collapses to
the C,y isomers 154 and 155 which are also not minima on the PES, and upon release
of the Cyy constraints they further collapse to the Cy structure 156, which is the only
minimum on the SisHs™ PES. The pentasila-allylic-type cation 156, which has a structural
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resemblance to that of the classical antiaromatic Ds, SisHs™, is by 21.0 kcal mol~! less
stable than the pentasila[1.1.1]propellanyl cation 157, which is the most stable SisHs™
isomer. Several other SisHs' isomers, i.e. the Cs pyramidal cation 158 (the pyramidal
Cy4y structure is not a minimum) and the bicyclic cation-silylenes 159 and 160, lie only a
few kcal mol~! above 157 and are more stable than the monocyclic 156.

The calculated Si—Si bond lengths in 156 are 2.187, 2.282 and 2.289 A, all in the range
intermediate between that of double (2.14 A) and single (2.35 A) Si—Si bond lengths. This
indicates a certain degree of charge delocalization in the ring, which is also supported
by the calculated charge distribution. 156 can be described as being essentially non-
aromatic, as the energy change resulting from the presence of the Si=Si double bond is
small, only 2 kcal mol~! (equation 45). In contrast, the corresponding antiaromatic carbon
analogue is strongly destabilized (35.3 kcal mol~!, according to an equation analogous to

equation 45)169.
H H2 H Hz
Si Si Si i
I 2N
HSIVTVSiH ST SiH, HSI PNSIH ST sin, (49
+ \ — > \ + \ /
HSi== SiH H,Si— SiH, H,Si— SiH, HSi— SiH

The contrast with the CsHs™ surface is interesting. The global minimum on the CsHs™
PES (all energies below are at MP2/6-31G*//MP2/6-31G*)!% is a 3A, state having Dsy,
symmetry (161). The Dsy, singlet of 161 is not a minimum on the PES and it collapses
to the planar singlet Cpy cyclopentadienyl cation 162, which is by 11 kcalmol™! less
stable than 161. The isomeric allylic cation 163 is not a minimum and has nearly the
same energy as 162. The C4y pyramidal structure (164) is by 15.6 and 4.6 kcal mol ™!
less stable than 161 and 162, respectively. The most stable CsHs™ isomer on the singlet

surface is the vinylcyclopropeniun ion (165), which is by only 1.7 kcalmol~! less stable
than 161.

H H H
. L .
H H H H H H
~ / ~
\C \C/ \C \C/ \C /43\(:/
\ / \ / \ /
c—cC c—cC c=cC
/ AN / \ / \
H H H H H H
(161) Dy, 3A, 162) C,, (163) Cy,
)
H__ éc—H
i |
C
H C+ H
NV N C/_(B\C
H_ /- H / AN
c—c” H H

(164) Cy, (165) C;
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The relative high stabilities of the pyramidal, bridged and silylenic structures in the case
of SisHs™ result from several electronic effects typical of silicon, which were already dis-
cussed in detail in this review, such as the reluctance to form multiple bonds, high divalent
state stabilization, preference for bridged bonding etc. These effects lead in the case of
SisHs™, as in many other examples discussed in this chapter, to stable three-dimensional
structures which are not minima on the PES of the analogous carbon compounds.

IX. CONCLUSIONS

Silicon compounds exhibit aromaticity and antiaromaticity in analogy to the corresponding
carbon compounds. However, in general, the degree of their aromaticity and antiaromatic-
ity is smaller than that of the analogous carbon compounds.

The reluctance of silicon to form multiple bonds, its high divalent state stabilization,
its preference for bridged bonding and other factors result in the existence of compounds
which have no stable carbon analogues.

Many important achievements have been reached in the last 20 years in this field, yet
the study of aromatic silicon compounds is still in its infancy and much remains to be
learned and understood. Quantum chemistry is a particularly powerful tool for studying
these intriguing molecules and for directing the difficult and challenging experimental
research in this field. The study of aromaticity and antiaromaticity of silicon compounds
presents also a major theoretical challenge, as many of their properties are difficult to
calculate and the potential energy surfaces on which they reside are extremely complex.
As stated throughout the review, many of the currently available theoretical studies are
quite old and consequently have not been performed at the appropriate level of theory.
New high-level calculations which will lead to more reliable predictions are highly desired.
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XI. LIST OF ABBREVIATIONS

Ad adamantyl

Ar aryl

ASE aromatic stabilization energy

B3LYP Becke’s 3-parameter hybrid with Lee, Young and Parr’s correlation
functional

BSE bond separation energy

CCSD(T) coupled cluster with single and double excitations (followed by a
perturbation treatment of triple excitations)

CI configuration interaction
CISD configuration interaction with single and double excitations
Cp cyclopentadienyl

CSA chemical shift anisotropy
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CSGT
DFT
DZ
DZ+d
DZP
ECP
GIAO
HF
HOMO
IGLO
1P
LUMO
MBPT
MCn
MCSCF
MO
MP
n-MR
NAO
NICS
NPA
PES
QMRE
RE
SCF
SINDO

TSB

TZP

UHF
UHF-NO
UMP
WBI

ZPE

Yitzhak Apeloig and Miriam Karni

continuous set of gauge transformations

density functional theory

double zeta

double zeta + polarization functions on heavy atoms
double zeta + polarization functions on all atoms
electron core potential

gauge-independent atomic orbitals
Hartree-Fock

highest occupied molecular orbital

individual gauge for localized orbitals
ionization potential

lowest unoccupied molecular orbital

many-body perturbation theory
multi-configuration; n=number of configurations
multi-configuration self-consistent field
molecular orbital

Mgller—Plesset

n-membered ring

natural atomic bond-order

nucleus-independent chemical shift

natural population analysis

potential energy surface

quantum molecular resonance energy

resonance energy

self-consistent field

symmetrically orthogonalized intermediate neglect of differential
overlap

trisilabenzene

Triple zeta + polarization

unrestricted Hartree—Fock

unrestricted Hartree—Fock —natural orbitals
unrestricted Mgller—Plesset

Wiberg bond index

zero-point vibrational energy
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I. INTRODUCTION

The chemistry of the animal and plant worlds is dominated by C, O, H and N whereas that
of the mineral world is dominated by Si and O. Indeed, more than 80% of the volume
of the earth’s crust is believed to consist of the framework silicates quartz (Figure la
see Plate 1) and feldspar (Figure 1b) with the remaining rock forming silicates mica,
amphibole, pyroxene and olivine (Figures 1c, 1d, le and 1f, respectively, see Plates 2
and 3) bringing the grand total volume to more than 96%!. Therefore, it is not surprising
that a knowledge of the bonded interactions that govern the structures and the properties
of silicates is of central importance in attempts to understand inorganic materials in the
natural environment and to find new uses for minerals in meeting the ever increasing
materials needs of mankind.

103
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The bonded interactions in silicates were recently examined in a survey of observed and
calculated structures and electron density distributions reported for siloxane and silicic
acid molecules and silica polymorph crystals?. Employing relatively robust basis sets
that include polarization functions, the Si—O bond lengths and Si—O—Si angles of the
silica polymorphs were reported to be reproduced in molecular orbital calculations to
within a few percent. As observed in earlier studies, polarization functions were found
to be a necessary ingredient in the generation of the observed geometries and spectra for
silicate crystals. A topological analysis of the observed and calculated electron density
distributions of the Si—O bond shows that the valence shell concentration of the oxide ion
is locally depleted where the shell crosses the Si—O bond vector, while it is concentrated
in the direction of the Si cation. The cross section of the bond was found to become more
circular as the Si—O—Si angle widens and the Si—O bond length shortens, a result that
can be ascribed to the formation of a weak m-bond involving two of the p-type orbitals
on the oxide ion with an increase in the value of the electron density at the bond critical
point. The close similarity of the bond length and angle data and the electron density
distributions reported for silicate crystals and siloxane molecules were taken to indicate
that the bonded interactions that govern the structure of a silicate can be treated as if
localized as in a molecule and largely independent of the long-range forces of the ions
that comprise the periodic field of a silicate crystal.

One of the goals of this paper is to provide a basis for understanding why the bonded
interactions of a silicate crystal can be treated as localized and modeled with a molecular-
based potential energy function. Another is to provide a basis for understanding why it
is possible to reproduce the crystal structures and the bulk moduli of the known silica
polymorphs with such a potential and why it is possible to generate many of the known
structures of silica together with a large number of new structure types starting with a
random arrangement of Si and O atoms in a unit cell with triclinic P1 symmetry, again
using a molecular-based potential energy function. In Section II, the bond lengths recorded
for silicate and related oxide minerals are compared with those calculated for chemically
similar molecules. The Si—O bond lengths and Si—O—Si angles observed for the silica
polymorphs are examined in Section III in terms of a potential energy surface calculated
for the Si—O—Si skeletal unit of a disilicic acid molecule. Bond critical point properties
of an electron density distribution calculated for the Si—O—Si unit is compared with
that observed for a silica polymorph in Section IV. A modeling of the structures and the
bulk moduli of the known polymorphs, using a potential energy function based on the
molecule, is discussed in Section V, while in Section VI, the generation of large numbers
of new structure types for silica is examined.

Il. BOND LENGTH-BOND STRENGTH VARIATIONS IN SILICATES
AND RELATED MOLECULES

More than 60 years ago, the important proposal® was made that the strength, s, of an X—O
bond in an XO,-coordinated polyhedron in a crystal like a silicate should depend on the
valence, z, and the coordination number, n, of the X% metal cation such that s = z/n.
With this simple definition, it was found for instance that the sum of the strengths of each
of the 7 bonds in a crystal reaching a given oxide ion,

t
&= ZS:‘,
i=1

often equals 2.0, the valence of the anion with its sign changed. Hence, for a silicate
like quartz where each Si** cation resides in a SiOy tetracoordinate polyhedron and each
oxide ion is bonded to two Si cations, the strength of the Si—O bond is 1.0 and the sum
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FIGURE 2. A plot of the average bond lengths, <R,(X—0)>, of the XO,, coordination polyhedra
observed for silicate and oxide crystals vs the Pauling bond strength, s, of the X—O bond. The Roman
numeral superscript denotes the coordination number of the X-cation
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of the bond strengths reaching each oxide ion is 2.0, matching exactly the valence of
the oxide ion with its sign changed. A plot of s versus the average X—O bond length,
<R,(X—0O)>, observed for the XO, -coordination polyhedra in silicate and oxide crystals
shows for first-row (Li, Be, B, ...) and second-row (Na, Mg, Al, ...) X-cations that
<R,(X—0O)> decreases nonlinearly in two separate but essentially parallel trends from
left to right across each row of the periodic table as the strength of the bond increases*>
(Figure 2).

In an examination of whether the trends displayed in Figure 2 hold for molecules,
molecular orbital calculations were completed6 on a set of hydroxyacid Hy,_,, X" O,
molecules with XO,-coordination polyhedra containing first and second-row X-cations
using a 6-31G™ basis set. The energies of the molecules were minimized with the X—O
and the O—H bond lengths and the X—O—H angles each treated as single variables. The
0O—X—0 angles were fixed at ideal values (120° for Hg_,, X™" O3 molecules, 109.47° for

2.4
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1.4
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FIGURE 3. A plot of the observed bond length data, <R,(X—O) >, used to prepare Figure 1 vs
bond length data, <R.(X—0) >, calculated for hydroxyacid Ha,_,, X*"0, molecules with XO,,-
coordination polyhedra. The minimum energy X—O bond lengths were calculated with a 6-31G* basis
set. A regression analysis of the data yielded the straight line drawn through the data points and its two
upper and lower curved 2.70-confidence limits
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Hg_,, X™™ O4 molecules and 90° for Hj>_,, X Og molecules). The minimum energy
X—O0 bond lengths, <R.(X—0)>, calculated for the molecules were found to reproduce
observed < R,(X—O)> bond length data for silicate and oxide crystals to within ca
0.02 A, on average (Figure 3). Indeed, a statistical analysis shows that more than 99% of
the variation in the experimental <R,(X—O)> bond lengths can be explained in terms of
a linear dependence on <R (X—0)>. As expected, the s vs <R.(X—0)> data obtained
for the molecules closely parallel the two trends displayed in Figure 2.

Similar calculations have yet to be completed for molecules with the main group X-
cations for rows in the periodic table beyond the second. Nonetheless, it was found®
that the observed bond length data for the main group cations for all six rows of the
periodic table correlate with s in six separate but essentially parallel trends similar to
those displayed in Figure 2. In a search for a parameter that would rank all of the bond
length data in a single trend, a bond order parameter p = s/r was defined where r =
1,2,3,... for first-, second-, third-, ... row main group X-cations, respectivelyﬁ. When
the <R.(X—O)>-values for row one and two X-cations are plotted against this bond
order parameter (Figure 4a), it is apparent that p ranks the calculated bond length data
in a single trend with shorter bonds involving larger p-values. The data in the figure are
observed to conform with a simple power law expression of the form R(X—0) = kp~#
where B > 0. It is noteworthy that when R(X—O) is plotted against the value of the
electron density at the bond critical point, p(r.), for each X—O bond the R(X—0) vs
p(r.) data also conform with a power law expression.

A regression analysis of the calculated bond length data used to prepare Figure 4a vs
p yields the expression R(X—0) = 1.39p~# where 8 = ca 2/9. The observed X—O
bond length data reported for main-group cations from all six rows of the periodic table
are plotted in Figure 4b against p. Not only does the trend parallel that calculated for
the molecules, but a regression analysis of the observed data set yields a statistically
identical expression with the one obtained for the calculated data displayed in Figure 4a.
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FIGURE 4. Scatter diagrams of bond length data (a) calculated for Hp,—,, X0, molecules and
(b) observed for main group cations vs the bond order parameter p. The expression R(X—0) =
1.39p7%? serves to model both sets of data equally well
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In addition, a statistical analysis of the observed bond length data shows that more than
99% of the variation of In(<R,(X—0)>) can be explained in terms of a linear dependence
upon In(p). The observation that the same expression can be used to model the observed
and calculated data sets indicates that the bond lengths in oxide molecules and crystals
are similar with p playing a similar role in both systems despite the smaller size and
density of a molecule.

A graph-theoretic study’ of the bond length variations observed for 10 different silicate
crystals has since yielded a similar expression connecting bond length and resonance bond
number, n. A resonance bond number is defined to be the average number of times a bond
appears in the family of subgraphs of the connectivity graph that are constrained to have
the degree of each node equal to the valence of the atom represented by that node. In
the study, resonance bond numbers were calculated for all of the nonequivalent bonds in
representative blocks of atoms isolated from the structures of ten different silicate crystals,
using an algorithm based on graph theory. A scatter diagram of the resulting n-values
versus the individual observed <R,(X—0O)> bond lengths (Figure 5) not only matches
the trends discussed above when n is equated with s, but a regression analysis of the
data set yields the expression R(X—0) = 1.39(n/r)~# where 8 = ca 2/9, in agreement
with the form of the expression obtained for the data in Figure 4. A statistical analysis
shows that more than 95% of the variation of the bond lengths in the silicate crystals
can be explained in terms of the resonance bond numbers calculated for the X—O bonds
in the representative fragments of the crystals. Despite the different roles attached to the
valence electrons, it is apparent that both models yield similar numbers for the strength
of a particular bond.
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FIGURE 5. A scatter diagram of resonance bond numbers, n, calculated for the individual bonds in
ten silicate crystals vs the observed bond lengths where r is the row number of the X-cation
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With the discovery that an expression of the form R(X—0) = xp~—# can be used to
model the average bond lengths in oxide molecules and crystals, it was subsequently found
that the average bond lengths observed for the coordination polyhedra in sulfide, nitride
and fluoride crystals and molecules can also be modeled with a power law expression
with essentially the same B-value (ca 2/9) but with x-values of 1.93, 1.49 and 1.37,
respectively 10 In addition, bond length data calculated for cation-containing polyhedra
in chemically similar molecules yielded expressions that are statistically identical to those
obtained for each set of crystal data. As the relative change of the expression f(p) =
«p~#, as a function of bond order p, is —B/p and as B is the same for the bonds in oxide,
sulfide, nitride and fluorides molecules and crystals, one can conclude that the relative
change in bond length as a function of p, for any given bond order, is the same for all four
anions. In short, if a given cation forms a bond of a given bond order in a coordination
polyhedron and if it is replaced by another cation, then the relative change in bond length
is indicated to be the same, regardless of whether the cation comprises a molecule or a
crystal or whether it is bonded to an oxide, nitride, sulfide or a fluoride anion.

lll. A POTENTIAL ENERGY SURFACE FOR THE Si—O—Si SKELETON
OF THE DISILICIC ACID MOLECULE

The geometry of the disilicic acid HgSi;O7 molecule has been partially optimized a
number of times ranging from an SCF Hartree—Fock method with an STO-3G basis
set to a hybrid density functional Becke3LYP method with a 6-311G(2d,p) basis set.
To gain insight into the force field and the energetics of the skeletal Si—O—Si unit, a
potential energy surface has been generated with energies calculated for the molecule
for more than 70 different combinations of Si—O bridging bond lengths and Si—O—Si
angles using a STO-3G basis set and assuming C,, point symmetry* (Figure 6). The point
of minimum energy (denoted by a ‘4’ sign in the figure) defines an equilibrium Si—O
bond length of 1.60 A and an equilibrium Si—O—Si angle of 142°. Experimental Si—O
bond lengths, R(Si—0), and Si—O—Si angle data, observed for the Si—O—Si units of
the silica polymorphs quartz, cristobalite (Figure 1g), tridymite (Figure 1h, Plate 4) and

R(Si-0) A

<Si—-0-Si(°)

FIGURE 6. A potential energy surface calculated as a function of the Si—O bond length and the
Si—O—Si bond angle of the Si—O—Si skeletal unit of the disilicic acid HgSi;O7 molecule with a
STO-3G basis set. The level contour lines are drawn at intervals of 2.6 kJmol~!. The bullets represent
Si—O bond lengths and Si—O—Si angle data observed for the silica polymorphs. The minimum energy
Si—0 bond length (1.60 A) and Si—O—Si angle geometry of the molecule is plotted as a ‘+ sign
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coesite (Figure 1i, Plate 5), are plotted on the surface. The data follow the general trend
of the surface, but the observed Si—O bond lengths are, for a given Si—O—Si angle,
ca 0.015 A longer, on average, than generated for the molecule. Also, for a given bond
length, the data are shifted to wider angles by ca 5°. The Si—O bond lengths recorded for
the silica polymorphs show a relatively small range of values between ca 1.58 A and ca
1.63 A while the Si—O—Si angles show a relatively wide range of values between ca 135°
and 180°. The shape of the surface conforms with this result with the minimum energy
conformation of the molecule lying at the bottom of a relatively narrow, cirque-shaped
valley, bounded laterally on both sides by steeply rising energy barriers encountered with
a departure of the Si—O bond length from its minimum energy value of 1.60 A. The
valley is blocked on the narrow angle side of the valley floor by a steeply rising headwall
while the valley floor extends virtually unimpeded as the Si—O—Si angle widens with
the slope along the valley floor, increasing very gradually from the valley bottom with an
opening of the angle. The trace of valley floor shows a slight but well-defined curvature
which conforms with the curvilinear R(Si—0) vs <Si—O-—Si correlation observed for
the silica polymorphs'!, a trend that is reproduced by MP2/6-31G* and Becke3LYP/6-
311G(2d,p) level calculations on the disilicic acid molecule®. The topography of the valley
floor indicates that the Si—O—Si energy barrier to linearity is small. If the binding forces
that govern the Si—O—Si unit in the disilicic acid molecule and the silica polymorphs
are similar, then the force required to deform the angle from its minimum energy value
is expected to be small in both systems. Thus, a broad continuum of angles is expected
to occur in agreement with the relatively large range of angles observed for the silica
polymorphs and observed and calculated for silicic acid and siloxane molecules'2™ !4,
Also, because of the steeply rising energy headwall at the narrow angle end of the valley,
Si—O—Si angles less than ca 120° are indicated to destabilize a structure in agreement
with the fact that the Si—O—Si angles reported for a large number of silicate crystals'>
are observed in the range between 120 and 180°.

Like the disilicic acid molecule and silica, the minimum energy Si—O and X—O bond
lengths and Si—O—X angles calculated for the skeletal Si—O—X units of a number of
(HeSiX1"07)4+" (X = B, Al, Be) molecules conform with those reported for framework
silicate crystals® 16, Also, the relatively narrow range of angles observed for the Si—O—B
(120-142°) units, the relatively moderate range observed for Si—O—Be (118-152°) units
and relatively wide range observed for the Si—O—Al (115-180°) units of each crystal
conforms with the shape of the well of the <Si—O—X-potential energy curve calculated
for each molecule, the deeper and the narrower the well, the smaller the observed range of
angles. The minimum energy angle of each curve (< Si—O—B = 125°, < Si—O—Be =
131°, < Si—O—Al = 139°) also agrees to within a few degrees of each respective average
observed value of a silicate (< Si—O—B = 129°, < Si—0—Be = 127°, < Si—0—Al =
138°). This evidence indicates that the bonded interactions that govern the variability and
average value of the angle adopted by an Si—O—X unit in a silicate crystal are similar
to those that govern the unit in a chemically similar molecule.

The apparent Si—O bond lengths (uncorrected for thermal motion) observed for the sil-
ica polymorphs have been found to be shorter than the actual interatomic bond lengths (the
bonded and nonbonded interatomic separations that exist between the atoms at their equi-
librium positions), with apparent bond lengths decreasing with increasing temperature!”.
When the apparent bond lengths are corrected for thermal motion, the corrected bond
lengths for the bonds described in Figure 6 are estimated to be ca = 0.01 A longer
than those plotted. As shown in the figure, the bridging Si—O bond length calculated for
disilicic acid molecule at absolute zero (without zero-point vibration) with an STO-3G
basis set is about 0.01-0.02 A shorter than the apparent Si—O bond lengths for the sil-
ica polymorphs and consequently substantially shorter than the corrected bond lengths.
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The geometry of the disilicic acid molecule has since been partially optimized with the
relatively more accurate hybrid Becke3LYP method with a 6-311G(2d,p) basis set assum-
ing a staggered structure with Cg point symmetry with its H atoms constrained so as to
avoid the formation of bonded interactions between the H atoms of one tetrahedron of the
molecule and the O atoms of the other. The calculations yielded a minimum energy Si—O
bridging bond length of 1.612 A and a Si—O—Si angle of 145°. The thermally corrected
<Si—0> average bond lengths calculated for the silica polymorphs quartz (1.615 A),
cristobalite (1.615 A) and coesite (1.612 A) match the minimum energy bond calculated
for the molecule rather well. Also, the minimum energy Si—O—Si angle is only 2.5°
narrower than the average value (147.4°) recorded for the silica polymorphs'3. Thus, if a
potential energy surface like the one in Figure 6 were recalculated at the Becke3LYP/6-
311G(2d,p) level, then one might expect that the thermally corrected individual <Si—O>
bond lengths for the silica polymorphs would lie along the energy valley of the surface
rather closely in better agreement than that displayed by the data in the figure.

The two orthogonal curvatures of the energy surface evaluated at the point of minimum
energy in Figure 6 indicate that the harmonic stretching force constant of the bridging
Si—O bond of the disilicic acid molecule is roughly two orders of magnitude larger than
the bending force constant of its Si—O—Si angle, in conformity with the narrow range of
Si—O bond lengths and wide range of Si—O—Si angles observed for the silica polymorphs.
As is well known, the force constant of a bond can provide useful information about the
‘stiffness’ of a bond, its ‘variability’ and the binding forces that exist between a pair
of bonded atoms like Si and O. With the proposal that a Morse curve can be used to
characterize the electronic energy of a diatomic molecule, it was also proposed that the
force constant of the bond can be related to bond length, R, by the power expression
f(R) = kR~ where o was taken to be ca 6 and « is a constant that depends on the
identity of the bond'®. With spectroscopic force constant data determined for the Si—O
bonds in a variety of molecules and crystals, together with scaled harmonic force constant
data calculated for the molecules H>SiO3, H4SiOy4, HgSioO7 and H;;SisO1¢ with a 6-
31G* basis set, the expression f(Si—0) = 7.5 x 103R(Si—0)~>* Newtons/meter (N/m)
was calculated that relates the force constant of an Si—O bond, f(Si—0), to its lengthzo.
When used to generate the force constant for the Si—O bond of quartz, it yielded a value
of 593 N/m compared with that observed (597 N/m)?' and that calculated (600 N/m)
for the H4SiO4 molecule at the MP2/6-31G** level. It was also reported in the study
that the polyhedral compressibilities calculated for oxide, nitride and sulfide coordination
polyhedra are similar to those reported for crystals?.

Of the 3000 known minerals, more than 900 are silicates. Almost all silicates contain
the silicate SiO4 tetrahedra while about 20 are known to contain the SiOg octahedra, but
none is known to contain an SiOs 5-coordinate polyhedra. A few exceptions like wadeite
(Figure 1j, Plate 5) contain both SiO4 and SiOg polyhedra. Those with SiO4 tetrahedra
either contain monomeric and/or condensed corner sharing SiO4 tetrahedra with the bulk
of silicates containing condensed SiO4 tetrahedra linked together by Si—O—Si units. The
fact that the chemistry of the mineral world is dominated by Si and O certainly must
play a role in determining the preponderance and the large number of different kinds of
silicates that occur in nature. But the compliant nature of the Si—O—Si unit has also
been argued to play a role as well>!%22. Given that the Si—O—Si unit can be easily
deformed from its equilibrium value without expending much energy, silicate tetrahedra
can be linked together with other such tetrahedra in numerous ways as oligosilicates,
cyclosilicates, inosilicates and phyllosilicate anions of various types and as a large variety
of tectosilicate structures (see Reference 15 for elegant drawings of many of the condensed
anionic units that silicate tetrahedra can adopt) without excessive destabilization unless
the structure either requires an Si—O—Si angle that is less than ca 120° or unless the
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bond length-bond strength requirements of the bonds of the structure are poorly satisfied.
The glass-forming tendencies of silica and the ability for silica to adopt a large variety
of structure types can also be ascribed in part to the flexible nature of the Si—O—Si unit
and the ease with which the Si—O—Si unit can be bent without excessively destabilizing
the resulting structure> %22 The relatively high compressibility and expansion properties
of quartz, cristobalite and tridymite can also be related to the compliant nature of the
Si—0-Si angle.

As observed earlier, in modeling the Si—O—Si unit of silica and related silicates,
the geometry of the HgSioO7 molecule was constrained during its optimization so that
the terminating H atoms of each of the silicate groups were directed away from the O
atoms of the other group so as to avoid the formation of one or more O---H bonded
interactions. If such a constraint is not made, then O---H bonded interactions can be

HSi20 7

FIGURE 7. A drawing of a ball and stick model of a minimum energy structure of the
disilicic acid molecule, HgSi,O7. The large dark gray spheres represent Si, the small light
gray spheres represent O and the intermediate-size, darker gray spheres represent H. Bond
lengths in A are given next to each of the SiO bonds and the separations between the
H and O atoms that define the two O---H interactions are given. The dihedral angles
for the molecule, defined in terms of the integers assigned to each atom, are as follows:
D(Si3,02,Si11,04), —172.38; D(Si3,02,Si1,05), 66.12; D(Si3,02,Si1,06), —55.44; D(07,Si3,02,Sil),
66.12; D(08,Si3,02,Sil), —55.43; D(09,Si3,02,Sil), —172.37; D(H10,04,Si1,02), —84.53;
D(H10,04,Si1,05), 37.73; D(H10,04,Si1,06), 161.5; D(H11,05,Si11,02), —29.36; D(H11,05,Si1,04),
—153.72; D(H11,05,Si1,06), 85.76; D(H12,06,Si1,02), 179.41; D(H12,06,Si1,04), —60.16;
D(H12,06,Si1,05), 60.47; D(H13,07,Si3,02), —29.35; D(H13,07,Si3,08), 85.77; D(H13,07,Si3,09),
—153.71; D(H14,08,Si3,02), 179.34; D(H14,08,Si3,07), 60.39; D(H14,08,Si3,09), —60.24;
D(H15,09,Si3,02), —84.56; D(H15,09,Si3,07), 37.69; D(H15,09,Si3,08), 161.48. The predicted
energy of the molecule is E(RB + HF -LYP) =-1109.83245 au
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expected to form in the calculation with a concomitant lengthening of the Si—O bridging
bonds and a narrowing of the Si—O—Si angle?3>~23. Because O- - -H bonds are absent in
the silica polymorphs and in almost all silicates, an unconstrained molecule with O---H
bonds is not considered to be a satisfactory moiety for modeling the structure and the
elastic properties of crystalline silica.

As a matter of interest, the geometry of the HgSi»O7 molecule was fully optimized for
this study at the Becke31yp 6-311G(2d,p) level, assuming C; point symmetry without any
restrictions imposed on the positions of its atoms. A drawing of a ball and stick model
of the resulting minimum energy structure is displayed in Figure 7, where the bonded
atoms are connected by the sticks. The minimum energy Si—O (br) bridging bond lengths
(1.636 A) of the molecule are ca 0.02 A longer and the Si—O—Si angle (126.8°) is ca
20° narrower than that calculated for the constrained molecule (see above). The relatively
large change in the angle is expected, given its compliant nature. The longer Si—O (br)
bond lengths and the narrower Si—O—Si angle can be ascribed to the reduction of the
electron density at the bond critical point of the Si—O bond induced by the two O---H
bonded interactions, O6---H13 and O8---H11 (Figure 7). The atoms comprising these
interactions are at a separation of 2.303 A. Because a bond critical point exists in the
electron density distribution between these atoms at a distance of ca 1.42 A from each
O atom, both O6---H13 and O8.--H11 qualify as bonded interactions. But, since the
value of the electron density at the critical point, p(r.), is only 0.08 e A3, the bond is
indicated to be relatively weak with an V2p(r.) value of 1.0 e A=, As expected from
the p(r.) values calculated for the molecule, the Si—O bonds involving O6 and OS8 are
longer (1.647 A) than either of the two remaining Si—O bonds (1.627, 1.634 A) of the
silicate groups. It is noteworthy that bonds in the molecule with identical environments
have identical bond lengths. The dihedral angles and the predicted energy of the molecule
are given in Figure 7.

IV. BOND CRITICAL POINT PROPERTIES OF THE ELECTRON DENSITY
DISTRIBUTION OF THE SKELETAL Si—O—Si UNIT

If the electron density distribution of a crystal is similar to that of a chemically similar
molecule, it can be concluded that the force fields of the two structures are similar. In a
mapping of the electron density of coesite?%, deformation electron density distributions,
Ap(r), were generated from experimental X-ray diffraction data to learn whether any
of the features in the distribution can be related to the observed bond length and angle
variations and the character of the Si—O bond. As the observed Si—O bond lengths in
coesite decrease with increasing Si—O—Si angle, it was expected that the heights of the
peaks along the bonds in the maps would increase in value as the Si—O bond decreases in
length. Although the resulting maps display peaks along each of the Si—O bonds, ranging
in height between ca 0.3 and ca 0.5 e A~3, no statistically significant trend between peak
height and bond length could be established.

Because of the nonquantitative nature of Ap(r) maps>”28, the X-ray diffraction data
recorded for coesite?® was used to generate a total electron density distribution, p(r),
for the mineral. In an analysis of the bond critical point properties of the distribution,
Downs?® located the critical points along each of its Si—O bonds, determined the value
of the electron density and the Laplacian of p(r) at each of these critical points, V2 p(re),
and mapped —V2p(r) over the domain of each of its Si—O—Si skeletal units. A map-
ping of the total electron density distribution and its topological properties has a distinct
advantage over a mapping of the deformation density in that ‘The derivation of a unique
and physically meaningful difference (deformation) electron density is a problem that can-
not be solved since the choice of the promolecular reference density always implies some
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arbitrariness’. This statement®’ seems to be borne out by the following results obtained
for coesite: (1) The heights of the peaks in the experimental deformation maps recorded
along its Si—O bonds fail to show any obvious trends with the observed bond lengths, and
(2) The heights of the peaks in deformation maps calculated for the Si—O bridging bonds
of the Hg Sip O7 molecule actually increase in height as the lengths of the bonds increase
(and the Si—O—Si angle decreases) (see Reference 19, Figure 6). But, on the other hand,
the value of p(r.) provided by calculations of the total electron density distribution for a
number of silicic acid molecules including the disilicic acid molecule shows that the value
of p(r.) increases in a regular way as the Si—O bond decreases in length (Figure 8).
For purposes of comparison with the results obtained for coesite?®, the electron density
distribution of the partially, optimized conformer of HgSi»O7 (shown in Figure 8) has
been generated using the wave functions obtained in a density functional Becke3LYP/6-
311G(2d,p) level calculation. The total electron density distribution measured for coesite
attains an average value of 1.05 e A=3 at an average distance of 0.936 A from the bridging
O atom to the critical point, r., measured along the Si—O bonds from the oxide ions with
an average V2p(r.)-value at this point of +20.4 e A=, These observations together with
the relationship between the bonded radius of the oxide ion and the electronegativity of

20 . r . T v . v . '

R(Si-0) A

T T T T v T T T T

0.4 0.6 0.8 1.0 1.2 1.4

p(re) e/AR

FIGURE 8. A scatter diagram of the minimum energy Si—O bond length, R(Si—O), calculated for a
number of hydroxyacid molecules vs the value of the electron density, p(r.), evaluated at (3,—1) critical
points. The geometries of the hydroxyacid molecules used to prepare the plot were those of minimum
energy at the Hartree—Fock 6-314++G** level
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the cation to which it is bonded? and the negative value of the local energy density,
H(r.), at r. (ca — 0.3HA™3) indicate that the Si—O bonds in coesite have significant
covalent character?’-30. In addition, the curvatures of p(re), A1 and X,, measured at r,
perpendicular to the Si—O bonds, are —7.2 and —6.8 e A=, respectively, on average,
while the average curvature of p(r) at r. along the bond path, A3, is observed?® to be
344 AT, resulting in a V2(r,) value of 20.4 e A=5. The electron density distribution
calculated for the molecule has a value of 1.00 e A=3 (ca 5% less than that observed on
average for coesite) at the critical point along each Si—O bond at a distance of 0.943 A
from the bridging oxide ion (ca 1% larger than observed on average for coesite). The
curvatures, A1, A» and A3 evaluated at r. are —7.41, —7.35 and 35.6 e A=, respectively,
resulting in a V2 p(re)-value of 20.9 e A3 (ca 2% larger than observed, on average,
for coesite). As the curvature of p(r) is a very sensitive probe of the topology of p(r),
as discussed above, it is apparent that a close connection exists between the topological
properties of the electron density distribution observed for the crystal and those calculated
for the model molecule.

V. A REPRODUCTION OF THE STRUCTURES AND RELATED PROPERTIES
OF THE KNOWN SILICA POLYMORPHS

It has been stressed®! in a study of chemical bonds in crystals that the bonding in molecules
differs from that in crystals because bonds are less well defined in crystals and because
most crystals are usually denser, much larger and more symmetrical than molecules.
Despite these differences, it was acknowledged in the study that a wide range of data
‘Shows that nearest neighbor interactions determine most of the properties of a material’.
At the very least, the evidence examined in this review conforms with this statement. For
example, the force field that governs the geometry and the electron density distribution of
the Si—O—Si skeleton of the disilicic acid molecule can be treated as virtually identical
with that of a silica polymorph. The evidence upon which this assertion is based is twofold.
First, the Si—O bond length and the Si—O—Si angle variations observed for the silica
polymorphs conform in large part with the topographic features of a potential energy
surface of the SioO7 skeleton calculated for the disilicic acid molecule. Second, the bond
critical point properties of the electron density distribution observed for the Si—O—Si
units of a silica polymorph agrees to within a few percent with that calculated for the
molecule. This evidence taken with the observation that spectroscopically determined
force constants of a silica polymorph agree well with that calculated for the molecule
provides a basis for believing that a silica polymorph like quartz can be viewed as a
giant molecule bound together by the same forces that act between the Si and O atoms
of the disilicic acid molecule’. It also provides a basis for understanding why it has
been possible to reproduce the crystal structure of quartz to within ca 2% and its bulk
modulus to within ca 5%, using a potential energy function calculated for the disilicic
acid molecule32. Since then, a number of other workers have been successful not only in
reproducing the structures and volume compressibilities of quartz and cristobalite using
a potential energy function based on a molecule, but they have also been successful in
reproducing the structures and bulk moduli of coesite and stishovite (Figure 1k, Plate 6)
and modeling the observed properties of the «—pf transition of quartz and the negative

Poisson ratio observed for cristobalite33 =40,

VI. A GENERATION OF NEW STRUCTURE TYPES FOR SILICA

It is one thing to reproduce the known structure of a crystalline material like silica using a
molecular potential energy function, but it is quite another to generate the possible crystal
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structures that silica can adopt with a molecular-based potential energy function, starting
with a random arrangement of Si and O atoms in a structure with P1 symmetry. To attack
this problem, we used simulated annealing. Simulated annealing is a physically inituitive
strategy that can be used to search for global and local minimum energy crystal structures
for silica using a molecular potential energy function based on that calculated for the
Si,O7 skeleton of the HgSinO7 molecule®”-38. Simulated annealing strategies accept all
downhill steps but, unlike Newton and quasi-Newton methods, allow some uphill steps
that increase the value of a potential energy function in a search for viable, low energy
structures®”-38,

Calculations have been completed starting with four, six and eight formula units of SiO;
randomly distributed in a structure with triclinic P1 symmetry8. Of the several thousand
periodic structure types that have been generated, more than two-thirds were found to be
framework structures where each Si atom is 4-coordinate and each O atom is 2-coordinate.
Further study shows that these framework structures can be classified into a wide variety
of distinct structure types. Despite the assumption in the calculations of P1 triclinic
symmetry, more than two-thirds of the structures possess symmetries higher than P1
ranging between the monoclinic space group symmetry Pc and the tetragonal space group
symmetry /42d. The resulting structures exhibit symmetrically equivalent cell dimensions
that agree to within 0.0001 A and equivalent interaxial angles that agree to within 0.0001°.
A large number of low energy structure types match those observed for the left- and
right-handed polymorphs (calculated in equal numbers) of quartz and cristobalite, mixed
stacking sequences of tridymite and cristobalite and the molecular crystal silica-W. Several
exhibit the framework structures of several known aluminosilicates including monoclinic
CaAl,Si>Og and the orthorhombic zeolites Li-A(BW) and NaI*2. Others exhibit structures
that are similar to those of cancrinite, sodalite and bikitaite (Figure 11 Plate 6). In addition,
the networks defined by the Si atoms of a number of the structures match those enumerated
by earlier workers*>*. However, many of the remaining structures represent new structure
types for silica yet to be synthesized or discovered in nature. Several of the structures
generated in the calculations on silica are displayed in Figure 9 (Plates 7 and 8). In the
study, two silica structures were considered to be equivalent if their energies are equal and
the Schlifli symbols calculated for the 4-connected nets of Si atoms and the coordination
sequences of the Si atoms out to the 10" coordination shell for the two are identical*!.

VIl. CONCLUDING REMARKS

The notion that molecules can be used to model bonded interactions in crystals is not
new. Indeed, it is an idea that has been around for more than 50 years when J. C. Slater®’
concluded, on the basis of the similar types of rigidity and geometry exhibited by several
aliphatic molecules and diamond, that ‘A diamond is really a molecule of visible dimensions
held together by just the same forces acting in small molecules’. More recently, with
the completion of an accurate gas-phase structural determination of disiloxane, it was
concluded®® that the bonding picture of the skeletal Si—O—Si unit of the molecule is
similar to that of a silicate crystal because the geometry of the unit [R(Si—O) = 1.632A;
< Si—O—Si = 142.2°] is similar to that observed, on average, for a silicate crystal
[R(Si—0) = 1.626 A; < Si—0—Si = 144°]. It is noteworthy that a structural analysis
of a disiloxane crystal grown at liquid nitrogen temperatures reveals that the geometry
of the molecule in the crystal is not significantly different from that in the gas phase,
despite differences between the forces acting on the atoms in the gas-phase molecule
and those in the crystal*’. In addition, a survey of the literature shows that the average
Si—O bond length (1.634 A) and Si—O—Si angle (144°) observed for a large variety
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of siloxane molecules are also similar to those observed for disiloxane and for silicates.
Indeed, the structures of the condensed tetrahedral anions of organosiloxanes and silicates
are so similar that they can be classified with the well known scheme used by Bragg to
classify silicates*®. Further, as observed above, the calculated geometry and the topological
properties of the electron density distribution of the Si»O7 skeleton of disilicic acid are
strikingly similar to those observed for a silica polymorph. Collectively, these results
not only suggest that the force fields that govern the structures and electron density
distributions of silicic acid molecules and silicates are not all that different, but they also
suggest that the silica polymorphs can be viewed, as asserted earlier’, as giant molecules
bound together by the same forces that bind the Si and O atoms of the SiO7 skeleton
of the disilicic molecule, despite the greater size, density and symmetry of the former. It
also provides a basis for understanding why the structures and the elastic properties of the
silica polymorphs can be modeled with a molecular potential energy function and why
a large number of new silica structure types can be generated using simulated annealing
strategies and a molecular potential energy function.

Finally, as observed above, the evidence suggests that the forces that bind Si and O ions
together in a silicate crystal can be treated as if localized as in a molecule. If the Si—O
bond is of intermediate type as asserted by Pauling and others, then it would appear that the
effective charges on the ions of the crystal would either be relatively small in conformity
with his electroneutrality principle*® or that the Si cation forms such a strong bonded
interaction with its coordinating oxide ions that the field of the crystal has little effect
on the geometry and the electron density distribution of a silicate tetrahedral oxyanion.
In short, any model that is proposed for the Si—O bond ought to explain why the forces
that govern the structure, the elastic properties and the electron density distribution of the
Si—O bond of a silicate behave as if in a molecular environment?.
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I. INTRODUCTION

Polyhedral carbon compounds such as tetrahedrane, prismane, and cubane have long fas-
cinated chemists because of their unique properties and aesthetic appeal due to their high
symmetry!2. In an effort to enrich silicon chemistry, synthesis of the silicon analogues is
a great challenge since it could lead to novel physical and chemical properties unexpected
from the carbon compounds. However, such synthesis was believed to be impossible until
recently. Triggered by the first successes in synthesizing an octasilacubane derivative’ and
a hexagermaprismane derivative*, the chemistry of polyhedral compounds of the heav-
ier group 14 atoms has progressed by rapid strides in the last few years and many new
derivatives have been prepared®!!. At present, only the tin analogues of tetrahedrane
and prismane and the entire series of the lead compounds are missing in the series. In
this review the successful syntheses, isolation and characterization of polyhedral silicon
compounds such as tetrasilatetrahedrane, hexasilaprismane and octasilacubane are sum-
marized together with related theoretical calculations” 0. These are also compared with
those for the germanium and tin analogues.

Il. THEORETICAL STUDIES
A. Strain Energies

Polyhedranes (Cy,H»,) such as tetrahedrane (n = 2), prismane (n = 3) and cubane
(n = 4) have long been interesting synthetic targets. These are highly strained, as is
apparent from their carbon bond angles that deviate greatly from the normal tetrahedral
value of 109.5°. For instance, the strain energies of tetrahedrane and cubane are evalu-
ated to be as large as 140.0 and 154.7 kcal mol~!, respectively!?. Since no experimental
value is available for the silicon analogues, their strain energies were calculated at the
HF/6-31G* level from the appropriate homodesmotic reactions'3. Table 1 compares the
calculated strain energies of the carbon and silicon compounds. The strain energies of
141.4 and 158.6 kcalmol~! calculated for tetrahedrane and cubane are in close agree-
ment with the experimental values!?. The strain energy of tetrasilatetrahedrane is as large
as that of tetrahedrane. However, as the number of four-membered rings increases, the
strain of the silicon compounds is significantly decreased while it tends to increase in the
carbon compounds. It is noteworthy that hexasilaprismane and octasilacubane are 32 and
65 kcalmol™! less strained than prismane and cubane, respectively.

Also given in Table 1 are the strain energies of the still heavier germanium and tin com-
pounds calculated at the HF/DZ(d) level'*. Substitution of carbon or silicon by germanium

TABLE 1. Strain energies (kcal mol~!) calculated using homodesmotic reactions®

M, H, C Si? Ge Sn

Tetrahedrane (M4Hy, T4) 141.4 140.9 140.3 128.2
Prismane (MgHg, D3p) 145.3 113.8 109.4 93.8
Cubane (MgHg, Oy) 158.6 93.5 86.0 70.1

My, H, + (3n/2)MyHg — n(MH3)3MH.
HF/6-31G* for M = C and Si. HF/DZ(d) for M = Ge, Sn and Pb.
bThe HF/DZ(d) values are 140.3 (SizHy), 118.2 (SigHg) and 99.1 (SigHg) kcal mol~!.
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or tin atoms has again only a small effect on the relief of strain in the tetrahedrane
system. This is because three-membered germanium and tin rings are as highly strained
as three-membered silicon rings, as is apparent from the strain energies of cyclotrigermane
(39.4 kcalmol~!) and cyclotristannane (36.6 kcal mol~!)!# which differ only slightly from
that of cyclotrisilane (38.9 kcalmol~')!3; all of these strain energies are significantly
larger than that of cyclopropane (28.7 kcalmol~!)!3. However, the strain energies of hex-
asilaprismane and octasilacubane containing four-membered rings are further decreased
upon substitution of the silicon atoms by germanium and tin atoms. Such relief of strain in
the prismane and cubane systems reflects the fact that the strain energies of four-membered
rings decrease successively in the order: cyclobutane (26.7 kcalmol™!)!3 > cyclotetrasi-
lane (16.7 kcalmol~")!3 > cyclotetragermane (15.2 kcalmol~!)!* > cyclotetrastannane
(12.2 kealmol~1)!#. It is a general trend that the strain of polyhedral compounds is pro-
gressively relieved as the number of four-membered rings increases and the skeletal atoms
become heavier.

The above trend is also applicable to the larger members of the [n]prismane family
M2, Hp,, n > 4). As Figure 1 shows> 1015 the strain energies of persila[n]prismanes
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FIGURE 1. The strain energies of the tetrahedrane and [n]prismane system (Mp,H,) calculated at
the HF/6-31G* level for M = C and Si and the HF/DZ(d) level for M = Ge and Sn. Reprinted with
permission from Reference 10. Copyright 1995 American Chemical Society
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(Sip,Hpp) are 53.2 (n = 5), 70.1 (n = 6) and 141.0 (n = 8) kcal mol~! smaller than
those of the corresponding C;,H>,, and even more so as M changes from Si to Ge
and to Sn. The strain decreases when n increases from 2 to 5, because the number of
four-membered rings increases and the bond angles in the n-membered rings at the top
and bottom approach the ideal tetrahedral angle of 109.5°. However, the strain increases
sharply with a further increase in n from n = 5, despite the increasing number of four-
membered rings, because of the increasing deviation of the bond angles (120.0° for n = 6
and 135.0° for n = 8) in the n-membered rings from the tetrahedral angle. As a result,
the strain energy is the smallest when n = 5. This suggests that a persila[5]prismane
derivative is a reasonable synthetic target. It is interesting that a perstanna[5]prismane
derivative was recently synthesized and isolated'®.

The concept of ‘hybridization’ is most helpful for an intuitive and unified understanding
of the important differences in chemical bonding between carbon compounds and their
heavier analogues. The size of the valence 2s atomic orbital of a carbon atom is almost
equal to that of the 2p atomic orbitals, as measured by the atomic radii (r) of maximal
electron density: r, = 0.646 A and rp = 0.644 A7 However, the valence s and p atomic
orbitals differ successively in size for the heavier atoms: r, —rg = 0.203 (Si), 0.249 (Ge),
0.285 (Sn) and 0.358 (Pb) A!7. Therefore, the heavier atoms have a lower tendency to
form s—p hybrid orbitals with high p character, and they tend to maintain the ns> np?
electronic valence configuration®!*18. This property of the heavier atoms is favourable
for forming bond angles of ca 90° and thus for forming four-membered rings with low
strain. In contrast, formation of three-membered rings with bond angles of ca 60° becomes
unfavourable since hybrid orbitals with sufficiently high p character are essential for a
description of the ‘bent-bond’ orbitals'®.

This property is also reflected in the relative stability of the MgHg valence isomers. As
is well known, benzene (CqHg) has a unique stability due to cyclic delocalization of its
67 electrons and it is much more stable than its strained isomers such as Dewar benzene,
benzvalene and prismane!-2. However, this situation changes drastically in the heavier
system. As Table 2 shows, the heavier atoms prefer the isomers with a smaller number of
double bonds, since they must hybridize highly to form double bonds?®. As a result, the
saturated prismane structure becomes much more stable than the benzene structure as M

TABLE 2. Relative energies (kcal mol~!) of MgHg valence isomers

H H MH

M M _ PSS
HM 7\ MH HM | TMH MM HM MH

| | | N2 |

HM\M/MH HM\M/MH I_;M_M/H /MH

H H HM \MH
M Benzene Dewar benzene Benzvalene Prismane

Den Cay Cay Dsp

c? 0.0 81.1 74.9 117.6
Si® 0.0 (=0.0)° 4.1 -2.0 —8.1
GeP 0.0 (=9.1)¢ 1.8 —1.2 —13.5
Sn® 0.0 (=23.1)¢ —6.5 —11.0 —-31.3

4MP2/6-31G*//HF/6-31G*.
bMPZ/DZ(d)//HF/DZ(d) from Reference 15.
“Values in parentheses are for chair-like puckered structures of D3q symmetry from Reference 5.
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becomes heavier'>2122_ This creates another interesting difference between the chemistry
of carbon and in heavier congeners.

B. Bond Lengths and Angles

Figure 2 shows the calculated optimized structures of tetrasilatetrahedrane (SizHa),
hexasilaprismane (SigHg) and octasilacubane (SigHg) at the HF/6-31G* level!3. The Si—Si
bond lengths in SigH, are shorter than the single bond length of 2.352 A calculated for
H3Si—SiH3, and it increases in the order SizHy (2.314 A) < SigHs (2.359 A and 2.375 A)
< SigHg (2.396 A). It is interesting that the Si—Si bond lengths are shorter in the three-
membered rings than in the four-membered rings, as is also calculated for the monocyclic
rings: cyclotrisilane (2.341 A) vs cyclotetrasilane (2.373 A)1323 | This trend is enhanced
in the heavier compounds.

However, bond lengths are not necessarily correlated with bond strengths; the bonds
in three-membered rings are weaker than those in four-membered rings>. This is because
the heavier atoms are forced to hybridize to a considerable extent in order to achieve
and maintain the three-membered skeletons of a given symmetry, at the expense of a
large energy loss. To compensate for this energy loss, the bond lengths between skeletal
atoms shorten in order to form bonds as effectively as possible. However, the cost for
hybridization is too large to be offset just by bond shortening, leading to higher strain
and weaker bonds in the three-membered rings.

As a result of the high strain and weak bonds, the heavier polyhedral compounds
consisting of only three-membered rings easily undergo bond stretching or bond
breaking. As Figure 3 shows, for example, bicyclo[1.1.0]tetrasilane consisting of
two fused three-membered rings is subject to ‘bond-stretch’ isomerism?*2%, unlike
bicyclo[2.2.0]hexasilane consisting of four-membered rings which has only one isomer?*d.
The isomer with a longer central bond is more stable than that with a normal short bond
length. Since in the ‘bond-stretch’ isomer, two bridgehead hydrogens approach one another
closely to form a H—Si—Si bond angle of 93°, bulky substituents cannot be accommodated
at the bridgeheads. It is interesting that a bicyclo[1.1.0]tetrasilane derivative with a normal
central bond was synthesized by introducing bulky #-Bu groups at the bridgeheads®.

Tetrasilatetrahedrane was calculated to correspond to a local minimum on the potential
energy surface?’. However, because of the fusion of four three-membered rings it col-
lapses, almost without a barrier, by breaking two skeletal bonds, to an isomer having one
four-membered ring of tetraradical character?®. As shown schematically in Figure 4 (see
also Figure 3), it is general that bond stretching and bond breaking take place so as to
decrease the number of three-membered rings and instead increase the number of the less
strained four-membered rings.

1.464
(1.063)
144.8 (' si 130.4 k
(144.8) 2314 (1325)
(1.462)

FIGURE 2. The HF/6-31G* optimized geometries of SigHa, SigH¢ and SigHg; bond lengths in A
and bond angles in degrees. The values in parentheses are for the corresponding carbon compounds.
Reprinted with permission from Reference 13. Copyright 1995 The Chemical Society
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H H H H
\Si\_si/ \s'i—\—— -- —s./
\Siés/i \51/—\—5/1
H \H H H

FIGURE 4. Bond stretch in SigHy

C. Substituent Effects

Because of the high strain and weak bonds, the heavier three-membered rings may be
regarded as unfavourable as building blocks for polyhedral compounds. In this context,
it is important to disclose the role of substituents®192% As already mentioned, the strain
energy of cyclotrisilane (c-Si3Hg) is ca 10 kcalmol™! larger than that of cyclopropane
(c-C3Hg). As Table 3 shows, the strain energy decreases only by 1.3 kcal mol~! when the
H atoms are substituted by Me groups. In contrast, substitution by SiHz groups remarkably
decreases the strain energy, c-Si3(SiH3)e being 11 kcal mol~! less strained than c¢-SizHg,
reaching a strain energy as low as that of c-C3Hg. This suggests that even three-membered
rings are not unfavourable as building blocks when they bear suitable substituents.

Accordingly, the strain energies of polyhedral compounds can be also decreased remark-
ably by substitution, as shown in Table 3; the effect of SiH3 groups is again larger than
that of Me groups. Charge analyses show that the SiH3 group acts as an electropositive
substituent while the Me group is electronegative. The advantage of electron-donating

TABLE 3. Effect of substituents on the strain energies (kcal mol~!) at the HF/6-31G* level

R=H R =Me R = SiH3
Cyclopropane (c-C3Rg, D3p) 28.7 355 34.8
Cyclotrisilane (c-SizRe, D3p) 38.9 37.6 28.1
Tetrasilatetrahedrane (SigRy4, Tq) 140.9 134.6 114.5
Hexasilaprismane (SigRe, D3p) 113.8 105.6 95.7

Octasilacubane (SigRg, Oy) 93.5 88.9 77.9
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substituents over electron-accepting ones in the relief of strain is ascribed to the fact that
the increased negative charges on the skeletal atoms decrease the size difference between
valence s and p atomic orbitals and make s—p hybridization favourable. In addition, the
s—p promotion energies are also decreased by the increased negative charges at the skeletal
atomsY.

lll. SYNTHESIS
A. Substituents

The choice of substituents is of crucial importance for the successful synthesis and
isolation of polyhedral silicon compounds. The Si—Si bonds of the small-ring compounds
are readily oxidized because of the existence of high-lying orbitals and their inherent high
strain. Therefore, the full protection of the skeleton by bulky substituents is required to
suppress the attack by external reagents.

B. Precursors and Reducing Reagents

The most reasonable precursors for the synthesis of polyhedral silicons are halogenated
cyclotrisilanes and cyclotetrasilanes. Compounds of the RSiX3 and RSiX;—SiX,R types
can also serve as precursors of polyhedral silicons through the multi-step reactions when
the R group is judiciously selected. The steric bulkiness of the R group determines the
ring size and the shape of polyhedral silicons.

The role of metals as the reducing reagent is also crucial. In general, alkali metals such
as Li, Na, Na/K, K and lithium naphthalenide (LiNp) are employed as coupling reagents
for chlorosilanes. However, these reducing reagents are sometimes such powerful reagents
that they cleave the resulting Si—Si bond. In contrast, magnesium metal does not cleave
strained Si—Si bonds. Mg/MgBr, is a particularly useful reagent in this context. The
reactive species is presumed to be MgBr, where Mg is at oxidation state 4+13!. The first
step of the reaction involves one electron transfer from MgBr to the chlorosilane. For the
preparation of tetrasilatetrahedrane, 7-BuzSiNa was used as the electron transfer reagent’2.

IV. TETRASILATETRAHEDRANE

The reductive reaction of 1,2-bis(2,6-diisopropylphenyl)-1,1,2,2-tetrachlorodisilane (1)
with LiNp led to several products from which 4 was isolated after hydrolytic workup
(Scheme 1)%3. Compound 4 is believed to be formed by the hydrolysis of the intermediate
3, which arises from the cleavage of an Si—Si bond of the tetrasilatetrahedrane 2.

The intermediacy of 2 was confirmed by the formation of 1,2,5,6-tetrakis(2,6-diisopro-
pylphenyl)-1,2,5,6-tetrasilatricyclo[3.1.0.0>%Thexane (6) (Scheme 2)** in the reductive
coupling reaction of 2,6-triisopropylphenyltrichlorosilane (5) by the Mg/MgBr, reagent
(which was generated in situ by the reaction of Mg and BrCH,CH,Br). The tricyclic 6
is presumed to be derived from the insertion of ethylene (formed in situ, see Scheme 2)
into the reactive Si—Si bond of 2. None of 6 was formed after the complete removal of
ethylene from the reaction system.

As pointed out in Section IL.B, tetrasilatetrahedrane (SizR4) collapses with no signifi-
cant barrier to a ‘two-bond broken’ isomer when R = H, the latter being 37.3 kcal mol~!
more stable at the BLYP/6-31G* level!®28:34  This energy difference is decreased by
8.9 kcalmol~! with R = Me, but the two bonds still remain broken. However, when
R = SiH3, the ‘bond-stretch’ isomer is by only 10.4 kcal mol~! more stable than the cor-
responding tetrasilatetrahedrane, having only one bond stretched. As Figure 5 shows, the
structural features of the two isomers, especially the close contact between the substituents
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in the bond-stretch isomer, closely resembles the ‘bond-stretch’ isomer of bicyclo[1.1.0]te-
trasilane in Figure 3 (as well as of 3 in Scheme 1). It is therefore expected that it should be
possible to prepare a tetrasilatetrahedrane derivative by placing bulky silyl groups on the
stretched atoms. This has recently been beautifully accomplished by using the ‘supersilyl’
group (z-Bu3Si)32.
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FIGURE 5. Possible conversion of the ‘bond-stretch’ isomer to a tetrasilatetrahedrane upon replacement
of the substituents in circles by more bulky silyl groups. Reproduced with permission from Reference 10.

Copyright 1995 American Chemical Society
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The dehalogenation of #-Bu3Si—SiCl3 (7) with sodium at 80 °C led to the formation of
various products such as 1,2-bis(supersilyl)disilane (8) and tris(supersilyl)cyclotrisilane
(9). Bromination of 8 gave the tetrabromodisilane 10. By the reaction of
10 with the supersilyl anion (-BuszSiNa) in THF at —20°C, tetrakis(tri-¢-
butylsilyl)tricyclo[l.1.0.02'4]tetrasilane (11) was obtained as yellow-orange crystals
(Scheme 3)32. While the successful synthesis of 11 may be simply ascribed to the
stabilizing effect of silyl groups, it should be emphasized that the large steric size
of the #-BusSi groups also plays an important role by preventing the collapse of the
skeleton to the ‘bond-stretch’ isomer and by protecting it against reactive reagents!?.
The reaction mechanism that leads to 11 is not clear. However, the reactive disilyne
t-Bu3Si—Si=Si—SiBu-#3 which undergoes dimerization to give tetrasilacyclobutadiene,
thereby leading to 11, is a possible intermediate.

cl H H +-BusSi H

| | A
. . Na . . . . Si = Si
t-BusSi Si—Cl benzene -BusSi Si— Si— SiBus-t + H/ \/ \SiBH';-I
80 °C Si ‘
Cl H H N
-BusSi H
™ ® ©
t-BusSi

Br Br

. e t-Bu3SiNa
t-BusSi— Tl Tl SiBujz-t THE 1-Bu3Si— Si m—— 7 Si— SiBus-t
Br Br \Si
(10) ~
t-BusSi

an
SCHEME 3

Tetrasilatetrahedrane 11 is unexpectedly stable to water, air and light. It cannot be
reduced by sodium, but reacts with TCNE and Br,32. Unlike -butyl substituted tetrahe-
drane of carbon®3, 11 is thermally stable and its crystals do not melt below 350 °C. The
bulky 7-Bu3Si substituents evidently prevent the collapse of the tetrahedrane skeleton. UV-
Vis absorptions were observed at 210 (¢ = 76000), 235 (¢ = 71 000), 310 (¢ = 20000)
and 451 (¢ = 3600) nm.

Recrystallization of a mixture of 11 and hexa-z-butyldisilane from CgDg leads to
2(t — Bu3zSi)4Sige(t — Bu3Si)C¢Dg whose structure was established by X-ray crystal-
lography (Figure 6). The cubic unit cell contains two sets of four molecules of 11 (11A
and 11B). The skeleton has two different Si—Si distances of 2.320 and 2.315 A for 11A
and 2.326 and 2.341 A for 11B, while the Si—Si—Si bond angles in 11A and 11B are
59.9 and 60.4°, respectively. Their Si—Si bond lengths are somewhat longer than those
of 2.314 (HF), 2.328 (B3LYP), 2.314 (B3P) and 2.315 (MP2) A calculated for SigH,
at several theoretical levels!>3* with the 6-31G* basis, probably due to steric reasons.
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FIGURE 6. ORTEP drawing of tetrasilatetrahedrane (11). Reprinted with permission from
Reference 32. Copyright 1993 VCH

However, the Si—Si bonds in 11 are shorter than the typical single Si—Si bond (2.34 A).
The exocyclic Si—Si bonds of 2.355 and 2.365 A for 11A and 2.371 and 2.356 A for 11B
are stretched compared with the normal Si—Si bond. A tetragermatetrahedrane derivative
was also prepared by using the 7-BusSi substituent3®.

V. HEXASILAPRISMANE
A. Synthesis

For the synthesis of hexasilaprismane, tetrachlorodisilane (RSiCl,—SiCIl;R) and
trichlorosilane (RSiClz) are utilized as the starting compounds. The Mg/MgBr, reagent
is quite useful also for the synthesis of hexasilaprismane. A hexasilaprismane derivative,
hexakis(2,6-diisopropylphenyl)tetracyclo[2.2.0.0%°.0% Jhexasilane (12), was successfully
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prepared by the dechlorinative coupling reaction of 1,2-bis(2,6-diisopropylphenyl)-1,1,2,2-
tetrachlorodisilane (1) with the Mg/MgBr; reagent (Scheme 4)37. 12 was isolated as
orange crystals (mp > 220°C), by silica gel chromatography with hexane/toluene of
the reaction mixture. On the other hand, the reaction of 1 with LiNp did not give 12%3.
This demonstrates that the choice of the reducing reagent is critical, as mentioned in
Section IV. The reaction of (2,6-diisopropylphenyl)trichlorosilane (5) with Mg/MgBr>
also gave 12. The tricyclic derivative 6 was also formed in the presence of ethylene
(equation 1)33. In the solid state, 12 is thermally and oxidatively fairly stable; no change
is observed even after several months in air.

The 'H NMR spectrum of 12 at 25 °C shows that the two isopropyl and the aryl protons
are not equivalent due to the restricted rotation of the aryl groups. One set of the methine
protons appears at 3.45 ppm along with the two methyl protons at 0.64 and 1.10 ppm.
The other set of the methine protons appears at 4.82 ppm with the two methyl protons at
1.01 and 1.62 ppm. The barrier for the rotation of the aryl groups (AG#) was estimated

to be 16.5 kcal mol~""

B. Structure

Figure 7 shows the ORTEP drawing of the hexasilaprismane 1237, Its structural
parameters are listed in Table 4. The crystal has a two-fold axis of symmetry. The
skeleton has a slightly distorted prismane structure with two triangular units [Si-Si =
2.374-2.387 A (av. 2.380 A) and /Si—Si—Si = 59.8-60.3° (av. 60.0°)] and three
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rectangular units [Si-Si’ = 2.365-2.389 A (av. 2.373 A) and /Si—Si—Si’ = 89.6-90.5°
(av. 90.0°)]. The exocyclic Si—C, lengths are 1.901-1.920 A (av. 1.908 A). The
exocyclic bond angles are significantly expanded: /Si—Si—Cy = 126.9-138.7° (av.
133.5°) and /Si'—Si—Cy = 124.2-129.2° (av. 126.9°).

/
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12)
Mg + BrCH,CH,Br ——> MgBr, + CH,=CH,

All the Si—Si bonds in 12 are elongated from the normal Si—Si bond length (2.34 A),
but are shorter than those in cyclotrisilane (R;Si)3 (R = 2,6-dimethylphenyl: av.
2.407 A)*8. The Si—Si bond lengths of 12 are somewhat longer than those calculated
with the 6-31G* basis set for SigHg [2.359 (HF), 2.369 (B3LYP), 2.354 (B3P) and 2.356
(MP2) A for the triangular units and 2.375 (HF), 2.376 (B3LYP), 2.361 (B3P), and 2.361
(MP2) A for the rectangular units]'>34. The aryl planes are arranged in a screw-shaped
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TABLE 4. Selected bond lengths and bond angles of hexasi-
laprismane 12

Bond lengths A) Bond angles (deg)
Sil—Si2 2.374(2) Si2—Sil—Si3 60.3(0)
Sil—Si3 2.379(2) Si1—Si2—Si3 60.0(0)
Si2—Si3 2.387(2) Sil—Si3—Si2 59.8(0)
Sil-Sil’ 2.389(2) Si2—Si1—Sil’ 89.6(0)
Si2—Si3’ 2.365(2) Si3—Si1—Sil’ 89.9(0)
Si3—Si2 2.365(2) Sil—Si2—Si3’ 90.5(0)
Si—Cyr 1.901(7) Si3—Si2—Si3’ 90.4(0)

2

1.920(6) Si1—Si3—Si2’ 90.0(0)
Si2—Si3-Si2’ 89.6(0)
Si—Si—Cyr 126.9(2)

¢
138.7(2)
Si/—Si—Cy 124.2(2)

2
129.2(2)

FIGURE 7. ORTEP drawing of hexasilaprismane 12. Reprinted with permission from Reference 9.
Copyright 1995 Academic Press, Inc.

manner around the three-membered rings so that the skeleton is effectively ‘covered’ by
the six 2,6-diisopropylphenyl groups.

Table 5 summarizes the observed structural parameters of prismanes (MgRg, M = C,
Si, Ge) together with the calculated values for R = H. The M—M bonds within and
between the three-membered units are denoted by a and b, respectively. As calculated for
R = H'3!, 4 is shorter than b in prismane (CeHg>®) and its derivatives CgRg (R = Me?0
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TABLE 5. Structural parameters of prismanes comprising group 14 element

M R a(A) b (A) Method
C H 1.507 1.549 Caled.®
1.500 1.585 ED?
Me 1.540 1.551 ED¢ R. _R
] 4 M—|—M
SiMe; 1.510 1.582 XRD! ‘ IV
b
Si H 2359 2.375 Caled.®
i-Pr M —|— M
R™ .| "R
M
2.380 2373 XRD® |
(2.374-2.387)  (2.365-2.389) R
i-Pr
Ge H 2.502 2507 Caled/
i-Pr
2.503 2.468 XRD? ED: electron diffraction
(2.497-2.507)  (2.465-2.475)
i-Pr
/SiMe3
—C—H 2.580 2.522 XRD? XRD: X-ray diffraction

2.578-2.584 2.516-2.52
SiMes (2.578-2.584)  (2.516-2.526)

9From Reference 13.
’From Reference 39.
“From Reference 40.
4From Reference 41.
¢From Reference 37.
f From Reference 14.
8From Reference 4.

and SiMes*!). The calculation shows that the length difference between a and b decreases
significantly as M becomes heavier. Thus, |a — b| = 0.042 (CgHg), 0.016 (SigHg), 0.005
(GegHs) A. In this context, it is interesting that b is observed to be shorter than a in SigRg
(12: R = 2,6-i-PryCgH3) (a = 2.380 A, b =2.373 A) and GegR¢ [R = 2,6-i-PryCsH3?7,
a=2503 A, b =2.468 A; R = CH(SiMe3)»*, a = 2.580 A, b = 2.522 A].

C. Absorption Spectra

The prismanes with Si and Ge skeletons are yellow to orange. Figure 8 shows the
UV-Vis spectra of 12 and its germanium analogue. These prismanes have absorptions
tailing into the visible region. For example, 12 has an absorption band with a maximum
at 241 (e = 78000) nm tailing to ca 500 nm. The absorption band of GegRg (R = 2,6-i-
PryCgH3) has a maximum at 261 (¢ = 84000) nm, which is red-shifted compared to that
of 12 because of the higher-lying orbitals of the Ge—Ge bonds.
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FIGURE 8. Electronic absorption spectra of hexasilaprismane 12 and hexagermaprismane in hexane

D. Photochemical Reaction

Hexasilaprismane 12 is photosensitive. On irradiation in solution at low tempera-
ture, with light having wavelengths of 340-380 nm, new absorption bands appeared at
335, 455 and 500 nm assignable to the absorption bands of hexasila-Dewar benzene 13
(equation 2)37. Upon excitation of these bands with wavelengths longer than 460 nm, 12
was immediately regenerated. A single chemical species was produced during the photo-
chemical reaction since the bands of 12 and those assigned to 13 appeared and disappeared
simultaneously.

The folding angle of the parent hexasila-Dewar benzene (SigHg) with C», symmetry
is 120° at the HF/6-31G* level. The through-space interaction between the Si=Si dou-
ble bonds splits the # MOs into bonding (7s) and antibonding () sets, as shown in
Figure 92 Likewise, their 7* MOs split into w*g and 7* 5. The allowed transitions from
7s to *s and from 7 to w*5 correspond to the experimental absorption bands at 455
and 335 nm, respectively. The lowest energy transition from ma to 7*g is forbidden.
However, it is allowed if the C5, symmetry is lowered. The relatively weak absorption
at 500 nm is assigned to the wa —-7*g transition.

The hexasila-Dewar benzene 13 is thermally stable at —150 °C, but it gradually reverted
to the hexasilaprismane 12%3. The half-life is #; /2 = 0.52 min at 0 °C in 3-methylpentane.
The activation parameters for the isomerization of 13 to 12 are E, = 13.7 kcal mol !,
AH7 = 13.2 kcalmol~! and AS* = —17.8 calK~! mol~!. The small E, value is
consistent with the high reactivity of Si=Si double bonds. Most probably, the small
HOMO-LUMO gap of 13 makes it possible that the Si=Si double bonds undergo a
formally symmetry forbidden [2 + 2] thermal reaction. Hexasila-Dewar benzene is a key
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intermediate in the reductive oligomerization of RCI»SiSiCI,R and RSiCl3 (R = 2,6-i-
Pr2C6H3R).

12)

@)

13)

VI. OCTASILACUBANE
A. Synthesis

Trihalosilanes (RSiX3) and tetrahalodisilanes (RSiX;—SiX,R) bearing appropriate
substituents R can serve as precursors to octasilacubane by reductive coupling reactions.
As pointed out in Section II.C, the strain of octasilacubane is significantly decreased
by electropositive silyl groups®2°. Accordingly, a silyl-substituted octasilacubane, octa-
kis(z-butyldimethylsilyl)pentacyclo[4.2.0.0>.0%8.0*7 octasilane (16) was synthesized as
bright yellow crystals by condensation of 1,1,1-tribromo-2-¢-butyl-2,2-dimethyldisilane
(14) and 2,2,3,3-tetrabromo-1,4-di-z-butyl-1,1,4,4-tetramethyltetrasilane (15) with sodium
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in toluene (equation 3)3.

Br
| BuMesSi SiMe,Bu-t
Qi t- e,Si
1-BuMe,Si Tl Br t_BuMezgi 2 ' \ .~ SiMeaBu
| e
Br \Sic_Si/
(14) | I
or _ Na _ . :_Si— 781\
toluene Si Si .
o SiMe,Bu-¢
90 °C / N
Br Br +-BuMe,Si / SiMe,Bu-¢ 3)
| SiMe,Bu-t
t-BuMe,Si— Si— Si— SiMe,Bu-#
| | (16)
Br Br
as)

Alkyl-substituted octasilacubanes, octakis(z-butyl)octasilacubane (18a)** and octa-
kis(1,1,2-trimethylpropyl)octasilacubane (18b)*, were also prepared. The condensation
of t-butyltrichlorosilane with sodium in the presence of 12-crown-4 produced 18a as
a purple crystalline compound sparingly soluble in organic solvents (equation 4). On
the other hand, 18b was formed as red-orange prisms by the condensation of (1,1,2-
trimethylpropyl)trichlorosilane with sodium in toluene (equation 4).

| |
. Na
R— TI_X toluene Si Si 4
P W )
X Si si” x
/R \
R R R
(17a) R=1t-Bu (18a) R=rBu
(17b) R =CMe,CHMe, (18b) R =CMe,CHMe,

Aryl-substituted octasilacubanes 20 and 22 were prepared by the dechlorinative
reactions of ArCl;SiSiCl,Ar (equation 5) and of ArSiClz (equation 6), respectively.
Octakis(2,4,6-trimethylphenyl)octasilacubane (20) was isolated as orange crystals by a
dechlorinative reaction of 1,2-bis(2,4,6-trimethylphenyl)-1,1,2,2-tetrachlorodisilane with
Mg/MgBr, reagent (equation 5)*°. In a similar manner, 2,6-diethylphenyl-substituted
octasilacubane 22 was prepared by the reaction of (2,6-diethylphenyl)trichlorosilane (21)

with Mg/MgBr; (equation 6)*7. The cubane 20 is sparingly soluble in organic solvents,
whereas 22 is soluble.

B. Structure

Figure 10 shows the ORTEP drawing of the 1,1,2-trimethylpropyl-substituted octasi-
lacubane 18b*. Its skeleton is slightly distorted from an ideal cubic form by the steric
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congestion of the eight bulky 1,1,2-trimethylpropyl groups. The Si—Si bond lengths range
from 2.398(2) to 2.447(2) A, and the Si—Si—Si bond angles vary from 87.2(1) to 92.6(1)°.
X-ray diffraction analysis revealed that 18a also has a slightly distorted cubic structure:
the Si—Si bond lengths are 2.374-2.400 A (av. 2.390 A) and the Si—Si—Si bond angles

are 89.3-90.9° (av. 90.0°)*®,
Me Me
(|31 (|Il
Me Si Si Me
| |
Cl Cl
Me Me

THF| Mg/ MgBr,

19)

Me Me
Me Me Me s
Me ®)
Me Mey ¢ Me
Si Si
/ I / Me
Si Si
Me
Me
Si Si
Me / / /
Si Si Me
Me Me
Me
Me
Me Me Me
M
Me ¢

(20)
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FIGURE 10. ORTEP drawing of octasilacubane 18b. Reprinted with permission from Reference 45.
Copyright 1992 VCH
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Figure 11 shows the ORTEP drawing of 2,6-diethylphenyl-substituted octasilacubane
2247 Its structural parameters are listed in Table 6. The X-ray structure indicates that its
skeleton is almost perfect cubic. The Si—Si—Si bond angles are 88.9-91.1° (av. 90.0°).
The Si—Si bond lengths are in the range of 2.384-2.411 A (av. 2.399 A), somewhat
longer than the normal Si—Si bond length (2.34 A). The Si—Si bond lengths of 22 are in
close agreement with those calculated for SigHg of 2.396 (HF/6-31G™), 2.398 (B3LYP/6-
31G*), 2.383 (B3P/6-31G*) and 2.385 (MP2/6-31G*) A!314. The exocyclic Si—C, bond
lengths of 1.911 A (av) are somewhat longer than the normal Si—C bond length (1.88 A).
The Si—Si—C, bond angles of 124.4° are significantly expanded due to the endocyclic
angular constraint. The aryl substituents form dihedral angles of ca 90° between the
benzene ring and the Si—Si bond: ring (Sil)/Sil-Si4’, ring (Si2)/Si2-Si3, ring (Si3)/Si3-
Si2" and (Si4)/Si4-Sil being all ca 90°. As a result the cubic skeleton of 22 is effectively
protected by the eight 2,6-diethylphenyl groups.

Octasilacubanes (SigHg) bearing alkyl, aryl and silyl substituents of various sizes were
calculated using the semiempirical AM1 method (Table 7)!%48. X-ray structures are avail-
able for R = 2,6-Et,C¢H3*7, CMe;CHMe,* and r-Bu**P. Both the calculated and the
X-ray structures show almost perfect cubic skeletons. In addition, the experimental skele-
tal Si—Si bond lengths are reasonably well reproduced by the calculations, taking into
account the overestimation of the Si—Si bond distances by ca 0.05 A. As Table 7 shows,
the O;, symmetry of SigHg is lowered as the substituents become more bulky. Never-
theless, all of the calculated structures still retain relatively high symmetry (Table 7), in
contrast with the available experimental structures in crystals. This suggests that packing
forces significantly affect the favourable conformations of bulky substituents around the
cubane skeleton, probably because the energy loss due to the conformational changes is
very small.

As Table 7 shows, the skeletal bond lengths increase by 0.02-0.05 A upon substitution
by alkyl and aryl groups. This bond lengthening is somewhat enhanced as the substituents
become more bulky: e.g. 2.446 A (R = Ph) vs 2.470 A (R = 2,6-Et,CgHz3). There is also
a good correlation between the Si—Si bond lengthening and the increased positive charges
on the skeletal atoms (Table 7). The skeletal bonds are lengthened even on substitution by
the small Me group. It appears that both steric and electronic effects are responsible for

FIGURE 11. ORTEP drawing of octasilacubane 22. Reprinted with permission from Reference 9. Copy-
right 1995 Academic Press, Inc.
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TABLE 6. Selected bond lengths and bond angles of octasi-
lacubane 22

Bond lengths (A) Bond angles (deg)
Sil—Si2 2.384(2) Si2—Sil—Si4 90.8(0)
Si2—Si3 2.399(2) Si2—Sil—Si4’ 90.3(0)
Si3—Si4 2.411(2) Si4—Sil-Si4’ 91.1(0)
Si4—Sil 2.400(2) Sil—Si2—Si3 89.8(0)
Sil—Si4/ 2.406(2) Sil—Si2—Si3’ 90.3(0)
Si2—Si3’ 2.396(2) Si3—Si2—Si3’ 89.1(0)
Si—Cyr 1.900(7) Si2—Si3—Si4 90.2(0)

¢ Si2—Si3—Si2/ 90.8(0)
1.924(7) Si4—Si3—Si2’ 89.9(0)
Sil—Si4—Si3 89.1(0)
Sil—Si4—Sil’ 88.9(0)
Si3—Si4—Sil’ 89.4(0)
Si—Si—Cy 120.7(2)
14
128.3(2)

TABLE 7. Symmetries, Si—Si bond lengths, charges and HOMO energies of octasilacubane deriva-
tives (SigRg) calculated at the AM1 level®

R Symmetry Si—Si (A) Charge® HOMO (eV)
H On 2.421 0.045 (0.068) —9.70 (—8.13)
Me On 2.437 0.255 (0.343) —8.68 (—6.65)
t-Bu D, 2.445 0.264 (0.481) —8.68 (—6.71)
CMe,CHMe, Dy 2.462 0.242 (0.435) —8.54 (—6.51)
Ph Dy 2.446 0.366 (0.393) —8.26 (—6.27)
2,6-Et,CsH3 Cy 2.470 0.343 (0.389) —8.22 (—6.31)
Si(SiH3)3 D 2414 0.021 (0.054) —9.22 (—=7.99)
SiH; On 2.402 —0.216 (—0.115) —9.48 (—8.14)
SiMe, CHMe, Dy 2.408 —0.324 (—0.188) —8.48 (—7.08)
SiMe; On 2.395 —0.343 (—0.185) —8.47 (—7.09)
SiF; On 2.391 —0.539 (—0.313) —9.81 (—10.89)

“In parentheses are the HF/3-21G* values calculated on the AM1 optimized structures.

bAverage skeletal bond lengths.
¢Average Mulliken charges on the skeletal atoms.

the skeletal bond lengthening. It is noteworthy that substitution by alkyl and aryl groups
raises the HOMO levels (localized on the skeletons) and therefore is expected to increase
the reactivity. This makes the presence of bulky groups very important since they can
fully protect the cubane skeleton, as clearly shown in Figure 12.

Table 7 reveals that the skeletal bond lengths tend to shorten with an increase in the
negative charges on the skeletal atoms due to silyl substituents, regardless of their steric
bulk. This is also confirmed by the geometry optimization at the HF/3-21G* level of
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FIGURE 12. Examples of the steric protection of the cubic silicon skeleton by phenyl and 2,6-
diethylphenyl groups. The 2,6-diethylphenyl group is apparantly more effective for steric protection.
Reprinted with permission from Reference 10. Copyright 1995 American Chemical Society

TABLE 8. Calculated data for octasilacubane derivatives (SigRg) optimized at
the HF/3-21G* level

R Symmetry Si—Si (A Charge® HOMO (eV)
H O 2.386 0.065 —8.23
Me On 2.391 0.328 —~7.05
SiHj3 O 2.383 —0.112 —8.31
SiMe; Oy, 2.390 —0.169 —7.45
SiF; O, 2.369 —0.373 —10.42

“Mulliken charges on the skeletal atoms.

several substituted octasilacubanes as shown in Table 8'%#8. The SiF3 group which places
the largest charge on the skeletal silicon atoms provides the shortest skeletal bond lengths
and the lowest HOMO level while the SiMes-substituted octasilacubane has a relatively
high HOMO level.

The geometries of CgHg* and MgRg (M = Si*’, Ge*” and Sn’, R = 2,6-Et;C¢H3) are
compared in Table 9. The M—M—M bond angles in MgRg range from 89-91°, indicating
that all these skeletons are almost perfect cubic. The M—M bond lengths of 2.399 A for
Si, 2.490 A for Ge and 2.854 A for Sn are in close agreement with those calculated for the
corresponding MgHg (2.382 A for Si, 2.527 A for Ge and 2.887 A for Sn)!4. The range
of the M—M—Cj, bond angles increases in the order: 121-128° for Si <120-130° for
Ge <117-133° for Sn. This implies that the steric congestion between the neighbouring
ligands is relaxed by the longer M—C,, bond as M becomes heavier: 1.911 A for Si
<1.982 A for Ge <2.193 A for Sn.

C. Absorption Spectra

All cubanes of Si, Ge and Sn are coloured from yellow to purple. The silyl substituted 16
is yellow?, while the z-butyl substituted 18a is purple**. A diffuse reflection absorption
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TABLE 9. Structural parameters of cubanes comprising group 14 elements

R R
R \ R /
\ /M—/-,M
M — [ | M=C,R=H; Et
|/!—|jM M =Si, Ge, Sn, R-A@
M —\ N
A v R Et
R R R
CgHg SigRg” GegRg SngRg®
M-M (A)
X-ray 1.551 (av.) 2.399 (av.) 2.490 (av.) 2.854 (av.)
(1.549-1.553) (2.384-2.411) (2.478-2.503) (2.839-2.864)
Calculated?  1.559 2.382 2.527 2.887
M—Cqy (A) 1.06 (av.) 1.911 (av.) 1.982 (av.) 2.193 (av.)
M-M-M (*) 89.3-90.5 88.9-91.1 88.9-91.1 89.1-91.1
M—M—Car (°) 123-127 121-128 120-130 117-133

“From Reference 49.
bFrom Reference 47.
“From Reference 50.
dFrom Reference 14.

spectrum of 18a shows a broad absorption between 450 and 650 nm**. The colour
of 18b is red-orange*. The UV/Vis spectrum of 18b exhibits absorption bands at 252
(e = 30800), 350 (¢ = 850) and around 500 (¢ = 70) nm, as shown in Figure 1345,
The aryl substituted 20 and 22 are orange. The spectrum depends on the type of the
aryl substituent*0:47. Thus, 20 exhibits three absorption bands at 246 (¢ = 73000), 280
(€ = 48500) and 379 (¢ = 4900) nm™*®, while 22 shows bands at 234 (¢ = 87000), 284
(e = 42000) and 383 (¢ = 5000) nm, as shown in Figure 14*7. The absorption band at
around 240 nm is attributed to the o —o* transition, while the absorption at around 280 nm
is caused by transition from a o -7 mixing between the orbitals of the Si—Si o bonds and
the aromatic 7 orbitals.

The lowest energy absorption is forbidden when the cubane has high symmetry, but
becomes weakly allowed when the symmetry is lowered. CNDO/S calculations show
that the spectrum shape in the low energy region depends strongly on the substituents>!.
Among t-butyl-, trimethylsilyl- and phenyl- substituted octasilacubanes, the #-butyl sub-
stituted cubane 18a has the lowest energy absorption band.

Octasilacubanes were used as a model in an attempt to understand the optical properties
of porous silicon because both porous silicon and octasilacubane show a broad photolu-
minescence spectra and large Stokes shifts’2. 16 for example, shows an absorption edge
at ca 3.2 eV and a broad photoluminescence spectrum with a peak at 2.50 eV.

D. Reactivity

The kinetic stability of octasilacubanes depends strongly on the steric bulkiness of the
substituents. The silyl-substituted 16 is stable in an inert atmosphere, but is oxidized in air
to give colourless solids>. The 1,1,2-trimethylpropyl-substituted 18b is very stable even
in air and survives for two weeks in the solid state*. The aryl-substituted 20 and 22 are

gradually oxidized in the atmospheric air*®-47,
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16: R = 1-BuMe,Si( - )
18: R = CMe,CHMe, (—)
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e
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FIGURE 13. Electronic absorption spectra of octasilacubanes 16 and 18b in hexane. Reproduced with

permission from Reference 45. Copyright 1992 VCH
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FIGURE 14. Electronic absorption spectrum of octasilacubane 22 in hexane
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Despite its low oxidation potential of 0.43 V [vs saturated calomel electrode (SCE)
in CH,Cl,], 18b is very air-stable. Upon irradiation of 18b in the presence of dimethyl
sulphoxide with a high pressure mercury lamp, 9-oxaoctasilahomocubane (23) and 5,10-
dioxaoctasilabishomocubane (24) were formed (equation 7)33. Without irradiation, neither
23 nor 24 was formed even at 115°C.

R
R R R \ R R
N RO W Sim=—]=si
R . —_— . - .7
N /‘/Sl Si Si
Si Si DMSO, hy / |
=¥ e 0
‘ | ‘ cnzene \ Sl Sl
S | === S S E—gi””
< R
Si Si / R
1 ‘ :
R R 23)
7
(18b) R ® @)
R = CMe,CHM R N R
= CMe,CHMe, W Sim=—[=si

24

The chlorination of 18b with PCls results in skeletal rearrangement to give three
streoisomers of 4,8-dichlorooctakis(1,1,2-trimethylpropylytetracyclo[3.3.0.0>7.03-¢]octa-
silanes (25) (equation 8)°*. Three stereoisomers (endo-exo, exo-exo, endo-endo) were
isolated in a pure form and characterized by X-ray diffractions. The mechanism by which
25 is formed is not clear, but the first step involves the electrophilic attack by PCls on the
strained Si—Si bond, followed by an intramolecular skeletal rearrangement. Bromo and
iodo derivatives of 25 are also formed by the reactions of 18b with Br, and with L3,

R R R\ R
\ R R
R e X . v
o Sim=[=si o Sin | _sitny
| —C J\,\r81 Si
‘ | g R ‘
—_—
benzene
Si=—]=—Si S | = S ®)
P h
Si si” N §if—gi” N
/o v R VA v R
R R R R R R
(18b) [X]="PCls, Brp, I, (25)

R = CMe,CHMe, X=Cl,Br,1
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Reductive dehalogenation of 25 with a large excess of sodium metal at 110-120°C in

toluene reverted to 18b with formation of a reduced product 26 (equation 9)%. Interest-
ingly, all of the three isomers could be used as precursors to 18b.

R R
R R R R
X \Si / Sirrr R \Si —/— Si/
TG NG NGl
o i i < Si Si
R Na |
toluene
SiLSi/ I\R SiLSi/ l\R
/ N / N
J R R ¥ R R
(18b)
(25) ©
R = CMe,CHMe, R\ R R
— H/ i ..\
X=Cl, Br, I //,.S_/Sl\/./s‘\
LS Si H
R
+ Si Si
Pl Was
Si— Si\/
R/ R R
(26)

VII. 2°Si NMR SPECTRA

NMR spectroscopy is a powerful tool for structural analysis. The chemical shifts of poly-
hedral silicons range from —22 to 39 ppm. The >?Si chemical shifts of tetrasilatetrahedrane
1132, hexasilaprismane 1237 and octasilacubanes (167, 18a**®, 18b*, 20% and 22%7) are
listed in Table 10.

29Si NMR spectroscopy of 12 in solution demonstrated that the six skeletal silicons are
equivalent, with a single resonance appearing at —22.3 ppm. However, cross polarization
magic-angle spinning (CPMAS) 2%Si NMR in the solid state shows two signals at —22.2
and —30.8 ppm with relative intensity of 2 : 137. Similarly, CPMAS 2°Si NMR of 18a

TABLE 10. %Si NMR chemical shifts of poyhedral silicon compounds

Polyhedral silicon Si (ppm) Solvent
[(z-Bu)3Si]4Sig 11 38.89 (53.07 for Si(¢-Bu)3) Ce¢Dg
(2,6—i—Pr2C6H3)6Si6 12 —-22.3 C6D6
(t-BuMe, Si)gSig 16 —35.03 (5.60 for -Bu Me,Si) Ce¢Dg
t-BugSig 18a 13.04 o-xylene-dg
(Me,CHCMe»)sSig 18b 22.24 CsDg
(2,4,6-Me3CgH» )5 Sig 20 0.99 CDCl3

(2,6-Et,CH3)gSig 22 0.36 CeDg
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gives two peaks at 6.6 and 10.6 ppm with relative intensity of 1 : 2*42, The solid state
29Si NMR spectra of 12 and 18a indicate that in distorted skeletons the silicon atoms are
non-equivalent.

The static solid-state NMR can produce a broad pattern to give the three principal
values of the shielding tensors for polyhedral silicons. Figures 15 and 16 show the static
powder spectra of octasilacubane 22 and of the hexasilaprismane 12, respectively®. The
values of the o011, 022 and 033 tensors are given in Table 11 together with the calculated
values for the methyl substituted compounds®”.

The principal axis of 22, the least shielded principal value (o7; = 80 ppm), corresponds
to the diagonal of the cube in the direction parallel to the substituent. The other two axes
corresponding to 022 and 033 are perpendicular to this axis and must have the same value.
However, due to the different orientations of the 2,6-Et;C¢Hy4 groups, o2, and 0,3 are
not equivalent. This is readily understood from the crystal structure of 22, as shown in
Figure 11. The isotropic chemical shift (ois) of —0.3 ppm is consistent with the 2°Si
chemical shift in solution of 0.36 ppm. The remarkable deshielding of o071 is probably
attributable to the paramagnetic term which is mainly caused by the low excitation energy,
as depicted in Figure 14. As shown in Table 11, 22 shows an anisotropy spread (011 —033)
of 134 ppm. This is somewhat larger than those for ordinary cyclotetrasilanes®s.

O

| I T I 1 I 1
100 0 -100 ppm

FIGURE 15. Static solid state 2°Si NMR spectrum of octasilacubane 22
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FIGURE 16. Static solid state 2°Si NMR spectrum of hexasilaprismane 12

TABLE 11. Experimental and calculated principal values of shielding tensors for hexasilaprismane
and octasilacubane

Tensors (2,6-i-PryCeH3)eSis 12 MegSis (D3n)®  (2,6-EtaCeH3)sSis 22 MegSis (Op)*
o1l 98 101 80 86

o 18 92 27 -35

o33 -182 -221 —54 -35

Giso —22 —29 03 4.8
o1 — 033 280 322 134 121

4GIAO-B3LYP calculations at B3LYP/6-31G (d) optimized geometries. The basis sets are 6-311G(3d) for Si and
6-311(d) for C and H.

In 12, the principal axis corresponding to ¢33, the most shielded principal value
(—182 ppm), is perpendicular to the three-membered rings. High shielding in this
direction can be found in all types of cyclotrisilanes®®. The hexasilaprismane 12 has
an unprecedented spread anisotropy of 280 ppm; a high value of 322 ppm is also found
theoretically for MegSig (Table 11).

Viil. SPHERICAL CAGE COMPOUNDS

According to Figure 1, the strain energies of persila[n]prismanes increase highly with an
increase in n because the bond angles in the n-membered rings at the top and bottom of the
persila[n Jprismanes deviates greatly from the ideal tetrahedral angle. In persila[10]prismane
(27, SizgHyp), the bond angles are as large as 144.0°. This great deviation from tetrahedral
angles is reflected in the large strain energy of 252.1 kcalmol™!, although this value is
much smaller than that of 492.1 kcal mol~" for CooHao'%13. For SipgHag, the less strained
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(27) (28) 29

FIGURE 17. Three isomers of SiooHpo having the [10]prismane, pagodane, and dodecahedrane struc-
tures. Reprinted with permission from References 10. Copyright 1995 American Chemical Society

FIGURE 18. SigoHgo with I}, symmetry. Reprinted with permission from Reference 8. Copyright 1993
IUPAC

[1.1.1.1]pagodane (28) and dodecahedrane (29) structures shown in Figure 17 are 200 and
220 kcal mol~! more stable than 271915, In the Iy, cage structure of 29, skeletal silicons
can form bond angles close to the ideal tetrahedral value and consequently the strain
energy become as small as 32.3 kcal mol~!. This is considerably smaller than the value
of 43.6 kcalmol~! for dodecahedrane. It may be an interesting challenge to chemists to
synthesize persiladodecahedrane!%- 13, as it was once to synthesize dodecahedrane®.

In view of the great progress in the chemistry of fullerenes (spherical carbon clus-
ters consisting of pentagonal and hexagonal rings, C,), the silicon analogues are also
interesting. It has been suggested that silicon clusters (Si,) have a tendency to take on
fullerene-like cage structures as the cluster size increases, as do carbon clusters®°, The
diameter (11.1 A%02) of the hollow spherical cage of Sigp is much larger than that of
Ceo (7.1 A1), In addition, the electrons of Sigg are more polarizable, as expected from
the higher HOMO and lower LUMO levels: —6.5 and —2.1 eV for Sigo®* vs —8.0 and
—0.3 eV for Cgo2. The complete hydrogenation of Sigy leads to the saturated SigoHeo
molecule, as shown in Figure 18. The strain energies of SiggHgp equal to 114 (AM1) and
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207 (HF/DZ/HE/DZ) kcalmol~! calculated from the homodesmotic reactions are much
smaller than that of 530 (AM1) kcal mol~! for C¢oHgo. This may reflect the fact that Sig
is significantly less strained than Cego.

IX. EPILOGUE

Polyhedral silicon compounds were once thought to be synthetically inaccessible. How-
ever, this view has been drastically changed in the last few years through a close interplay
of theoretical predictions and experimental tests. Many new types of polyhedral com-
pounds including Si, Ge and Sn have been synthesized, characterized and isolated, showing
novel structures and properties which are often unexpected from the carbon counterparts.
These accomplishments have greatly enhanced our understanding of the bonding nature
in the heavier systems.

X. ACKNOWLEDGEMENT

We thank Professors Hideki Sakurai, Robert West and Zvi Rappoport for helpful
discussions and useful advise. We are also grateful to C. Kabuto, T. Yatabe, S. Doi
and H. Kamatani for their experimental contributions and to K. Kobayashi, M. Nakano,
T. Kudo, M. Souma and M. Nagashima for theoretical calculations. This work was
supported in part by a Grant-in-Aid from the Ministry of Education, Science, Sports,
and Culture of Japan.

XIl. REFERENCES

A. Greenberg and J. F. Liebman, Strained Organic Molecules, Academic Press, New York, 1978.
A. T. Balaban, M. Banciu and V. Ciorba, Annulenes, Benzo-, Hetero-, Homo-Derivatives, and
Their Valence Isomers, CRC Press, Florida, 1987.
3. H. Matsumoto, K. Higuchi, Y. Hoshino, H. Koike, Y. Naoi and Y. Nagai, J. Chem. Soc., Chem.
Commun., 1083 (1988).
4. A. Sekiguchi, C. Kabuto and H. Sakurai, Angew. Chem., Int. Ed. Engl., 28, 55 (1989).
5. S. Nagase, Polyhedron, 10, 1299 (1991).
6. A. Sekiguchi and H. Sakurai, in The Chemistry of Inorganic Ring Systems (Ed. R. Steudel),
Chap. 7, Elsevier, New York, 1992.
7. H. Sakurai and A. Sekiguchi, in Frontiers of Organogermanium, -Tin and -Lead Chemistry. (Eds.
E. Lukevics and L. Ignatovich), Latvian Institute of Organic Synthesis, Riga, 1993.
8. S. Nagase, Pure Appl. Chem., 65, 675 (1993).
9. A. Sekiguchi and H. Sakurai, Adv. Organomet. Chem., 37, 1 (1995).
10. S. Nagase, Acc. Chem. Res., 28, 469 (1995).
11. L. R. Sita, Acc. Chem. Res., 27, 191 (1994).
12. K. B. Wiberg, Angew. Chem., Int. Ed. Engl., 25, 312 (1986).
13.  S. Nagase, M. Nakano and T. Kudo, J. Chem. Soc., Chem. Commun., 60 (1987).
14. S. Nagase, Angew. Chem., Int. Ed. Engl., 28, 329 (1989).
15. S. Nagase, K. Kobayashi and T. Kudo, Main Group Metal Chem., 17, 171 (1994).
16. L. R. Sita and 1. Kinoshita, J. Am. Chem. Soc., 113, 1856 (1991).
17. 1. P. Desclaux, At. Data Nucl. Data Tables, 12, 311 (1973).
18.  W. Kutzelnigg, Angew. Chem., Int. Ed. Engl., 23, 272 (1984). For a similar trend for group 15
elements, see: S. Nagase, in The Chemistry of Organic Arsenic, Antimony and Bismuth Compounds
(Ed. S. Patai), Chap. 1, Wiley, New York, 1994.
19. D. Cremer, J. Gauss and E. J. Cremer, J. Mol. Struct. (Theochem), 169, 531 (1988).
20. For the successful synthesis of silicon-silicon double bonds, see:
(a) R. West, Pure Appl. Chem., 56, 163 (1984).
(b) G. Raabe and J. Michl, Chem. Rev., 85, 419 (1985).
(c) R. West, Angew. Chem., Int. Ed. Engl., 26, 1201 (1987).

N —



21.

22.

23.

24.

25.

26.

45.

3. Polyhedral silicon compounds 151

(d) G. Raabe and J. Michl, in The Chemistry of Organic Silicon Compounds (Eds. S. Patai and
Z. Rappoport), Chap. 17, Wiley, New York, 1989.

(e) R. Okazaki and R. West, in Adv. in Organomet. Chem., 39, 232 (1996).

(a) S. Nagase, T. Kudo and M. Aoki, J. Chem. Soc., Chem. Commun., 1121 (1985).

(b) A. Sax and R. Janoschek, Angew. Chem., Int. Ed. Engl., 25, 651 (1986).

(c) A. Sax and R. Janoschek, Phosphorus Sulfur, 28, 151 (1986).

(d) S. Nagase, H. Teramae and T. Kudo, J. Chem. Phys., 86, 4513 (1987).

(e) N. Matsunaga and M. S. Gordon, J. Am. Chem. Soc., 116, 11407 (1994).

For a similar trend for group 15 elements, see: K. Kobayashi, H. Miura and S. Nagase, J. Mol.
Struct. (Theochem), 311, 69 (1994).

For several experimental and calculated data, see: T. Tsumuraya, S. A. Batcheller and
S. Masamune, Angew. Chem., Int. Ed. Engl., 30, 902 (1991).

(a) P. v. R. Schleyer, A. F. Sax, J. Kalcher and R. Janoschek, Angew. Chem., Int. Ed. Engl., 26,
364 (1987).

(b) T. Dabisch and W. W. Schoeller, J. Chem. Soc., Chem. Commun., 896 (1986).

(c) W. W. Schoeller, T. Dabisch and T. Busch, Inorg. Chem., 26, 4383 (1987).

(d) S. Nagase and T. Kudo, J. Chem. Soc., Chem. Commun., 54 (1988).

(e) J. A. Boatz and M. S. Gordon, J. Phys. Chem., 93, 2888 (1989).

(f) D. B. Kitchen, J. E. Jackson and L. C. Allen, J. Am. Chem. Soc., 112, 3408 (1990).

(g) J. A. Boatz and M. S. Gordon, Organometallics, 15, 2118 (1996).

For calculations of the Ge, Sn and Pb analogues, see:

(a) S. Nagase and M. Nakano, J. Chem. Soc., Chem. Commun., 1077 (1988).

(b) T. Kudo and S. Nagase, J. Phys. Chem., 96, 9189 (1992).

(a) S. Masamune, Y. Kabe, S. Collins, D. J. Williams and R. Jones, J. Am. Chem. Soc., 107, 5552
(1985).

(b) R. Jones, D. J. Williams, Y. Kabe and S. Masamune, Angew. Chem., Int. Ed. Engl., 25, 173
(1986).

(a) D. A. Clabo, Jr. and H. F. Schafer III, J. Am. Chem. Soc., 108, 4344 (1986).

(b) A. F. Sax and J. Kalcher, J. Chem. Soc., Chem. Commun., 809 (1987).

(c) A. F. Sax and J. Kalcher, J. Comput. Chem., 10, 309 (1989).

S. Nagase and M. Nakano, Angew. Chem., Int. Ed. Engl., 27, 1081 (1988).

S. Nagase, K. Kobayashi and M. Nagashima, J. Chem. Soc., Chem. Commun., 1302 (1992).

M. Kaupp and P. v. R. Schleyer, J. Am. Chem. Soc., 115, 1061 (1993).

(a) M. Gomberg, Recl. Trav. Chim. Pays-Bas, 48, 847 (1929).

(b) M. Gomberg and W. E. Bachmann, J. Am. Chem. Soc., 49, 236 (1927).

(a) N. Wiberg, C. M. M. Finger and K. Polborn, Angew. Chem., Int. Ed. Engl., 32, 1054 (1993).
(b) N. Wiberg, C. M. M. Finger, H. Auer and K. Polborn, J. Organomet. Chem., 521, 377 (1996).
A. Sekiguchi, S. Doi and H. Sakurai, to appear.

S. Nagase and K. Kobayashi, to appear.

G. Maier, Angew. Chem., Int. Ed. Engl., 27, 309 (1988).

N. Wiberg, W. Hochmuth, H. N6th, A. Appel and M. Schmidt-Amelunxen, Angew. Chem., Int.
Ed. Engl., 35, 1333 (1996).

A. Sekiguchi, T. Yatabe, C. Kabuto and H. Sakurai, J. Am. Chem. Soc., 115, 5853 (1993).

S. Masamune, Y. Hanzawa, S. Murakami, T. Bally and J. F. Blount, J. Am. Chem. Soc., 146, 1150
(1982).

R. R. Karl, K. L. Gallaher, Y. C. Wang and S. H. Bauer, unpublished results cited in J. Am. Chem.
Soc., 96, 17 (1974).

R. R. Karl, Y. C. Wang and S. H. Bauer, J. Mol. Struct., 25, 17 (1975).

A. Sekiguchi, K. Ebata, C. Kabuto and H. Sakurai, to appear.

S. Nagase, A. Sekiguchi, S. Doi and H. Sakurai, to appear.

A. Sekiguchi, T. Yatabe, S. Doi and H. Sakurai, Phosphorus, Sulfur, and Silicon and the Related
Elements, 93 & 94, 193 (1994).

(a) K. Furukawa, M. Fujino and N. Matsumoto, Appl. Phys. Lett., 60, 2744 (1992).

(b) K. Furukawa, M. Fujino and N. Matsumoto, J. Organomet. Chem., 515, 37 (1996).

(c) H. Tachibana, M. Goto, M. Matsumoto, H. Kishida and Y. Tokuda, Appl. Phys. Lett., 64, 2509
(1994). However, the crystal structure reported by Tachibana and coworker was questioned by
K. Furukawa, M. Fujino and N. Matsumoto, Appl. Phys. Lett., 66, 1291 (1995).

H. Matsumoto, K. Higuchi, S. Kyushin and M. Goto, Angew. Chem., Int. Ed. Engl., 31, 1354
(1992).



152

46.
47.

61.

62.

Akira Sekiguchi and Shigeru Nagase

A. Sekiguchi, S. Doi and H. Sakurai, to appear.

A. Sekiguchi, T. Yatabe, H. Kamatani, C. Kabuto and H. Sakurai, J. Am. Chem. Soc., 114, 6260
(1992).

K. Kobayashi and S. Nagase, to appear.

E. B. Fleischer, J. Am. Chem. Soc., 86, 3889 (1964).

L. R. Sita and I. Kinoshita, Organometallics, 9, 2865 (1990).

K. Furukawa, H. Teramae and N. Matsumoto, 65th Annual Meeting of Japan Chemical Society,
Tokyo, March 1993, Abstract I 4F 342 (1993).

(a) Y. Kanemitsu, K. Suzuki, H. Uto, Y. Masumoto, T. Matsumoto, S. Kyushin, K. Higuchi and
H. Matsumoto, Appl. Phys. Lett., 61, 2446 (1992).

(b) Y. Kanemitsu, K. Suzuki, H. Uto, Y. Masumoto, K. Higuchi, S. Kyushin and H. Matsumoto,
Jpn. J. Appl. Phys., 32, 408 (1993).

(c) S. Kyushin, H. Matsumoto, Y. Kanemitsu and M. Goto, J. Phys. Soc. Jpn., 63, 46 (1994).
(d) Y. Kanemitsu, K. Suzuki, M. Kondo, S. Kyushin and H. Matsumoto, Phys. Rev. B, 51, 10666
(1995).

M. Unno, T. Yokota and H. Matsumoto, J. Organomet. Chem., 521, 409 (1996).

M. Unno, K. Higuchi, M. Ida, H. Shioyama, S. Kyushin and H. Matsumoto, Organometallics, 13,
4633 (1994).

M. Unno, H. Shioyama, M. Ida and H. Matsumoto, Organometallics, 14, 4004 (1995).

A. Sekiguchi, S. Doi, H. Sakurai and R. West, to appear.

S. Nagase, to appear.

(a) R. West, J. D. Cavalieri, J. Duchamp and K. W. Zilm, Phosphorus, Sulfur, and Silicon and the
Related Elements, 93 & 94, 213 (1994).

(b) J. D. Cavalieri, R. West, J. C. Duchamp and K. W. Zilm, J. Am. Chem. Soc., 115, 3770 (1993).
L. A. Paquette, Chem. Rev., 89, 1051 (1989).

(a) S. Nagase and K. Kobayashi, Chem. Phys. Lett., 187, 291 (1991).

(b) S. Nagase and K. Kobayashi, Fullerene Sci. Technol., 1, 299 (1993).

(c) K. Kobayashi and S. Nagase, Bull. Chem. Soc. Jpn., 66, 3334 (1993).

(d) Z. Slanina, S.-L. Lee, K. Kobayashi and S. Nagase, J. Mol. Struct. (Theochem), 312, 175
(1994).

K. Hedberg, L. Hedberg, D. S. Bethune, C. A. Brown, H. C. Dorn, R. D. Johnson and M. de
Vries, Science, 254, 410 (1991).

J. Cioslowski and E. D. Fleischmann, J. Chem. Phys., 94, 3730 (1991).



CHAPTER 4

Thermochemistry

ROSA BECERRA

Instituto de Quimica Fisica ‘Rocasolano’, CSIC, C/Serrano, 119, 28006 Madrid,
Spain

and
ROBIN WALSH

Department of Chemistry, University of Reading, Whiteknights, PO Box 224, Reading
RG6 6AD, UK

I INTRODUCTION . ... . e e e e 154
II. COMPOUNDS OF TETRAVALENT SILICON . .................. 155
A. General Considerations, Additivity Rules and Electronegativity
Correlations . ... ... ... 155
1. Bond additivity . .. ... ... ... ... 155
2. Group additivity . ... ... ... 156
3. Enthalpy/electronegativity correlations . ................... 157
B. Experimental Data and Preferred AH® Values ................. 158
1. Silicon hydrides (Si/H) .. ....... ... ... 158
2. Alkyl and related organosilanes (Si/C/H) .. ................. 159
3. Halogen-containing organosilanes (SVC/H/X) . ............... 164
4. Oxygen-containing compounds (Si/C/H/O) .. ................ 164
5. Nitrogen-containing compounds (Si/C/H/N) . ................ 166
6. Other organosilicon compounds . .. ...................... 166
III. FREE RADICALS AND BOND DISSOCIATION ENTHALPIES . ... .. 166
A. General Comments . ................tiiiiii 166
B. Experimental Data: Measured Dissociation Energies and
Radical Enthalpies of Formation . .. ......... ... ... .. ..... 167
C. Derived Bond Dissociation Energies . .. ..................... 169
IV. OTHER SILICON-CONTAINING SPECIES . ................... 171
A. Silylenes . . ... 171
I SiHo .o 171
2. MeSiH ... 172
3. MenSi Lo 172

153



154 Rosa Becerra and Robin Walsh

4. HaSiSiH . . . . . e 173

5. Silicon dihalides . .. ... ... .. .. . . .. ... 173

B. m-Bonded Species . ... ... ... 174

1. Sila-alkenes . . . ... ... . ... 174

2. Disilene . ... e 175

3. 81lanone ... ... 175

V. APPENDIX . .. .. . 176
VI. REFERENCES . . . .. .. . 177

. INTRODUCTION

A knowledge of molecular heats of formation and chemical bond dissociation energies
has always been regarded as fundamental to the understanding of chemical structure and
reactivity. This chapter deals with the extent and reliability of our knowledge of these
quantities for silicon-containing compounds. The information and material presented here
represent an update of an earlier review! in this series on the same subject. Whilst we were
surveying the work published in the intervening seven years since the previous review,
we were initially struck by how few experimental papers there were in this area. Indeed
we even wondered whether, with the shortage of material, a review was justified. There
is no doubt that the traditional science of calorimetry has virtually died out. Just a few
laboratories in the world are left in this area. Equilibrium studies also have dropped out of
fashion, in the direct sense, but if this is taken to include kinetic studies of matched pairs
of forward and reverse processes, then the view is not so bleak. In this article, as in the
previous one! and other reviews?°, we have always taken the view that thermochemistry
should be inclusive of information derived from as wide a range of techniques and sources
as possible. As anticipated, the impact of theoretical calculations through the development
and implementation of molecular orbital theory ab initio methods has been substantial.
Calculations of heats of formation through widespread use of computerized packages have
become sufficiently routine that many experimental groups use them as a supplement to
interpretation of their results. The quality of these calculations appears to have reached
a point where they can seriously challenge experimental numbers in some cases (but see
caveat below). Thus, in sum, there appears to be sufficient new information, including
revisions of earlier results, to make this enterprise worthwhile. But if current trends
continue we foresee both a benefit and a danger. The benefit is the increasing ease of
calculation of once difficult-to-obtain thermochemical quantities. The danger will be the
shortage of a sufficiently broad foundation of reliable experimental values with which to
secure the theoretical edifice.

This chapter concentrates on results rather than the details of experimental techniques.
These can be found either in the reviews! ~© already mentioned or in original articles.
Nevertheless it is worth recording that the application of oxygen-bomb calorimetry to
organosilicon compounds continues to pose problems. The difficulties have been much
discussed"” and led to exclusion of most of the older (pre-1970) data on heats of
formation® from earlier data compilations’-® (with one exception!?). In the last decade or
so the group of Voronkov has developed and exploited a method designed to overcome
earlier problems of incomplete combustion, whereby the sample is initially vaporized
prior to ignition. The initial results of these studies were flagged in our earlier review!,
and since then a series of seven papers has appeared covering the thermochemistry of
polyalkylsilanes'!, polyalkoxysilanes'!, organylsilatranes'?, S-containing alkoxysilanes
and silatranes'3, silacyclobutanes (siletanes)'#, oligocyclosiloxanes'3, silylamines'® and
cyclosilazanes'”. These are an impressive series of studies and almost all of the data looks
extremely self-consistent. The difficulty is that in some selected cases there are differences
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with either published data from other sources or reasonable chemical expectations (vide
infra). This leads to the suspicion that in spite of the claims, there may still be some
unassessed source of systematic error in the method. Unfortunately most of the papers do
not give sufficient experimental details to enable such an evaluation. This is one of the
continuing problems of data republished in western journals from largely unread Russian
original sources. Data from other laboratories are relatively sparse and we reiterate that
there is still a crying need for more, and reliable, experimentation in this field.

Amongst the theoretical calculations on organosilicon thermochemistry the work of
Melius’ group is noteworthy!3723. For each species a total atomization enthalpy is cal-
culated by means of fourth-order Moller—Plesset (MP4) perturbation theory using the
6-31G*™* basis set at the HF/6-31G* calculated geometry. Bond additivity corrections
(BAC) are then applied to these enthalpies to overcome the deficiencies of truncated
wave functions and incomplete basis sets. These corrections require the use of experi-
mental data on reference compounds. Thus the theory is not ‘pure’ in the sense of totally
independent of experiment. Nevertheless the range of species and variety of compounds
explored is impressive as is the general consistency and agreement with experiment.
Melius and coworkers have studied compounds of Si/H!8 19 Si/C1'8, Si/H/C1'8, Si/F20,
Si/H/F?°, Si/H/N/F!, Si/C/H?2, Si/C/CI/H?3, Si/O/H/C?* and Si/O/H?.

In addition to our previous reviews of this subject, there is a recent review of theoretical
investigations of the thermochemistry of organosilicon compounds?®. An article on three
methods to measure RH bond energies by Berkowitz, Ellison and Gutman?” is a valuable
up-to-date source of many bond dissociation energies and Chatgilialoglu’s article”® on
structural and chemical properties of silyl radicals contains a useful discussion of silyl
radical thermochemistry. In this review we have tried to concentrate on the recent work,
but inevitably there is some overlap with the earlier review'. This is necessary to bring
out a number of data comparisons. If the coverage in some parts is a little thin, due to
shortage of new data, readers are urged to refer to the previous article'. We have structured
this review similarly to the previous one for ease of back reference. As previously, all
standard enthalpies of reaction or formation refer to the gas phase at 298.2 K.

Il. COMPOUNDS OF TETRAVALENT SILICON

A. General Considerations, Additivity Rules and Electronegativity
Correlations

It is now widely recognized that enthalpies of formation for each compound do not
exist in isolation from one another. They can be judged by how well they fit into additivity
schemes. Most authors of both experimental and theoretical papers recognize this. There
are many additivity schemes, but most of them are variants on the same theme. We have
used the laws of bond and group additivity devised by Benson and colleagues® 3! to
assess organosilicon compounds! and we again take this approach here.

1. Bond additivity

The law of bond additivity?® states that for a bond redistribution (or disproportionation)
reaction (these days called an isodesmic reaction) such as:

281X, Y4y =— San+1Y37n + SiX,-1Y5-,

overall thermodynamic changes (such as AH®) should be zero. Another way of stating
this (for enthalpy changes) is to say that X- for -Y replacement enthalpies in a sequence
of SiX,, Y4—, compounds should be constant. For X = Me, Y = H, i.e. the methylsilanes,
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TABLE 1. Standard enthalpies of formation (AH¢ /kJmol~!) of
fluoro- and chlorosilanes

Compound Experiment” Theory

SiH3F —377+42 —359b, —35804
SiHsF» —791 £33 —779%, —780¢, —777¢
SiHF3 —1200 £ 21 —1206%, —1208¢, —12044
SiFy4 —1615+ 1

SiH3Cl —136 £ 10 —134¢, —134¢
SiH,Cl, —315+38 —310¢, —311°¢
SiHCl3 —499+ 6 —489¢, —490°¢

SiCly —663+5

4 Reference 3. PReference 32. “Reference 20. ¢Reference 33. ¢Reference 34.

this is known to work very welll»*. This is not altogether surprising since the Si—C and
Si—H bonds in these compounds are not very polar. A more demanding test is to examine
silyl halides where X =F, Y=H or X=Cl, Y = H.

Enthalpies of formation of these compounds are listed in Table 1. Experimental values
are taken from one of our earlier reviews®: values listed by JANAF> are in essential
agreement (within experimental error). For the SiH,,F4_,, series, apart from AH;° (SiFy),
there is very little experimental information and the recommended values have been
obtained by interpolation. Theoretical values are, however, all in close agreement with
one another. The disproportionation enthalpies (kJ mol™1) are —27 (SiH3F), —6 (SiH2F»)
and 416 (SiHF3) based on the values of Ignacio and Schlegel’?. Although not zero
(as they would be if bond additivity were obeyed), they are relatively small and follow
the same trend as for the analogous CH,F4_, series®. Thus the theoretical values for
AH;° (SiH,F4_,) (uncertainties quoted at + 8 KkJ mol~1) are certainly more reliable than
experiment at the present time. For the SiH, Cls_, series, experimental and theoretical
values are in reasonable agreement (except for SiHCl3, see below). The disproportionation
enthalpies (kJ mol™1) are: for SiH3Cl, —9.6 (expt), —8 (theory); for SiH,Clp, —4.6 (expt),
—1.7 (theory); for SiHCl3, +21 (expt), +4 (theory). Here the values follow the same
trends as for both SiH, F4_,, and CH,Cls_,>!, whether experimental or theoretical values
are used. Our expectation would be that the disproportionation values should be less for
SiH, Clsy_, than for SiH, F4_,. This seems to be the case except for SiHCI3. This suggests
that the experimental value for AH° (SiHCl3) may be slightly too low, although it has
been determined by several groups’. For redistribution reactions involving other groups
on silicon, we would thus expect bond additivity to work quite well, with deviations not
exceeding the values just discussed.

2. Group additivity

The effectiveness of group additivity as a means to calculate unknown AH;° values
depends on an extensive data base. The data base has been substantially enlarged in recent
years by the work of Voronkov and coworkers!! =172 who have shown good consistency
using the Tatevsky!7" as well as a version of Benson’s additivity schemes?. Because we
have reservations about some of the data from Voronkov’s work (vide infra) and because
there are not enough independent checks, we do not feel that substantial extension of the
existing set of group contributions' is a worthwhile exercise. However, in the Appendix
we provide a table showing the current values of the group contributions. These are slightly
modified from previously! to provide a best fit to the data recommended in this review.
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3. Enthalpy/electronegativity correlations

Starting from the classic work of Pauling®®, there have been many attempts to link quan-
titative measurements of bond energies (and reaction enthalpy changes) to fundamental
properties of the bonded atoms, such as electronegativity. One of the most recent, by Luo
and Benson®”-38 employs a new scale of electronegativity called ‘unshielded core poten-
tial” or more simply ‘covalent potential’, V. In a series of papers®’ ~*°, Luo and Benson
have applied the covalent potential to the correlation of enthalpies of formation and argued
that it is more successful in this exercise than other scales of electronegativity**. Some of
these papers have been devoted to organosilicon compounds*! 744, The correlations are
generally good and have been exploited by Luo and Benson*? to obtain new AH® values
for Me3SiF, Me3SiNH, and Me3SiSH and a revised AH¢° value for SiH3I. In addition,
they have suggested a revision of AH{® (SizHg)**. These claims led us to examine the
correlations more closely*®. Our conclusion is that, while this scale may be used gener-
ally to correlate the thermochemistry of silicon and organosilicon compounds, it has to
be exercised with caution, particularly where the availability of data is very limited.

We can illustrate this with the example of the correlation of A; = [AH{°(SiH3X) —
AH;°(HX)] versus V. This is shown in Figure 1. The original plot of Luo and Benson*2
featured X = H, I, Br, Cl, F. We have added X = SiH3 and CHj3. The ‘best fit’ line
ignores the points we have added. For X = I the fit is clearly not good and this supports
revision of AH¢® (SiH3I). For X = SiH3, the situation is more complicated. Luo and

60
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FIGURE 1. Correlation of selected AH;° differences (A, kJ mol~!) with covalent potential, V(AN
O, direct differences , A1; X, scaled differences, A/ p (see text for definition of p). Primed substituents
(H',SiH},CHY) indicate compounds with scaled differences
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TABLE 2. Standard enthalpies of formation (AH¢°/kJ mol~1)
for selected silicon compounds obtained by correlations with the
covalent potential

Compound Luo and Benson® Re-evaluated”
MesSiF —572 —568
Me;3SiNH; —289 —291
MesSiSH —269 —273
SiH31 +9.2 +8.6

aReference 43. PReference 46, see text.

Benson®**? argue that the true correlation test requires the use of a parameter p (=

number of H atoms in the HX molecule), such that the real correlation should be between
Ai/p and Vy, not Ay and V,. Thus A(X = H) = [AH{°(SiH4) — AH¢°(Hy)] is
divided by 2 and A (X = SiH3) = [AH¢(SiaHg) — AH¢°(SiHy)] is divided by 4. If the
deviation of the X = SiH3 point is taken as significant, then to fit perfectly requires the
suggested alteration™ in AH £°(SioHg). We have added the further point Aj(X = CH3) =
[AH°(SiH3CH3) — AH¢°(CH4)] and we note that (even after division by 4) the departure
from the plot is significant and well beyond any experimental error. Our conclusion is
thus that these correlations have to be treated with caution. There may be deep-seated
factors causing them to break down for too wide a range of examples. For species of a
similar kind (e.g. the halides) they seem to be all right. The revision of AH¢°(SiH3]) is
supported by the correlation®? of Ay = [AH°(Me3SiX) — AH°(SiH3X)] versus V, for
X =1, Br, Cl and F. The values of AH¢° for Me3SiF, Me3SiNH, and Me3SiSH were
obtained from the correlation®® of A3 = [AH;°(Me3SiX) — AH°(CH3X)] versus V, for
X =1, Br, CI and OH. For both these correlations, the examples where X = H, SiH3
and CHj3 deviate substantially, attributed in the case of Az vs V¥ to pr—d, bonding.
We have tried*® to extend these ideas to Ay = [AH{ Me3SiX) — AH¢°(HX)] versus
V and find the correlation neither so good, nor the deviations easily interpretable. Luo
and Benson** extended the use of V, to calculate group additivity values and enthalpies
of formation for SiMe,,H3_,,X compounds. This would be a very worthwhile exercise
if the data base were more substantial, but with so few concrete values this exercise is
dependent on too few reliable figures. The values obtained by Luo and Benson are shown
in Table 2, together with minor revisions found by us*® by use of slightly revised original
data in the correlation plots.

B. Experimental Data and Preferred AH;° Values
1. Silicon hydrides (Si’H)

The heats of formation of silane?’, disilane*’ and trisilane*® were determined in an
explosive decomposition calorimeter by Gunn and Green in the 1960s and, apart from
a small revision of the reference enthalpy of formation of amorphous silicon® are not
thought to be in serious error. However, it is interesting to note that in the most state-
of-the-art theoretical calculations yet performed on the silicon hydrides, SiH,, Grev
and Schaefer®® have suggested the possibility of error in AH°(SiHy). Specifically they
have calculated the atomization enthalpy of SiH to be ca 6.2 kJmol~! higher than
experiment35 . Thus the difference AH¢°(Si)— AH¢°(SiHy) needs to be raised to match the
theory. The combined experimental uncertainties of these quantities is +8.2 kJ mol~! and
so the discrepancy is within experimental error. Nevertheless, this points to the fact that
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TABLE 3. Standard enthalpies
of formation (AH¢"/kJ mol~!) of

silanes

Compound AH™
SiHy 343+ 12
SixHe 80 £ 1.5
SizHg 121 £ 44

@Reference 1.

refinement of uncertainties in AH¢°(SiH4) and AH°(Si) would be a worthwhile exper-
imental exercise. The current values for SiHy4, SipHg and SizHg are shown in Table 3.
They form a consistent set and are reasonably matched by the theoretical calculations
of Ho and coworkers'®, Sax and Kalcher’® and Leroy and coworkers®!. As mentioned
already Luo and Benson** have questioned the value of AH°(SioHg) in Table 3 and
suggested instead a figure less than 64.9 kI mol~! based on empirical correlations. There
is no other evidence in favour of this figure, and it is clearly inconsistent with the other
silicon hydrides.

2. Alkyl and related organosilanes (Si/C/H)

There are no new experimental data for the methylsilanes since the earlier review!. The
original data are listed in Table 4. It is worth re-emphasizing that the listed values are

TABLE 4. Standard enthalpies of formation (AH £ /KY mol’l) of methyl, ethyl and
propyl silanes

Compound Experiment Additivity?©4 Ab initio
SiHy 34.3 £2.0
MeSiH; —29.1 4+ 4.0° —29.1¢ —28.57, —30.5%, —26.8!
Me,SiH, —94.7 + 4.0 —94.7¢ —94.6/, —97.1%, —96.2!
Me;3SiH —163.4+4.0° —163.4 —163.6/, —164.8
Me,Si —233.243.2¢ —233.2

—229 + 3.0/
EtSiH3 —1438 —46.1¢ —37.7¢, =34.3!
PrSiH3 —66.8¢ —61.5¢
EtSiH>Me —111.7¢ —106.3¢
Et,SiH, —182+ 6" —128.7¢ —117.2¢
i-PrSiH3 —73.3 —59.0!
-BuSiH3 —86.6
Et3SiH —201 + 15" 214.4

—217.5+5f
Pr3SiH —280 + 6/ —276.5
MeSiHEt, —200 + 5/ —197.4
MeSiHPr, —240 + 6/ —238.8
MeSiHPr-is —255+6/ —251.8¢
EtSiHPr, —259 + 6/ —255.8
EtSiHPr-is —270 + 6/ —268.8

4Reference 35. UReference 4. _“Reference 52. dReference 1. Reference 53. S/ Reference 11.
8Reference 54. "Reference 9. ‘Used to fix additivity groups. /Reference 26. KReference 22.
IReference 51.
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related to, and therefore dependent upon, Steele’s value>® for AH° (Me4Si) of —233.2 4+
3.2 kJmol~!. This is supported by a more recent value from Voronkov and coworkers'!
of —229 4 3 kImol~!, virtually within experimental error. Theoretical calculations using
isodesmic reactions2® and BAC-MP4 calculations by Allendorf and Melius2? are in essen-
tial agreement, although just as with the experimental data for MeSiH3, Me,SiH; and
MesSiH, they are pinned to the value for AH°(Me4Si). Semi-empirical® and empirical
correlations™ are also in reasonable agreement.

For higher alkylsilanes there have been recent combustion measurements by Voronkov
and coworkers'! of a variety of trialkyl and tetraalkylsilanes. These are shown in Tables 4
and 5. Included also are some of the older data listed in earlier compilations®*. We have
pointed out in the previous review! and elsewhere’? the unreliability of these data on
ethylsilanes on the basis of lack of fit to additivity rules! and also to ab initio val-
ues combined with homodesmic reactions. The data of Voronkov are truly astonishing.
Tables 4 and 5 include only organosilane molecules with alkyl groups up to C3. This
publication!! contains 30 triorganyl and 14 tetraorganyl silanes. Within the cited data
the fits to group additivity! show very small deviations. Indeed, if the Si—(C)3(H) group
value were lowered by 2.6 kI mol~! and the Si—(C)4 group value raised by 4 kJ mol~! all
compounds would fit to better than +2 kI mol~! (see Table 27 in the Appendix for group
values). Within the total data set, almost none of the evaluated experimental enthalpies of
atomization deviates by more than 2 kJ mol~! from values calculated on the authors” own
additivity scheme (similar to groups increments). It is somewhat frustrating that the authors
do not provide more details in their papers. The authors have seemingly republished
their results in the Journal of Organometallic Chemistry after the original publications in
Izvestiya Akademii Nauk SSSR®. The data, however, are not identical between the two
publications (see Table 5), and many more compounds appear in the second publication.
What is a pity is that there is no reference to the earlier publication’® in the second!!,
nor any mention of the changes (albeit small) in the values listed or error limits obtained.
The biggest change (47 kJ mol~!) in Table 5 is the value for AH{°(Pr3SiMe). This value
was the one previously furthest out of line with the authors’ additivity scheme.

Apart from the importance of the individual data, increments which reveal aspects of
bonding are particularly significant. We previously! emphasized the importance of the
methyl to ethyl increment of —17 kJmol~!, which was based on an earlier analysis*
of electronegativity trends and found to be consistent with the data of Voronkov and
coworkers!!%%. Luo and Benson***! suggest —13 kImol~! from their own analysis on

TABLE 5. Standard enthalpies of formation (AH; /kJmol~!) of tetraalkylsilanes

Compound Voronkov and coworkers® Voronkov and coworkers” Additivity©
Me4Si —230+6 —229+3 —233
Et;SiMe; —264+6 —263+£5 —267
Et3SiMe —287+5 —281+£5 —284
EtSi —297+6 —297+£5 —301
Pr,SiMe; —-305+7 —306+£5 -309
Pr3SiMe —-350+7 —343+£5 —346
PrSiEt3 —-319+6 —322
Pr,SiEt, —342+6 —341+£5 —343
Pr3SiEt —360+ 6 —363
Pr4Si —-379+6 —378+£5 —384

dReference 56. PReference 11. Reference 1.
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metal alkyl enthalpies of formation. An even less negative value of —5.4 (10.5) kJ mol~!
has been recently suggested by Jardine and coworkers®’. The ab initio calculations of
Boatz, Gordon and Walsh>? give —8.8 kimol~! for this quantity and those of Leroy
and coworkers®! —7.5 kImol~!. To be able to use the additivity rules with confidence
there is a considerable need to confirm the value of this quantity, which corresponds to
the group value C—(Si)(C)(H),>. Another group which comes from fitting the Voronkov
data is C—(Si)(C)2(H) which has the value —4.2 kImol~!, but for which Luo and
Benson** recommend +7.1 kImol~!. The theoretical work of Leroy and coworkers>!
implies +12.9 kJ mol~'.

We have commented previously1 on AH¢°(Me3SiCoH3) and AH¢°((CoH3)4Si), deter-
mined by Voronkov and coworkers' 3. The interest here concerns whether there is any
thermochemical evidence for a d,, —p type interaction between the Si atom and the 7-bond
of the vinyl group. The combustion values for these compounds suggest that it should
be ca 65 kJmol~! per vinyl group which we previously questioned'. Our argument was
based on enthalpies of hydrogenation. There are no new thermochemical data on these
compounds since the last review!. However, two sets of theoretical calculations by Allen-
dorf and Meliuszz, and Ketvirtis and coworkers® bear on this question. The relevant data
are shown in Table 6. This shows that there is relatively little difference between estimates
based on enthalpies of hydrogenation (or isodesmic reactions) and the ab initio calcula-
tions for the model compounds, vinyl- and ethynylsilane. Thus it would be surprising if
the experimental thermochemical data were correct here. Electron diffraction studies of
Me;SiCoH3%3 reveal no structural (or geometrical) evidence of any special interaction. It
is also worth adding that there is no evidence for any strong m-type interaction between
the phenyl ring and the Si atom in tetraphenylsilane'.

One very useful experimental number to have been obtained recently is that for
AH{°(Me3SiSiMes) = 303.74 5.5 kImol~! by reaction solution calorimetry®. This
involved measuring AH° for the reaction Br + Me3SiSiMes — 2Me3SiBr. The reaction
stoichiometry was verified and the calorimetry carried out under conditions with each
reagent independently in excess, and furthermore AH¢’(Me3SiBr) was checked by
measurement of the hydrolysis enthalpy of Me3SiBr [to give (Me3Si)2O] which was
in agreement with the literature value. It is gratifying to see this important quantity now
reliably established, after our plea in the previous review!. This compound provides one
of the reference points in bond dissociation energy discussions and also for establishing
silylene thermochemistry. Prior to this measurement, values for AH;°(Me3SiSiMes)
ranged from —295 to —359 kimol~!. One of us®® was responsible for one of the
less accurate earlier values (—347 kJmol_l), while the better estimates, from kinetic

TABLE 6. Standard enthalpies of formation (AH¢ /kJ mol~!) of vinyl and
ethynyl substituted silanes

Compound Experiment? Additivity? Ab initio

(C2H3)4Si —81.6+6.8 +199

Me;3SiCoHs —190+5 —125

H,C=CHSiH3 79 £ 6¢ 86.6 +4.2¢
84.5/, 108 £ 15¢

HC=CSiH3 243 4 84 221.8 £4.6°

215/, 253 £ 13"

9References 11 and 56. ’Based on AH® (hydrogenation) and isodesmic reac-

tions. “Reference 59. “Reference 60. ¢Reference 22. / Reference 58. $Reference 61.
Reference 62.
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TABLE 7. Standard enthalpies of formation (AH ¢ /kImol=1) of methy] substituted disilanes

Compound Experiment” Allen scheme“ Kinetics” Ab initio©
SiHg 80.3£1.5 80.3

MeH; SiSiH3 18.4 20.9 18.0
Me, HSiSiH3 —45.8 —46.0 —48.5
MeH,SiSiH,Me —43.6 —37.7 —43.9
Me;SiSiH3 —111.8 —112.5 —116.3
Me, HSiSiH,Me —-107.7 —104.2 —110.0
Me;SiSiH,Me —173.7 —172.8 —176.6
Me, HSiSiHMe, —171.8 —171.1 —174.9
Me;SiSiHMe, —2379 —240.6 —244.8
MesSiSiMes —303.7+5.5 —303.9 —313.8 —313.8

dReference 64. PReference 55. ‘Reference 66.

studies, were provided by O’Neal and coworkers®>. The details of the discussion
of AH¢°(Me3SiSiMes) may be found in the original references! 236465 and are not
reproduced here (they may provide aficionados with some entertainment on the subject
of how scientists try to cope in the absence of concrete information!). The values have
been used to derive AH¢® values for the partially methylated disilanes. These values
are reproduced in Table 7 together with the theoretical (ab initio) values of Boatz and
Gordon®. Other theoretical values®! for some of these disilanes are less accurate.

The situation for strained silicon-containing ring compounds has become if anything,
more confusing since the previous review!. The only new experimental data, are those for
a series of siletanes!# (silacyclobutanes), shown in Table 8. From these, strain enthalpies
in the range of 109-120 kimol~' can be calculated. These are slightly larger than an

TABLE 8. Standard enthalpies of formation (AH°/kJ mol~!) of
some siletanes and their strain enthalpies

Compound Experiment” Strain enthalpy”

—Si
-23.0 109.4

_Ti:l —85.0 1172

|
—S\i:( —110.0 1222

—3Si
—113.0 119.2

i
u

4Reference 14. "Based on Group Additivity; see Table 27 and Reference 31.
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TABLE 9. Standard enthalpies of formation (AH{ /kJmol™') and strain
enthalpies (kJ mol~") of some silacycloalkanes® and their 1,1-dimethyl derivatives

Compound AH{®  Strain enthalpy ~ AH¢" (1,1-dimethyl compound)
additivity experiment
—108.7 & 6"
Siletane 39 103 -99 —138 £ 11¢
—82.8 & 5.9¢
—85.0°
Silacyclopentane ~ —66 19 —204 —182 + 12°
Silacyclohexane =~ —88 17 —227

4For silirane see Table 10. ?Reference 68. “Reference 9. YReference 69. ¢Reference 14.

ab initio estimate (at the MP2/6-31G* //3-21G* level) by Gordon and coworkers 267 of
103 kImol~!, and also those corresponding to a number of other experimentally based
AH;¢° values shown in Table 9. For 1,1-dimethylsiletane, the experimental values for
AH{° correspond to strain enthalpies in the range 64-120 kJmol~!. The most recent
analyses’®7! of the kinetics of the thermal decomposition of this compound require a
value of the strain enthalpy of 92 & 12 kimol~! corresponding to a AH;° value of
—110 12 kI mol~!. For this reason we are still inclined to prefer Steele’s (unpublished)
value®® of —108.7 £ 6 kImol .

The need for thermochemistry for the three membered rings, silirane and silirene, is
also driven, in part, by the desire to understand the complexities of gas-phase kinetics,
in this case of addition reactions of SiH, with CoH4° and CoH,%0 (these reactions are
more experimentally accessible than the reverse reactions of the thermal decompositions of
silirane and silirene). Theoretical modelling of the pressure dependencies of rate constants
has been used to obtain approximate (£12 kJ mol~!) estimates of AH¢® values for these
rings. These values are very consistent with those of the ab initio calculations of Gordon
and coworkers®2%7-72 shown in Table 10. These values correspond to ring strain enthalpies
of ca 167 kI mol~! (silirane) and 207 kI mol~! (silirene).

It has long been assumed that ring strain enthalpies are functions of the ring alone and
independent of substituents. However, recent evidence suggests that for methyl-substituted
siliranes this may not be so. Berry’* has found that hexamethylsilirane has a strain enthalpy
of ca 237 kJmol~! from a study of the kinetics of its decomposition: studies in our labs’>
also suggest increased ring strain in 2-methyl, 2,2-dimethyl and 1,1-dimethyl siliranes,
compared with silirane itself.

TABLE 10. Standard enthalpies of formation
(AH{ /KImol~™!) of three-membered silicon

heterocycles
Compound Ab initio Experiment
1264
Silirane 1440 124 £ 127
153 £ 6°
Silirene 2894, 302¢ 289 + 128

dReferences 52 and 67. YReference 73. ¢Reference 61.
dReference 72. ¢Reference 62. / Reference 59.
8Reference 60.
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TABLE 11. Standard enthalpies of formation (AHfO/kJ mol_') of methylchloro-
silanes and methyl (hydrido) chlorosilanes

b

Compound Recommended” Gadzhiev + Agarunov Ab initio®
Me;SiCl —354+3 —354+3 —361+4
Me;SiCly —466 £ 10 —464+2 —476 + 4
MeSiCl3 —569 + 11 —585+4 —577+4
MeSiH,Cl —-210+7 — —-210+4
MeSiHCl, —393+9 —414+3 -394 +4
Me,SiHCl —282+3 —305+3 —285+4

dReference 1. PReference 76. “Reference 23.

3. Halogen-containing organosilanes (Si/C/H/X)

There are virtually no new experimental data on this class of compounds. Earlier exper-
imental data were discussed in detail in the previous review!. The only new information
is the BAC-MP4 calculated data of Allendorf and Melius? for the chloromethylsilanes.
These are compared with our earlier recommended values!' in Table 11, which shows
agreement within the stated uncertainties.

A new enthalpy of hydrolysis measurement® gives AH;® (Me3SiBr) = —298 +
4 kI'mol~!, which differs very little from the previous value®?” of —293 + 4 kJImol~!.
However we recommend the new value because it is slightly more consistent with
the relative thermochemistry of ion breakdown from Me3SiBr and Me,Si'-78. This
small change also implies modification” of AH;° (MesSil). The revised value is
—222 4+ 4 kJmol™!, compared to —217 £ 4 kImol~! previously'.

4. Oxygen-containing compounds (Si/C/H/O)

This review is concerned with organosilanes and therefore purely inorganic Si/O/H
species are not considered. Nevertheless, because of the importance of silane oxidation
and of oxidized silicon coatings there is considerable interest and activity in this area. Four
theoretical papers?-39782 have been published concerning stabilities of the potentially
important molecules in these processes. Needless to say there are very few experimental
data in the area under consideration.

There have been two experimental studies by Voronkov and colleagues , another by
van der Vis and coworkers®384, and some theoretical calculations by Ho and Melius?*.
Previously we noted' (as with Si/C/H compounds reviewed here) the consistency of the
Voronkov data from combustion calorimetry of silyl alkyl ethers. Once again the newer
publication!! gives figures which are slightly different from the old (without comment).
The consistency is just as good. The authors!! claim to check the reliability of their
procedure using hexamethyldisiloxane, (Me3Si),O, for which several independent deter-
minations exist, but the data are missing from the new publication'!, although present
in the old>°. However, there is now an independent check possible on the compound
tetraethoxysilane (commonly called TEOS) investigated by van der Vis and Cordfunke®>
by means of calorimetric measurements on the aqueous solution reaction:

11,15

Si(OEt)4 + 6HF —— H»SiFs 4 4EtOH

The data are shown in Table 12. This latter study obtained a value some 41 kJmol~!
lower than the combustion value!!, well outside the quoted error limits of both studies.
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TABLE 12. Standard enthalpies of formation (AH¢ /kImol~!) of
O-containing organosilanes

Compound Experimental BAC-MP4(MP2)“
Me3SiOH —500 = 3° —500
(Me3Si),0 —777 + 6 (—785)¢
Si(OMe), —1180 + 54 —1190
Si(OEt)4 —1315 £ 6%, —1356 + 6° —1328
HSi(OEt); —912+ 8/ —975

dReference 24. PReferences 7 and 9. “References 1 and 7. “Reference 11.
¢References 83 and 84. / Reference 10. $Estimated in Reference 24.

It is instructive to compare the implications of each value for the other’s measurements.
If the combustion value is correct, it implies that the AH{ value for the aqueous solution
reaction is —245.9 kJ mol~! instead of —200.1 kJ mol~! as measured, an error of ca 23%,
well outside the quoted £0.7%. If the —245.9 kJ mol~! value is correct, then AH ? (com-
bustion) = —5538 kimol~! instead of —5583 kI mol~! as measured, an error of 0.8%
compared to the quoted £0.07%. To the impartial assessor, the second scenario seems
more likely than the first. A more detailed discussion of potential sources of uncertainty
is contained in the paper of van der Vis and Cordfunke®?, which also lists earlier mea-
surements. The BAC-MP4 calculation24, while nearer to combustion value, is probably
not definitive, since there are too few reliable reference compounds on which to base the
Bond Additivity corrections.

The consequences of this are to undermine confidence in the previous analysis! of the
thermochemistry of siloxanes and alkyl silyl ethers. Thus another study by Voronkov and
coworkers!> of perorganyloligocyclosiloxanes is therefore not easy to assess. This consists
of combustion of 12 cyclosiloxanes with various differing ring sizes and substituents
(methyl or phenyl groups). We may illustrate these data with hexamethylcyclotrisiloxane,
c-(Me,Si0)s, for which AH;® = —1568 kImol™! in the gas phase has been obtained.
According to the author’s own additivity scheme this compound has a ring strain enthalpy
of 80 kJmol~!. Our own estimate, based on our earlier group additivity scheme!, is
108 kImol~!. Since these figures depend on groups derived from the silylalkyl ethers,
there must be a question as to their validity. The data for the three simple permethylated
cyclic siloxanes (sometimes known as D3 , D4 and Ds) are shown in Table 13. Other
lower estimates are obtained for the strain enthalpies if the van der Vis and coworkers
value®3-# for AH° (TEOS) is used as the basis of an additivity scheme (see Appendix).
Whatever the values of these strain enthalpies it seems that they decrease in magnitude
with increasing ring size.

TABLE 13. Standard enthalpies of formation (AH /kJ mol~!) and
strain enthalpies (kJ mol~') of selected permethylcyclosiloxanes

oa

Compound AH, Strain enthalpy
Voronkov® additivity?
c-(Me,Si0)3 —1568 £ 11 80 108° 65¢
c-(Me,Si0)4 —2138 £ 11 60 97% 40¢
c-(Me,Si0)s —2708 £ 13 40 86" 14¢

dReference 15. PReference 1. ¢This review (see text).
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TABLE 14. Standard enthalpies of formation (AH /kJmol™!) of methylsily-

lamines

Compound Baldwin and coworkers’” Voronkov and coworkers!'®
Me;SiNHMe —227+4 —238+7
Me3SiNMe; —248+4 —246+ 8
(Me3Si),NH —477+£5 —451+10
(Mes3Si);NMe —449 £8 —456 £ 10
(Me3Si)3N —671 £ 12 —656 £ 11

5. Nitrogen-containing compounds (Si/C/H/N)

Only organo silylamines are considered here. There are again new combustion data
from Voronkov and coworkers!®. These may be compared with those previously obtained
by Pedley’s group® using solution calorimetry, as shown in Table 14. Only a selection of
Voronkov and coworkers’ data'® is shown. There is some agreement here (within exper-
imental error), although not in all cases. Previously! we evaluated group redistribution
energies for these compounds and noted the variations. With Voronkov’s data the varia-
tions are less. However, in view of the smaller enthalpy changes associated with solution
calorimetry compared to combustion (as discussed in the previous section), it would be
rash to prefer the combustion values. A deficiency in Voronkov’s paper!© is the failure to
specify the final oxidized form of nitrogen in the combustion calorimetry.

Because of previously! and presently expressed doubts about earlier work!'%3¢ we do
not discuss AH;° values for other nitrogen containing compounds'?. There are as yet no
theoretical calculations for this class of compounds, although the purely inorganic silyl

amines(Si/N/H system) have been investigated by Melius and Ho?!.

6. Other organosilicon compounds

Amongst Si/C/H/S compounds only Me3SiSBu has been studied”’ (AH{® = —381 =+
3 kI mol~!). However, Voronkov and coworkers'? have investigated a series of (organyl-
thioalkyl) trialkoxysilanes and 1-(organylthioalkyl) silatranes, viz compounds in the
Si/C/H/S/O and Si/C/H/S/O/N classes. In view of the complexity of these molecules and
the lack of comparisons with any related substances, these results are not reviewed here.

lll. FREE RADICALS AND BOND DISSOCIATION ENTHALPIES
A. General Comments

Since our last review of values of Si—H bond dissociation energies' there have been
small but significant changes in values. This has come about because of the experimental

removal of one of the assumptions underlying earlier values®>. The basis of determination
of these values was the study of the kinetics of the reversible reaction:
f
X +RH<—R+HX
T

where X was usually I, an iodine atom. For this reaction we may write the exact enthalpic
equation
DH°(R—H) = DH’(H—X) + Ef — E;

where Er and E; represent forward and reverse activation energies; Ey was measured
experimentally?, but E, was only estimated to lie in the range 4-8 kJmol~!. From
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measurements with carbon-centred (i.e. alkyl) radicals®® it has emerged that £, has small
but negative values for many radicals, R, with both HI®> and HBr3®37 (X = I, Br). This
is also true of silicon centred radicals, although thus far only R = SiH3, and SiMe3 have
been investigated fully®®:3%. Because chemical bond energies are one of the most funda-
mental quantities of chemistry, this problem has been widely discussed in the literature
in the past six years»®2728.90 and so no further general discussion is given here. How-
ever, this does imply that all Si—H bond dissociation energies previously listed! require
an increase in value, and also that AH¢° values for radicals are also higher. As a con-
sequence, previously derived bond dissociation energies evaluated from thermochemical
cycles! also need revision.This is carried out in this review.

B. Experimental Data: Measured Dissociation Energies and Radical Enthalpies
of Formation

Table 15 shows the new values of bond dissociation energies and radical enthalpies of
formation derived using the relationship

AH{*(R*) = AH¢"(RH) — AH{*(H") + D(R—H)

where AH*(RH) values used are those recommended in this review . For comparison,
the earlier values! of D(R—H) are also included in Table 15. The value listed for AH°
(SiH3) is that of Seetula and coworkers®8, which is the most precise, although other recent
experimental determinations exist®>. Numerous theoretical calculations®:20-22:32,49,50.96-98
are well within the experimental error of the listed value. The values listed for AH°
(Me3Si*)3%92 indicate a substantial increase (18 kJmol~') over that found previouslyl.
The increased value of D(Me3Si—H) implies an activation energy for the reaction of
MesSi + HI of —12 kJmol~!, a value more negative than that for any radical + HI
reaction yet studied. The values are, however, consistent with theoretical estimates by
Marshall®®% and also by Allendorf and Melius?2 who obtained AH°(MeSiH,") = 138+
4 kKImol™!, AH{*(Me,SiH') = 77+ 4 kimol~! and AH{(MesSi*) = 13 £ 4 kI mol !
using the BAC-MP4 method. In addition to the new measured values, we may reasonably
assume that the other, as yet uninvestigated, radical + HI reactions will all have negative
activation energies. Using estimated values we have obtained revised values for other

TABLE 15. Measured Si—H bond dissociation energies for silanes (kJ mol~!) and
derived enthalpies of associated radicals (AH ¢ /kJ mol~!)

Bond D(old)* D(new) AH{(R*)!
H3Si—H 378 £5 384 + 2F 200.5 + 2
MeSiH,—H 375+ 8 388 =+ 5¢ 141 £ 6
Me,SiH—H 374 £ 8 391 + 5¢ 78+ 6
Me;Si—H 378 +£ 5 397 + 24,395 4+ 9¢ 1547
H;SiSiH,—H 361 + 8 372 4+ 57,3748 234+ 6
CgHsSiH,—H 369 £ 5 (382 £ 5" (ca 274)/
Me;3SiCH,—H 415+ 5 (419 £ 5)" (=32 £6)
Me3SiCMe,CH, —H 405+ 5 (409 + 5)" (ca —121)/
Cl;Si—H 38245 (395 + 5)" (=322 + 8)
F3Si—H 419+ 5 (432 £ 5" (—987 + 20)

dReference 1. PReference 88. ¢Reference 91. ?Reference 89. “Reference 92. /Reference 93.
8Reference 94. "Based on revised assumptions (see text) ‘Calculated using AH¢ (RH) from
this review. /Based on bond additivity estimate for AH;°(RH).
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bond dissociation energies previously listed. The values for AH¢°(R*) corresponding to
these are in reasonable agreement with recent theoretical values [AH¢°(Me3SiCH,*) =

2946 kImol~ >, AH{°(SiCl3*) = —3184 7 kI mol~ """, AH°(SiF5*) values in the

range —976 to —1007 kJ mol_126], and also a recent experimental value of Armentrout
and coworkers'®! [AH{°(SiF3*) = —997+ 5 kImol~!].

What emerges from these revised values is the fact that methyl substitution at sili-
con leads to a strengthening of Si—H bonds, whereas the old data showed no trend.
Marshall has pointed out’® that this is completely in accord with the relative elec-
tronegativities of carbon and silicon, a point invoked by one of us? to account for trends
in other cases. Relative values remain unaffected so that, for instance, the SiHz group
weakening effect manifests itself in the reduced Si—H dissociation energy of SirHg
compared with SiH,. This is again supported by other experimental®® and theoretical
calculations20-30-90,93,102—104

Studies of electron affinities of organosilyl radicals combined with gas-phase acidities
have been used by Brauman and coworkers'® to obtain bond dissociation energies. The
values obtained are generally in excellent agreement with those of Table 15, although
uncertainties tend to be greater (8-12 kI mol~!). In addition to data in Table 15, other
values for Si—H bond dissociation energies have been obtained by means of photoacous-
tic calorimetry'%°~108 These are shown in Table 16. We have increased the values by
19 kJmol~! on the grounds that the value for D(Et3Si—H) should be the same as that
for D(Me3Si—H). Chatgilialoglu?® has reviewed uncertainties in this method and con-
cluded that while absolute values may be subject to systematic errors, relative values
should be reliable. Thus these data show clearly that silyl substitution at the silicon cen-
tre systematically weakens Si—H bonds (by ca 12-20 kJ mol~!) per silyl group. This is
borne out by the theoretical calculations of Sax and Kalcher’® who have obtained values
for D(H3Si—H), D(H3SiSiH,—H) and D((H3Si)2SiH—H) of 383, 374 and 361 kJmol ™!,
respectively. The explanation for this effect is not clear. Stabilization by silyl groups is
even more marked in silyl anions'?. Calculations suggest that there is an increase in p
character in the Si—Si bonds upon anion formation with the anion electron pair located on
silicon in an orbital with substantial s character!%. This type of explanation has been used
by us to explain the stabilities of silylenes®!1°, but for the radicals a simple inductive effect
from the silyl substituent to the silicon bearing the odd electron? seems equally appealing.

The data also suggest that phenyl substitution weakens Si—H bonds, but only by a
small amount (ca 4-8 kJ mol~!) per phenyl group. The difficulty here is that since methyl

TABLE 16. Bond dissociation energies (kJmol~')
for silanes obtained by photoacoustic calorimetry

Bond D(old) D(new)?
Et;Si—H 377 + 4¢ 396 + 4
Me3SiSiMe; —H 357 + 4¢ 376 + 4
(Me3Si);Si—H 331 + 49 350 + 4
(Me3Si);Si—H 345 + 3P 364 £ 3
PhMe, Si—H 358 + 7¢ 377 +7
Ph,SiH—H 360 + 6° 379 £+ 6
Ph,MeSi—H 342 + 10° 361 & 10
Ph;3Si—H 352 4 2¢ 371 £ 2

dReference 106. YReference 107. “Reference 108. 9See text
for discussion of these values.
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groups strengthen the Si—H bonds, the effects of methyl and phenyl substitution tend to
cancel out. This is also supported by D(PhMeSiH—H) = 382 & 13 kI mol~! from the
electron affinity measurements'®%. Despite the revision of these values, the small effect
of phenyl substitution remains indicative of very little 7-type interaction between the
aromatic ring and the odd-electron orbital on the silicon®. Silyl stabilization of a carbon-
centred radical is very small. New values of bond dissociation energies do not affect these
quantities, which were determined by us by relative means. Thus values for o-silyl and
B-silyl stabilization of primary alkyl radicals Me3SiCH»* and Me3SiCMe,CH,* are 2 and
12 kImol~! respectively'""112 Ap jnitio calculations give 5 kImol~! for the a-silyl
stabilization in SiH3CH,*1. Higher values (11 kJ mol™1) for a-stabilization!!® came
from a different comparative basis which includes other effects, and cannot be strictly
compared with these numbers’.

The determination of an Si—N bond dissociation energy has been carried out by
Krasnoperov and coworkers''4 who studied directly the gas-phase equilibrium:

MesSi + NO —— Me3SiNO

The value for AH® gives directly D(Me3Si—NO). A value of 190.2 4 3.6 kI mol~! was
obtained using the third law method, and is in excellent agreement with the ab ini-

tio (BAC-MP4) value of 191.4 kJ mol_lm. The same calculation! gives a value for
D(H3Si—NO) of 149.9 kI mol~!, slightly higher than the previous value'!>. This pro-
vides a more dramatic example of bond strengthening of Si—X bonds by methyl group.
These Si—NO bonds are significantly weaker than those of the more typical Si—N bonds
in silylamines obtainable only indirectly and discussed in the next section.

C. Derived Bond Dissociation Energies

A set of bond dissociation energies for representative Si—C, Si—Si, Si—halogen, Si—O
and Si—N bonds are derived from the molecular and radical heats of formation of the
previous sections and, where necessary, those in the Appendix. These are shown in
Tables 17-19. The selection of molecules is identical to that of the earlier reviewl, but
the values are of course revised to take account of the new results. The most significant
change is the general increase in values arising from the higher values for the enthalpies
of formation of the silicon-centred radicals, particularly Me3Si®. The changes do not affect
significantly the trends in values discussed in earlier reviews'2. The bond strengthening
effect of methyl groups (at silicon centres), noted already here for Si—H bonds, is also
clearly apparent for Si—C bonds, and also evident for Si—Si bonds. The effect was also
found previously'-? for Si—halogen bonds, but it is even more marked than thought then.
The bond weakening effect of silyl groups (at the silicon centres), noted already for Si—H
bonds, is also evident for Si—Si bonds. A recent experimental study®? of the pyrolysis of
Me3SiSiMes yielded an estimate of D(Me3SiSiMe,—Me) = 372 kJ mol~!. When com-
pared with the values of Table 17 it can be seen that the trimethylsilyl group is exerting
a bond weakening effect on the Si—C bond.

The halogen substituent effects, as noted earlierl, are more complex. Fluorine (as in
F3SiX) strengthens the Si—X bond (relative to H and Me). Chlorine and bromine are in
between, D(H3Si—X) and D(X3Si—X) being equal within experimental error, and iodine
weakens Si—X bonds. Si—OR and Si—NRj bonds, just like Si—halogen bonds, are very
strong in comparison with analogous C—O, C—N and C—X bonds. The figures in paren-
theses in Table 19 were obtained indirectly by use of estimates of the radical heats of
formation, AH°(Me;SiO) = —223 kI mol™! and AH°((Me;Si),N) = —231 kJmol~!.
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TABLE 17. Derived silicon—carbon and silicon-silicon bond dissociation
energies (kJ mol~!)

Bond D Bond D
H3Si—CHj3 375£5 H3Si—SiHj3 321 +4
MeSiH,; —CH3 3817 H3Si—SiyHs 313+ 8
Me,SiH—CH3 387 +7 H3SiH,Si—SiH,SiH3 306 + 10
Me;Si—CH3 394 £8 MesSi—SiMes 332 £ 12¢

“Based on the directly measured data of Reference 92.

TABLE 18. Derived silicon-halogen bond dissociation energies (kJ mol~!)¢

Halogen(X) D(H3Si—X) D(Me3Si—X) D(X3Si—X)
F 638 £5 662 £ 11 697 £6
Cl 458 7 490 £ 8 462 +9
Br 376 £9 425+ 8 376 £22
I 299 £38 344 £8 284 £ 26

4For AH¢" values for SiH3X and SiXy see Table 29.

TABLE 19. Derived silicon-oxygen and silicon-nitrogen bond
dissociation energies (kJ mol~!)“

Bond D Bond D
MesSi—OH 555+ 8 Me3SiO—H (495)
Me;Si—OMe” 513 + 11 Me3SiO—Me? (403)
Me;Si—OEt? 512+ 11 Me3SiO—Et? (412)
Me3Si—O0SiMes (569)

MesSi—NHMe 419+ 8 (Me3Si);N—H (464)
MesSi—NMe, 408 + 8 (Me3Si),N—Me (364)
MesSi—N(SiMes), (455)

“Figures in parentheses have been estimated (see text).
bAHf° values for Me3SiOMe (—480 £ 8 kJ mol’l) and Me3SiOEt (=514 £
8 kI mol~!) were estimated using additivity.

These were obtained, as previously', by assuming that sequential Si—O and Si—N disso-
ciation energies in (Me3Si),0 and (Me3Si)3N follow the same proportionate relationships
as O—H and N—H dissociation energies in H,O and NH3. It is interesting to note that the
derived values for O—H and N—H dissociation energies in Me3SiOH and (Me3Si);NH are
very similar to D(HO—H) = 499 kImol~! and D(H,N—H) = 453 kImol~!. As a sub-
stituent on these electronegative atoms, clearly the MesSi group is similar to the H atom
itself in its electronic effects. Although there are no theoretically calculated (ab initio)
values for the bond dissociation energies of Table 19, values of Si—O and Si—N disso-
ciation energies have been obtained by the Melius group?:?*2>, Darling and Schlegel®!
and Zachariah and Tsang®2. For the prototype molecules H3SiOH and H3SiNH,, the fol-
lowing values (kJ mol~1) have been found: D(H3Si—OH) = 5058!, 514%; D(H3SiO—H)
= 52281, 51782, 513%; D(H3Si—NH,) = 4392!; D(H3SiNH—H) = 480%'.

Many other bond dissociation energies have been derived from theoretically calculated
enthalpies of formation of radicals in recent years. These include Si—H, Si—C, Si—Si,
Si—halogen, Si—O and Si—N. These are too many examples to consider in the context of
this (mainly) experimentally orientated account. Where comparisons exist, as indicated,
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there has been a convergence in recent years, so that agreement between experiment and
theory is generally good.

IV. OTHER SILICON CONTAINING SPECIES

There is great interest in silicon-containing transient species. This is because they are
invariably involved in the thermal and photochemical breakdown mechanisms of more
stable organosilicon compounds. Apart from SiX3 free radical species dealt with in the
previous section, these include the silylenes, SiXj, and the w-bonded analogues of organic
alkenes and carbonyl compounds containing Si=C, Si=Si and Si=O double bonds. An
excellent account of the structure and energetics of these compounds has been given by
Grev'10,

A. Silylenes

There has been a great deal of discussion about the thermochemistry of silylenes,
particularly SiH,, MeSiH and SiMe;.

1. SiHo

Together with Jasinski, we have recently reviewed® AH°(SiH,). Even more recently

we have listed further published values'!” as part of a study of the kinetics and mechanism
of the reaction
SiH,; + SiH4 =——=— SipHg

The latest data are shown in Table 20. In the previous article! we reported AH¢°(SiHp) =
273 £ 6 ki mol~! and the current experimentally preferred value'!” is the same but with
a reduced uncertainty of & 2 kJmol~!. This refinement has come about because the new
kinetic data are extensive enough in their temperature and pressure ranges to be used
to obtain the equilibrium constant for the above reaction without the need for extrap-
olation. A number of previous analyses of the kinetics of this system and also that of
SiH; + Hy = SiH4 have given very similar values!18-122 although the most recent
study!?? seems to have given two different values (288 and 275 kJ mol~'). The higher

TABLE 20. Recent values for AH°(SiH»)/kJ mol~!

Experimental values Theoretical values

year value Reference year value Reference
1986 273+ 6 118 1985 265 128
1986 289+ 13 125 1985 285 18
1987 273 +3 127 1986 273 129
1987 287+ 6 95 1986 287 19
1987 269 + 1 119 1988 272 96
1987 268-287 120 1988 266 97
1988 274 +£7 126 1990 271 +9 20
1989 267 +8 55 1991 2758 32
1991 274 +4 121 1991 277 50
1991 266 £ 6 64 1992 271 £9 22
1992 273 £2 5 1992 273 49
1992 269 + 4 122 1992 267 49
1994 285 £13 124

1995 273 +£2 117

1996 288, 275 123
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value is associated with an RRKM modelling analysis of the high temperature, shock
tube pyrolysis of SiH4'?*. This could have a number of uncertainties associated with
energy transfer and pressure dependence and is therefore not definitive. Other experi-
mental values of AH¢°(SiH,) from ion cyclotron resonance mass spectrometry125 , Sit
ion beam reaction thresholds®, electronic excitation spectroscopy!?® and photoioniza-
tion mass spectrometry'?’ are in reasonable agreement with the preferred value'!” of
273 kJmol~!. On the theoretical side, advances have reflected the increasing use of
electron-correlated wavefunctions and large basis sets. The highest level calculations by
Grev and Schaefer*® are in precise agreement with experiment!'” assuming AH °(SiHy) is
correct. However, as indicated earlier, the discrepancy between AH¢°(SiH4) and AH ¢°(Si)
means that a lower value of 267 kJmol~! is obtained for AH;°(SiH») starting from
AH¢°(Si).

2. MeSiH

These data are shown in Table 21. In 1988 Walsh published a value'3® for
AH°(MeSiH: ) of 184+13 kImol~!. This was based on an analysis of the decomposition
reactions of certain methyl substituted disilanes and was included in the previous review!.
At the same time ion cyclotron resonance studies'>! gave a value of 222 4= 17 kJ mol~!.
The next year we extended our analysis®® but with no different outcome, although
O’Neal and coworkers , using the same basic kinetic data, obtained 201 £ 8 kJ mol L.
The essential difference lay in the choice of values for AH¢® for methyl substituted
disilanes which were at that time rather uncertain. This problem was resolved by the
calorimetric measurement of AH¢°(SizMeg) by Pilcher and coworkers® from which the
securely based value of AH¢°(MeSiH) of 201 + 6 kJ mol~! was obtained. Theoretical
calculations?2 132144 give values in reasonable agreement with this. More recently Becerra
and coworkers'33 have obtained a value of 202 4 6 kI mol~! from analysis of the same
kinetic systems but incorporating new and directly measured kinetic data for MeSiH
insertion reactions. Although the analysis is now more complete, there remains enough
experimental uncertainty that it is not realistic to reduce error limits below & 6 kJ mol~!.

3. Me, Si

The data are shown in Table 22. Just as with AH¢°(MeSiH), Walsh published130 a
value of AH¢°(SiMe;) equal to 109 + 8 kJmol~! in 1988 based on an analysis including

TABLE 21. Recent values for

AH° (MeSiH)/kJ mol !

Year Value Reference
1988 184 + 13 130¢
1988 222 +17 1314
1989 206 144
1989 184 + 13 65°
1989 201 +8 554
1990 212 1326
1991 201 £6 644
1992 204 + 10 220
1993 201.8+6 133¢

@Experimental value. DTheoretical value.
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TABLE 22. Recent values for

AH ;" (Me,Si)/kJ mol~!

Year Value Reference
1988 109 + 8 1307
1988 155 +25 1314
1989 136 + 13 144
1989 108 + 13 65°
1989 134+ 8 554
1990 134-138 132°
1991 140+ 6 64¢
1992 135+ 10 220
1995 135+8 1344

9Experimental value. ®Theoretical value.

erroneous values for AH¢° for methyl substituted disilanes. This was the value cited
in our earlier review'. Once again, O’Neal and coworkers® were more foresighted and
obtained a value of 134 + 8 kImol~!. Ton cyclotron resonance studies'>! gave an even
higher value. The problem was resolved, as in the case of MeSiH, with the calorimetric
determination of AH{°(SixMeg)®*. The0ry22'132'144 is in excellent agreement with our

current best estimate of 135 & 8 kI mol~!.

4. HySiSiH

The only experimental value for AH¢°(H3SiSiH) is 312 + 8 kJ mol_'m. However,
theoretical calculations have yielded values (kJ mol~1) of 349%, 313 + 1120, 30532,
317%9 and 300'92. Agreement is thus tolerable if not perfect.

5. Silicon dihalides

The thermochemistry of these species was reviewed by Walsh® some years ago.
Since then new data have appeared for SiF, and SiCl,. This has been recently
reviewed again by Gordon and coworkers?®. Theoretical values for AH{°(SiF,), all
in good agreement?®3%136_ have placed its value some 42 kJmol~! lower than the
earlier experimental values>3%. Recent experimental ion-beam studies'®! have confirmed
the theoretical values. AH°(SiCl,) seems to be experimentally well established®? at
169 & 3 kJmol~!. A more recent value!37 is in reasonable agreement, as are theoretical
calculations?%-190 AH°values for SiBr, and Sil, have not changed since earlier>33. No

theoretical calculations have been carried out on these species. The data are shown in
Table 23.

TABLE 23. Standard enthalpies of formation (AH¢ /kJ mol~!) of silicon dihalides

Silylene Experiment Theory

SiF; —588 & 13¢, —638 £ 6° —627 £ 17¢, —640 + 8¢, —642 (—638)°
SiCl, —169 £ 37, —165 + 14/ —151 £ 16, —1638

SiBr, —52+£ 174, —46 + 8"

Sil 93489, 928"

9Reference 35. Reference 101. “Reference 20. “Reference 32. “Reference 136. / Reference 137.
8Reference 100. " Reference 3.
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TABLE 24. Recommended standard enthalpies of
formation (AH /kJmol~') for silylenes together

with DSSE values

Silylene AH™ DSSE”
SiH, 27342 94 +4
MeSiH 202+ 6 113+ 11
SiMe, 13548 128 4+ 11
H;SiSiH 31248 76 £ 10
SiF, —638+6 259 £ 8
SiCl, —169 + 3 188 + 10
SiBr, —46+8 161 427
Sil, 92+38 152 +27

“See text and Tables 20-23 for source values.
bSee text for definition.

Values for the important index of reactivity for silylenes, DSSE (= divalent state sta-
bilization energy) defined as follows:

DSSE(SiR;) = D(R3Si—R) — D(R;Si—R)

where R is the substituent, are shown in Table 24. This updates earlier estimates>5-110.134,
It can be generally seen that DSSE increases with the electronegativity of the substituent,

as noted previously> 10,

B. n-Bonded Species

There has been considerable attention paid to the thermochemistry of these species by

theoreticians, but very little by experimentalists, since the earlier review!.

1. Sila-alkenes

Experimental data for these Si=C double bonded species come from ion-cyclotron
resonance measurements'3! or thermochemical analyses of siletane (silacyclobutanes)
decomposition’!. Our own previous estimate’® was based on the latter approach. The
value of AH{*(Me»Si=CH,) = 36 &+ 7 kI mol~! determined by Brix and coworkers’! is
the current best available value for any of the sila-alkenes, having reduced considerably
the uncertainties and assumptions of our earlier analyses’®. It is still, however, dependent
on the value®® for AH° for 1,1-dimethylsiletane (—108.7 = 6 kJ mol~!) discussed else-
where in this review (Section I1.B.2). If the value of the latter is taken as —85 kJ mol~! as
obtained by Voronkov and coworkers'4, then AH;°(Me,Si=CH;) becomes 61 kJ mol~!
as suggested recently by Ahmed and coworkers!38. Theoretical values of AH° have been
calculated for all the methylsila-alkenes (H,Si=CH;, MeSiH=CH,, Me,;Si=CH,) by the
BAC-MP4 method?? and these show a Me-for-H replacement enthalpy of —59 kImol ™!, a
rather smaller value than might be expected from examination of other methyl-substituted
silicon species (e.g. —67 kI mol ™! for the methyl silanes, —69 kJ mol~! for the methylsi-
lylenes). Most theoretical activity has focused on AH¢°(H,Si=CH>) for which the highest
level calculation'? has yielded a value 15 kJ mol~! lower than for AH{*(MeSiH). From
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TABLE 25. Standard enthalpies of formation (AH /kJmol~') of sila-

alkenes
Sila-alkene Experiment Theory
H,Si=CH, 155 4207, 180 + 13° 170 + 107, 194¢, 190/
187 + 6°
MeSiH=CH, 88 + 204 110 + 8¢
Me,Si=CH» 214204, 36+ 78 51 + 64
61+ 7"

dReference 1. UReference 131. C¢Estimated from AH{°(MeSiH); see text.
dReference 22. “Reference 132. / Reference 58. 8Reference 71. "Reference 138.

our own experimental value for the latter, this would mean AH¢°(H,Si=CH,) = 187 &+
6 kImol~!. At the G-1 level of theory, Boatz and Gordon'3? have obtained a value
of 194 kI mol~!. These are somewhat higher than the Allendorf and Melius (BAC-MP4)
value?? of 17010 kJ mol~!. On the other hand, comparison of the highest of these values
with AH¢°(Me;Si=CHj) discussed above implies a rather high Me-for-H replacement
(79 kJmol™!). There is thus room for further refinement of the enthalpies of formation
for these species. The values are listed in Table 25. Earlier theoretical values are discussed
by Gordon, Francisco and Schlegel?®.

2. Disilene

Our value!® for AH°(H,Si=SiH;) of 261 & 8 kImol~! is in conflict with the pho-
toionization studies of Ruscic and Berkowitz* who obtained a value of 2754 kJmol~!.
The discrepancy is not large but tends to be supported by theoretical values (kJ mol~') of
281°0, 272132 and 270'92. Ho and Melius®® with 263 & 10 are in between, and Horowitz
and Goddard’s value®® of 322 looks to be too high. Our experimental value!3 is based
on a mechanistic interpretation and is less direct than the photoionization value®* which
should therefore be the best available experimental estimate.

3. Silanone

An experimental value for AH¢°(H,Si=0) is urgently needed. None currently exists. In
the previous review! we estimated a value of —90 = 30 kJ mol~! which we have revised
to —92 + 20'40 based on subsequent theoretical values. Hartman and coworkers'#! have
estimated a value of —115 kJmol~! from bond energy arguments and recent theoretical
values?>81:82 are in agreement at —98 kJ mol ™.

Values for the important index of reactivity, the w-bond energy, D,(Si=X), may be
obtained from:

D(Si=X) = D5 (Si—H) + Ds(X—H) — Ds(H—H) + AHnya

where AHyq is the enthalpy of hydrogenation of the species HySi=X. D5 (Si=X) values
for several Si=X bonds are shown in Table 26.

There are many other important reactive silicon-containing species, for example the
ground state ‘butterfly’ SioH, molecule, Si(H,)Si. There is virtually no experimental
thermochemistry on such species. However, theoretical values of AH¢° for many other
species have been calculated in the articles on theory cited in this review. Since the
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emphasis is on experimental values we do not extend this article to include them. Interested
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TABLE 26. Recommended standard enthalpies of for-
mation (AH; /kIJmol~") of unsaturated silicon-containing

molecules and 7-bond energies”

o

Species AH¢ m-Bond energy (D, )
H,Si=CH, 187+ 6 146 +9
MeHSi=CH, 116 =10 154 + 12
Me,Si=CH; 46 + 10 161 £ 12
H,Si=SiH, 275+ 4 113+ 8
H,Si=0 —-92+£20 256 + 26

4See text and Table 25 for references.
bSee text for definition.

readers are referred to the original articles.

V. APPENDIX

Group increments for silicon compounds based on the data reviewed here, and derived in
accordance with the group additivity scheme
atomic heats of formation for non-silicon-containing species used in this chapter to derive
bond dissociation energies are shown in Table 28. Miscellaneous inorganic silane heats

of formation are included in Table 29.

, are shown in Table 27. Radical and

TABLE 27. Group increment contri-
butions to standard enthalpies of forma-
tion (AHfO/kJ mol_l) for organosilicon

compounds

Group AH{°
Si—(C)(H)3 13.7
Si—(C)2(H)2 -9.1
Si—(C)3(H) -35.0
Si—(C)4 —62.0
C—(Si)(H)3 —42.8¢
C—(Si)(C)(H)2 —17.0
C—(Si)(C)2(H) —4.2
O—(Si)(H) —309.2
O—(Si), —396.6
O—(Si)(C) —246.8
Si—(C)3(0) —62.0
Si—(C)2(0)2 —62.2
Si—(C)(0)3 —61.4
Si—(0)4 —61.6
C—(O)(H)3 —42.8
C—(C)2(H)2 —20.7
C—(0)(C)(H), -33.9
C—(0)(C)(H) —30.1

@ Arbitrary value: C—(Si)(H)3 set equal to

C—(O(H)3.

[’Arbitrary value: Si—(C)3(0) set equal to

Si—(C)y.
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TABLE 28. Standard enthalpies of formation
(AH{ /KImol~') for various atoms and free

radicals

Species AH{® Species AH{®
H 218.0¢ C 716.7
CH3 145.6° Si 450.6¢
C,Hs 120.9° F 79.4¢
OH 39.0¢ cl 121.3¢
OMe 17.2° Br 111.9¢
OEt —15.5% I 106.8¢
NH,» 185¢

NHMe 177¢

NMe, 145¢

4Reference 35. PReference 27. “Reference 142.

TABLE 29. Standard enthalpies of formation (AH¢ /kJ mol~1) of silicon hydrides and halides

od o od

Molecule AH¢ Molecule AH¢ Molecule AH¢
SiHy 3434+1.2 SiH3F —359 £ 8¢ SiF4 —1615+1
SipHg 80+ 1.5 SiH3Cl —134 £ 6 SiCly —663 +5
SizHg 121 +4.4 SiH3Br —64 + 94 SiBry —415+£8
SigHjg (162)° SiH3l +8.6 £ 8¢ Sily —110+ 16

49References 1 and 143. ? Additivity estimate. ©See Table 1. YReference 3. ¢See Table 2.
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. INTRODUCTION

The question of how closely do the properties of organic compounds of silicon resemble
those of derivatives of its congener carbon atom was raised more than a century ago.
A question that follows is how close are the structural chemistry of the two atoms in
their analogue compounds. The major properties that distinguish silicon from carbon and
have a direct effect on the structural chemistry of the compounds of the two atoms are
compared in Table 1. From the differences between these properties it is seen that, since
the silicon atom is about 50% larger than the carbon atom, the bond lengths involving
silicon are expected to be longer than the lengths of similar bonds involving carbon. The
longer distance between silicon and its bonded element will cause a weakening of the
m-bonding and lowering the barrier to rotation about the bonds will influence the out-of-
plane bending, which will in turn affect the planarity of the silicon atom. The smaller
electronegativity of silicon will affect the bond polarity and ionicity, which will in turn
have a major influence on the bond lengths involving silicon. Steric effects caused by
bulky substituents will, on the one hand be less important than in the carbon analogues
because of the longer bond lengths, but, on the other hand, will have a greater effect
because of the lower barrier to distortion. One of the striking differences between silicon
and carbon atoms is the ease of formation of hypervalent species with silicon. Five- and
six-coordinate silicon compounds are stable and the role of d orbitals in the bonding of
silicon in these compounds is a subject of continuing debate’-8.
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TABLE 1. A comparison of some properties of carbon and silicon

Property C Si
Atomic radius (Bragg—Slatcr)l A) 0.7 1.1
Covalent radius? (A) 0.772 1.169
Van der Waals radius® (A) 1.70 2.17
Ionization energies (eV)*

E\ 11.26 8.15
E> 24.38 16.34
Es3 47.89 34.49
Electron affinity® (eV) 1.12 1.39
Electronegativity” 2.746 2.138
Dipole polarizability® (a.u.) 11.8 36.3

This review is not the first to discuss the structural chemistry of organosilicon com-
pounds. There have been a few earlier reviews discussing various aspects of the structural
chemistry of organosilicon compounds. The stereochemistry of elements of Group 15
and 16 bonded to silicon was reviewed in 1973%10, In 1985 the geometry of silatranes
was reviewed!! and simulation of the reaction pathway for Sy2 substitution reactions at
tetrahedral silicon using structural data was publishedlz. Later on, in 1986, the structural
chemistry of tricoordinate silicon was reviewed'?, and the X-ray and NMR studies on
penta- and hexacoordinate silicon compounds were summarized'*. The most comprehen-
sive review on the structural chemistry of organosilicon compounds was published in
1989 by W. S. Sheldrick'.

In the last decade we have been witnessing an explosion of information on the geometry
of organosilicon compounds extracted from X-ray crystal structure determination (later
referred to as XRD). The histogram given in Figure 1 shows the growth in the number of
organosilicon compounds whose structures have been determined by XRD. Until 1980 the
structure of only 525 such compounds were known, and most of the structural data were
obtained by other methods such as electron diffraction (ED) or microwave spectroscopy
(MW). Both methods were restricted to small and symmetric compounds. The crystal
structures of 1446 compounds were known at the time that Sheldrick was writing his
review. At the time of writing the present review the crystal structures of more than 6300
organosilicon compounds are known.
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Since most of the geometric parameters discussed in this review are obtained from X-ray
crystal structure determination, it is important that the reader be familiar with some facts
regarding the method. X-ray diffractions obtained from crystalline materials are being
used to produce a model structure. The accuracy of the model and the refined structure is
achieved by a least-squares procedure that minimizes the difference between the calculated
and experimental structure factors (derived from the diffraction intensities). The accuracy
of the refined structure is determined by the agreement factor (R); the smaller the R value,
the better the experimentally determined structure. The reader should keep in mind that
the position of the atom is determined by the centre of its electron density. However,
comparison with the results of neutron diffraction, that provides the position of an atom
as its centre of mass, shows that the shift of the centre of electron density from the centre
of mass is in most cases of the order of only 0.001 A. It should also be noted that in
the presence of ‘heavy’ atoms (atoms with many electrons) in the molecule, the positions
of the ‘light’ atoms are less accurate. The main disadvantage of the X-ray diffraction
method for the structural determination of molecules and crystals is that the compound
should be in its crystalline state. Consequently, the structures of unstable compounds and
of small gaseous compounds are usually missing from XRD data. It means that calculated
geometry by ab initio methods that are regularly conducted on small model molecules
should be compared with caution with the experimental XRD molecular structures. The
advantage of the method is evident from its extensive use and the data it provides form
the base for every discussion related to molecular geometry. It should also be mentioned
that, unlike isolated molecules in the gaseous state, molecules in the crystal are imposed
on intermolecular forces that, when they are strong, they might affect the molecular
geometry. The vast amount of XRD structural data available today, the ease of extracting
the relevant parameters from computerized data banks and the possibility to perform
statistical analysis of the data, all determine the character of the current review. The
structural chemistry of organosilicon compounds reviewed here is mainly based on XRD
structural data gathered from the Cambridge Structural Database (CSD)!®. Comparison
of the experimental geometry with optimized calculated geometry is given as well'7 =%,
Statistical analysis was executed in most cases for the relevant geometric parameter. The
review covers Si—X structural chemistry where X = C, Si, N, P, O, S, Hal. Silicon
may be either tri-, tetra-, penta- or hexacoordinate and X may have different coordination
numbers. For each type of Si—X bond, typical and exceptional compounds are shown and
the relevant geometric parameters are listed in tables. Histograms are provided whenever
statistical analysis was performed. Each compound that appears in the tables is designated
by a six-letter code called Refcode, which is used in the CSD system. A complete list of
Refcodes, IUPAC names and chemical formulae of all compounds appearing in this review
can be obtained on request from the authors. The statistical analysis was executed with
the Origin Program®, the average value of a geometric parameter, its standard deviation
(s.d.) and the standard deviation of the mean (s.m.) values were calculated according to
equations 1-3:

d(mean) = (1/N)Xd; (1)

where d(mean) is the calculated average, N is the number of data points; the sum is taken
over all data points; d; is the experimental value;

s.d. = {[1/(N — DI=[d; — d(mean)]?}'/? )
where s.d. is the standard deviation;
s.m. = (s.d.)/(N)'/? (3)

where s.m. is the standard deviation of the mean.
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Il. SINGLE BONDS TO SILICON
A. Structural Chemistry of the Si—C Bond

Most of the organosilicon compounds contain bonds between the silicon and carbon
atom. In the following paragraph the structural chemistry of the Si—C single bond is
discussed, mostly in compounds with tetracoordinate silicon and tetracoordinate carbon
atoms. The structural chemistry of the Si—C bond in compounds where the carbon coor-
dination state is different, is also discussed. The Si—C bond is markedly polarized and
the increase of the bond ionicity by attaching different substituents to either the silicon
or the carbon atoms may affect its length. The electronic and steric effects are discussed
later.

1. Si—C(sp) bonds

A single bond between a silicon and dicoordinate carbon atom involves a carbon atom
in sp hybridization. XRD crystal structure analysis provided 238 individual Si—C(sp) bond
lengths and Si—C(sp)—X bond angles. The average Si—C(sp) bond length was calculated
from 226 values to be 1.839 A (s.d. 0.02 A, s.m. 0.001 A). There were few exceptionally
longer or shorter bonds; however, in almost all cases they resulted from disorder in the
crystal or inaccurate crystal structure refinement. The histogram of Si—C(sp) bond lengths
is shown in Figure 2. A list of Si—C(sp) bond lengths and Si—C(sp)—X bond angles for
selected acyclic and cyclic compounds is given in Table 2. The histogram for the bond
angles (Figure 2) shows that in most compounds the Si—C(sp)—X moiety is practically
linear. The bonds that deviate from linearity are those in small cyclic molecular systems:
Figure 3 shows the correlation between the Si—C(sp)—X bond angle and the ring size.
Linearity is reached at a ring size of 10-12 atoms. No correlation was found between
bond lengths and bond angles.
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FIGURE 2. Histograms of Si—C(sp) bond lengths (left) and Si—C(sp)—X bond angles (right)
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TABLE 2. Geometry of the Si—C(sp) bond in acyclic and cyclic compounds

Refcode Compound d(Si—C) (A) Si—C—X () Reference
Acyclic
HACLAY“ 1 1.828 173.4 31
HEGGUV* 2 1.837 175.8 32
JUGBIW 3 1.840 179.0 33
JUGBOC* 4 1.855 174.3 33
SULMIV* 5 1.837 175.8 34
SUMTUP 6 1.807 177.6 35
VOBREJ* 7 1.837 177.1 36
WAWRER? 8 1.845 173.9 37
Cyclic
KUPLAI¢ 9 1.843 148.7 38
TACKEN“ 10 1.822 160.9 39
KUCVEJ“ 11 1.842 166.7 40
KUCVIN® 12 1.832 164.3 40
BUXJUZ 13 1.844 166.0 41
DUWCAZ? 14 1.842 177.0 42
DUWCED* 15 1.844 173.6 42
LENHUH“ 16 1.840 173.1 43
DUWCIH* 17 1.850 179.4 42
DUWCON* 18 1.844 178.2 42
JALGOS“ 19 1.843 177.5 44
SAYIJIL4 20 1.821 176.3 45
PEZFOP* 21 1.839 177.9 46
JOHJUL 22 1.834 178.5 47
@ Average values are given.
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FIGURE 3. Correlation between Si—C(sp)—X bond angle and ring size

2. Si—C(sp?) bonds

Replacing an sp carbon atom by an sp® carbon affects the lengthening of the Si—C
bond by only 0.04 A. The average length of the bond was calculated from 633 individual
values obtained from XRD to be 1.878 A (s.d. 0.03 A, s.m. 0.001 A). The histogram
is shown in Figure 4. A list of Si—C (sp?) bond angles and the sum of valence bond
angles at the carbon atom are given in Table 3. Exceptionally longer bond lengths have
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FIGURE 4. Histograms of SifC(spz) bond lengths d (left) and the sum of SifC(spz)fX bond angles
(right)

been detected in compounds such as 29 and 30, where the bond ionicity is reduced by
the substitution on the carbon atom. Compound 31 provides a very good example of the
effect of attachment of electronegative substituents on silicon on the bond length. Two
different groups are bonded to the same sp? carbon atom, SiMe; and SiClBu-z. The
Si—C bond length in the first is 1.867 A, and 1.784 A in the second. The shortening is
a result of the attachment of two chlorine atoms to the same silicon atom. The planarity
of the sp? carbon atom was checked by calculating the sum of its valence bond angles
(see Figure 4). In almost all the compounds the sp* carbon is practically planar. The
exceptional pyramidality of the sp? carbon found in 32 with the sum of valence angles
equal to 323.8° is suspicious and might be in error.

TABLE 3. Geometry of Si—C(sp?) bonds

Refcode Compound d (Si—C) (A) 2 Si—C—X (°) Reference
Typical

VOLZAX 23 1.879 360.0 48
WEGBAL 24 1.880 360.0 49
SUCVAN“ 25 1.840 359.6 50
YIMYEY“ 26 1.873 358.0 51
YIMYIC? 27 1.878 357.6 51
YOSSUU 28 1.906 360.0 52
Exceptions

FERMIY 29 2.006 360.0 53
PESICR 30 2.003 360.0 54
LEBPIR 31 1.784 359.7 55
LEBPIR 31 1.867 359.7 55
KIZDUS 32 1.909 323.8 56

@ Average values are given.
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3. Si—C(aryl) bonds

The average Si—C(aryl) bond length was calculated from 3371 individual values to
be 1.879 A (s.d. 0.03 A, s.m. 0.0004 A). The histogram is shown in Figure 5. The
experimental Si—C(aryl) bond length is in very good agreement with the calculated value.
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FIGURE 5. Histogram of Si—C(aryl) bond lengths

Ab initio computations at the Hartree—Fock level were carried out on two conforma-
tions of silylbenzene'” and the Si—C(phenyl) bond length was calculated to be 1.8729 A.
Longer Si—C(aryl) bonds have been found in only a few compounds, such as 33°7 (1.941,
1.954 and 1.972 A) and 34°8 (1.910 and 1.993 A). In both cases the lengthening may be
attributed to steric congestion.
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4. Si-C(sp®) bonds

Perhaps the most abundant organosilicon fragment is trimethylsilyl. The average
Si—C(sp?) bond length was calculated from 19169 individual XRD experimental values
to be 1.860 A (s.d. 0.02 A, s.m. 0.0002 A). The histogram is shown in Figure 6a. The
strong effect of electronegative groups attached to the silicon atom is shown in Figure 6b.
The average Si—CH3 bond is significantly shorter by 0.014 A, upon attachment of at least
one fluorine atom to the silicon.
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FIGURE 6. Histograms of Si—C(sp®) bond lengths in trimethylsilyl (a) and Si—CH3 bond lengths in
fluorosilanes (b)

Replacement of a methyl by 7-Bu causes a marked lengthening of the Si—C(sp?) bond
length (by 0.047 A) to 1.907 A (calculated from 889 XRD bond lengths, s.d. 0.03 A, s.m.
0.001 A). The histogram is shown in Figure 7. The effect of electronegative substituents
is demonstrated by three compounds, 3559 360 and 37°!. In 35, where a fluorine atom is
attached to silicon, increasing the Si—C bond ionicity, the bond length is ‘short’ (1.888 A);
additional shortening is observed (1.801, 1.823 A) when three fluorine atoms are attached

to the silicon atom, as in 36. In 37, where a fluorine atom is bonded to the carbon atom,
the Si—C bond length is ‘long’ (1.923 A).
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FIGURE 7. Histogram of Si—C(t—Bu) bond lengths
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The lengthening of the Si—C(sp®) bond length can also be a result of steric congestion,
which is demonstrated by 38%% containing tri-fert-butylsilyl moieties. The average Si—C

bond length in 38 is 1.953 A, compared to 1.907 A in compounds with a single ¢-Bu
bonded to silicon.

5. Si—C bonds in silacyclopropanes and silacyclopropenes

Si—C bond lengths in silacyclopropanes are only slightly shorter (1.84-1.87 A; see
Table 4) than in any other Si—C(sp3) bonds, such as with methyl (1.860 A). However,
the same bond in silacyclopropenes is significantly shorter (1.81-1.82 A) than that found
for Si—C(sp?) bonds (1.879 A). In both silacyclopropanes and silacyclopropenes C—Si—C
bond angles are smaller than 60° due to the longer Si—C than C—C bond length. Since
the C=C bond lengths in silacyclopropenes are even shorter than the C—C bond lengths
in silacyclopropanes, the C—Si—C bond angle in the former (42-44°) is smaller than in
the latter (47-52°).

TABLE 4. Geometry of Si—C bond in silacyclopropanes and in silacyclopropenes

Refcode Compound d(Si—C) (A) C-Si—C (®) Reference
Cyclopropane

GIMNUL* 39 1.869 50.2 63
WARREM“ 40 1.843 46.9 64
KIPDES“ 41 1.868 49.5 65
Cyclopropene

FIBJUV? 42 1.811 43.0 66
YOSZEL* 43 1.817 43.7 67
SUJGOT 44 1.827° 42.7 68

@ Average values are given.
bThe second bond length seems to be in error.
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6. Structural chemistry of Si bonds with special functional groups

The structural chemistry of silicon bonded to special functional groups such as acetyl
group, cyanide and isocyanide deserves special attention. Acylsilanes having the general
formula R3SiCOR constitute an interesting class of chemical compounds. They are sen-
sitive to light and rather unstable, particularly in a basic environment, where they react
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to give aldehydes and more complex rearrangement products. Furthermore, their elec-
tronic and vibrational spectra display some unusual features. The enhanced reactivity of
substituents attached to the carbon atom in the a-position to silicon is referred to as the
a-silicon effect. The experimental Si—C(sp?) bond length in these compounds containing
acetyl groups is 1.925 A, significantly longer (by 0.05 A) than the regular Si—C(sp?)
bonds of 1.878 A. A list of selected compounds is given in Table 5. Optimization2*
of the geometry of SiH3CHO at the Hartree—Fock 6-31++G*™* level reveals a Si—CO
bond length of 1.930 A, slightly longer than the experimental value. The lengthening is
attributed to the effect of attachment of the electronegative oxygen atom to the carbon
atom, thus lowering the Si—C bond ionicity.
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The crystal structures of only three silyl cyanides 51-53 are known. The Si—CN bond
length in 517° is 1.823 A, the CN triple bond length is 1.211 A and the Si—C—N bond
angle is 178.7°. In the dicyanide 527 the Si—CN bond length increases to 1.862 and
1.873 A while CN triple bonds decrease to 1.121 and 1.148 A. The Si—C—N bond angle
is unchanged (178.0, 178.1°). When the silicon is pentacoordinate, as in 5377, the Si—CN
bond length is elongated to 2.051 A, the CN triple bond is unchanged (1.144 A) and the
Si—C—N bond angle is 175.0°. The silyl cyanide’® H3SiCN was used as a model for
calculating the geometry of the Si—C and the CN triple bond lengths which resulted in
values of 1.872 A and 1.141 A, respectively.

Agreement between the calculated’® geometry and experimental geometry of silyl iso-
cyanide is poor. The calculated Si—N bond length in H3SiNC is 1.745 A, and the NC
triple bond length is 1.165 A. The experimental values are 1.819 and 1.785 A for the

TABLE 5. Geometry of Si—C bonds

Refcode Compound dSi—C) (A) % Si—C-X (°) Reference
ACTPSI 45 1.925 360.0 69
GIFPUG 46 1.925 359.8 70
JEMXII 47 1.925 360.0 71
JOPDUN 48 1.925 360.0 72
PSITET 49 1.921 360.0 73
VIGZOA“ 50 1.907 360.0 74

@ Average values are given.
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Si—N bond, 1.087 and 1.152 A for the N—C triple bond, and 175.1 and 169.9° for the
Si—N—C bond angles in 547° and 55%, respectively.

CH;
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CH;
(51)

T
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B. Structural Chemistry of the Si—Si Bond
1. Si—Si bonds in compounds with tetracoordinate silicon atoms

The sum of covalent radii for the Si—Si bond length in disilanes is 2.341 A. The average
bond length in acyclic disilanes was calculated from 541 individual XRD values to be
2.358 A (s.d. 0.02 A, s.m. 0.0009 A). The histogram is shown in Figure 8. Bond lengths
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FIGURE 8. Histogram of Si—Si bond lengths in acyclic compounds
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for selected compounds whose XRD data were published between 1990 and 1995 are
listed in Table 6. Compounds with exceptionally long Si—Si bond lengths are also listed
in Table 6. The significant lengthening (0.23 A on average) of the Si—Si bond in 64-67
is attributed to the steric effect. In all four compounds the silicon atoms are substituted
by more than one bulky group such as 7-Bu or iodine atoms.

Slightly longer Si—Si bond lengths are found in cyclic disilane compounds. The average
of this bond was calculated from 472 XRD values to be 2.372 A (s.d. 0.04 A, S.m.
0.002 A). The histogram is shown in Figure 9. The cyclopolysilanes show a range of
unique electronic and spectroscopic properties, which arise from electron delocalization
in the Si—Si o framework. Examples of cyclopolysilanes with ring sizes of 3, 4, 5, 6, 7,
13 and 16 are shown in 68-74. Si—Si bond lengths and Si—Si—Si bond angles for these
compounds are given in Table 7. Figure 10 shows the dependence of the Si—Si—Si bond
angles on the ring size. The ring strain is relieved when the ring size is larger than 8.

Exceptionally long Si—Si bonds in cyclopolysilanes are found in compounds such as
75-79 which are bearing bulky substituents such as z-Bu.

C. Structural Chemistry of the Si—N Bond

More than 700 individual Si—N bond lengths were known at the time Sheldrick! wrote
his review (1989). Although he did not make any remark on the source of the data, it seems
that most were available from X-ray crystal structure analysis. At the time of writing the
present review (July 1996) more than 3000 individual experimental Si—N bond lengths
were obtained from the CSD bank for crystal structure data. It is not possible to present
a comprehensive list in this review and therefore we provide a statistical analysis of the
data and mention a few typical and exceptional compounds together with their Si—N
structural features.

The Schomaker-Stevenson corrected sum of covalent radii of silicon and nitrogen is
1.80 A and, in general, it was shown!S that shorter bonds have been found for com-
pounds in which the ionicity of the bond is enhanced by the attachment of either a very

TABLE 6. Typical and exceptional Si—Si bond lengths in acyclic

compounds

Refcode Compound d(Si—Si) (A) Reference
Typical

PERPAD 56 2.346 81
JUKYIX* 57 2.388 82
PAFNOZ* 57 2.363 83
PERPOR? 57 2.375 83
LINKAU“ 58 2.362 84
YASYEW¢ 59 2.395 85
YASYIA? 60 2.373 85
JUXPIB 61 2.368 86
WAJZUC 62 2.335 87
WIGNUV 63 2.391 88
Exceptional

TAGNOE 64 2.453 89
DIVKIC 65 2.697 90
FAPBON“ 66 2.614 91
GERSEB 67 2.593 92

@ Average values are given.
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FIGURE 9. Histogram of Si—Si bond lengths in cyclic compounds

electronegative substituent to silicon or an electropositive metal to nitrogen. Long Si—N
bonds are due to the reduction of the ionicity by the attachment of a substituent in the
opposite manner, namely attachment of either an electronegative substituent to nitrogen or
an electropositive substituent to silicon. Long bonds may also be a result of steric effects.
In cases where the nitrogen atom is involved in a very strong hydrogen bond, the Si—N
bond may lengthen.
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TABLE 7. Typical and exceptional Si—Si bond lengths in cyclic compounds with tetra-
coordinate silicon atoms

Refcode Compound d(Si—Si) (A) Si—Si—Si(") Reference
Typical

COHBIC? 68 2.385 59.1 93
SOWBEL“ 69 2.391 88.4 94
DPHPSI“ 70 2.394 104.5 95
HASKAN“ 71 2.332 117.0 96
DIDJOP“ 72 2.341 116.2 97
FALSEQ“ 73 2.355 115.7 98
FALSIU“ 74 2.355 111.9 98
Exceptional

CIHRAM 75 2.511 60.0 99
YISJUF¢ 76 2.494 90.1 100
SUDJEG“ 77 2.500 78.8 101
LANLAN 78 2214 — 102
LAWZIS 79 2.228 — 103

@ Average values are given.
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FIGURE 11. Histogram of Si—N bond lengths in compounds with tetracoordinate silicon and dicoor-
dinate nitrogen atoms

1. Si—N bonds in compounds with tetracoordinate silicon and dicoordinate nitrogen
atoms

The average Si—N bond length in this class of compounds was calculated from 115
individual experimental values obtained by XRD, and was found to be 1.713 A (s.d.
0.03 A and s.m. 0.003 A). The histogram is shown in Figure 11. Selected typical and
outlying Si—N bond lengths and Si—N—X bond angles are listed in Tables 8 and 9,
respectively. The calculated® (3-21G*) Si—N(spz) bond length in H3SiNCH; of 1.755 A
is significantly longer than the experimental value. In 80-84 Si=N double bonds are also
present, but such bonds are discussed later in this review.

TABLE 8. Geometry of Si—N bonds in compounds with tetracoordinate silicon and
dicoordinate nitrogen atoms

Refcode Compound d(Si—N) (A) Si—N-X (°) Reference
DOKWUV 80 1.696 177.8 104
DOKXEG* 81 1.660 161.2 104
JIWGAX 82 1.661 174.2 105
GEVRII 83 1.678 169.4 104
LENVUV 84 1.662 149.8 106
POHXEP* 85 1.689 158.9 107
WECWIK 86 1.725 119.9 108
YEFJUO“ 87 1.758 129.8 109
WEDDOY* 88 1.728 149.2 110
YOVLEA 89 1.739 155.7 111
LECDIG* 90 1.707 155.0 112

@ Average values are given.
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TABLE 9. Exceptionally long and short Si—N bonds in compounds with tetracoordi-
nate silicon and dicoordinate nitrogen atoms

Refcode Compound d(Si—N) (A) Si—N—X (*) Reference
Long bonds

JALSUK 91 1.798 109.7 113
KEGTIZ? 92 1.808 168.0 114
KETMON 93 1.822 178.3 115
TMSIDM 94 1.807 120.0 116
Short bonds

YEBVAC 95 1.673 136.0 117
YEBVAC 95 1.791 130.4 117
SETYEV 96 1.649 151.1 118

@ Average values are given.
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Si—N=X bond angles are wider than in the carbon analogues. Upon bending, the
HOMO (which effectively contains the lone pair of nitrogen) and a ¢* orbital of higher
energy can interact, leading to the stabilization of a bent geometry provided that the gap in
energy between the two orbitals is small. Upon increasing the electronegativity on going
from carbon to silicon, the energy gap will increase and the Si—N=X bond angle will
widen. A similar effect will occur by the attachment of more electropositive substituent
to nitrogen. Examples of the two extremes are seen in 80 where, by attachment of an
electropositive Si atom to the nitrogen, the Si—N=Si bond angle widens to 177.8°, while
in 86 where the electronegative substituent, the sulphur atom, is attached to nitrogen, the
Si—N=S bond angle closes to 119.9°. It is also evident from the Si—N bond lengths listed
in Table 8 that the Si—N bond length shortens upon linearization of the Si—N=X bond.
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91-96 are compounds with exceptionally long or short Si—N bond lengths. Compound
95 provides an interesting example in which both long and short Si—N bonds exist in the
same molecule. The attachment of the more electropositive germanium atom to nitrogen
imposes an increase of ionicity and Si—N bond shortening (1.673 A). The attachment of
the azide to silicon causes a lengthening of the bond (1.791 A). The shortening of the
Si—N bond length caused by the attachment of germanium to the nitrogen atom is also
seen in 96 (1.649 A).

2. Si—N bonds in compounds with tetracoordinate silicon and tricoordinate nitrogen
atoms

There are about 3000 individual experimental Si—N bond lengths obtained by XRD.
Histograms of the Si—N bonds and of the sum of valence angles around the nitrogen atom
are given in Figure 12. Selected typical and exceptional Si—N bond lengths and the sum
of valence bond angles are listed in Tables 10 and 11, respectively. The average Si—N
bond length was calculated from 2908 individual values to be 1.739 A (s.d. 0.03 A, and
s.m. 0.0006 A). Lengthening of the Si—N bond was observed in many compounds such
as 112-120, where the substituent at the nitrogen atom has a comparable electronegative
character to that of nitrogen. Boron and phosphorus are most frequently found to be the
substituents on nitrogen that cause the lengthening. On the other hand, the attachment
of a strong electropositive atom to nitrogen increases the ionicity of the bond and the
extent of its shortening. The effect is exemplified by compounds 124,125 and 126 where
Li or Ca are the atoms attached to nitrogen. The same effect may also be achieved by the
attachment of a strong electronegative atom or group to the silicon atom. Thus, in 121
and 122 where chlorine atoms are attached to silicon, the Si—N bonds are short (1.678
and 1.679 A, respectively), while in a similar compound lacking the chlorine atoms 123
the Si—N bond is longer (1.703 A).
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FIGURE 12. Histograms of Si—N bonds (left) and sum of valence bond angles around nitrogen atoms
(right)
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TABLE 10. Geometry of the Si—N bond in compounds with tetracoordinate silicon and
tricoordinate nitrogen atoms

Refcode Compound d(Si—N) (A) T X-N-X) *) Reference
PECBUU 97 1.710 351.9 119
LEHHEL“ 98 1.700 360.0 120
LINTIL? 99 1.733 359.3 121
YEPTUI® 100 1.724 360.0 122
JUXPIB 101 1.716 359.1 123
WIGNUV* 102 1.726 3594 124
YEPTOC 103 1.718 358.8 122
PEWDAW“ 104 1.738 360.0 125
WAHGOB* 105 1.728 358.7 126
WAJLOI® 106 1.729 359.0 127
WAJLUO“ 107 1.729 359.8 127
PECCEF* 108 1.711 350.3 119
WEHMAX? 109 1.736 359.1 128
WEHLOK? 110 1.740 359.9 128
YUDLAK? 111 1.717 360.0 129

@ Average values are given.
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It is interesting to note that, with no exception, the tricoordinate nitrogen atom that
is bonded to the tetracoordinate silicon atom is not pyramidal. The theoretical sum of
valence angles in tetrahedral geometry (sp® for nitrogen atom) is 329.5°, and 360° for
trigonal geometry (sp? for nitrogen atom). The histogram shown, in Figure 12 (right)
shows very clearly that the nitrogen atom is practically planar. The average value is
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TABLE 11. Geometry of exceptionally long and short Si—N bonds in compounds with
tetracoordinate silicon and tricoordinate nitrogen atoms

Refcode Compound d(Si—N) (A) T X-N-X) ) Reference
Long bonds

LAWNAY* 112 1.804 359.9 130
LEMMIZ* 113 1.791 357.6 131
PEFPEV*“ 114 1.768 360.0 132
PEFPOF* 115 1.780 360.0 132
PEFRAT 116 1.756 358.2 132
PEPNON 117 1.795 357.1 133
PODSUW* 118 1.770 359.0 134
YERWOH* 119 1.816 358.2 135
YOVYEN 120 1.825 360.0 136
Short bonds

HEZBUJ 121 1.679 359.8 137
HEZCEU“ 122 1.678 354.7 137
HEZCIY“ 123 1.703 356.1 137
LEZREN“ 124 1.678 360.0 138
SUPSUR 125 1.675 358.8 139
WAKGIY 126 1.650 359.9 140

@ Average values are given.
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calculated to be 358.4° (s.d. 9.3°, s.m. 0.2°). The planarity of the tricoordinate nitrogen
atom bonded to the silicon atom was established more than 40 years ago. The interaction
of nitrogen 2p-orbitals normal to the NSi3 plane in (H3Si)sN with silicon 3d-orbitals of
appropriate symmetry provided a simple explanation for both the planarity of nitrogen and
the shortening of the bond compared with the corrected sum of the covalent radii (1.80 A).
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3. Si—N bonds in compounds with pentacoordinate silicon and tricoordinate nitrogen
atoms

Pentacoordinate silicon forms two types of bonds with tricoordinate nitrogen atoms,
a pure covalent bond and a N — Si dative bond. The first is significantly shorter than
the second. The average covalent Si—N bond length in compounds where pentacoordinate
silicon atom is bonded to tricoordinate nitrogen atom was calculated from 48 XRD exper-
imental values to be 1.761 A (s.d. 0.06 A, s.m. 0.009 A). An example of the difference
in bond length is shown in 127'#' where the covalent Si—N bond lengths are 1.766 and
1.770 A and the dative bond is 2.333 A.
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4. Si—N bonds in compounds with hexacoordinate silicon and tricoordinate nitrogen
atoms

All Si—N bonds in compounds where hexacoordinate silicon atom is bonded to trico-
ordinate nitrogen atoms are dative bonds, where the nitrogen atom provides its lone-pair
electrons to the bond. The average Si — N bond was calculated from 31 individual values
to be 1.969 A (s.d. 0.05 A and s.m. 0.008 A).

D. Structural Chemistry of the Si—P Bond

1. Si—P bonds in compounds with tetracoordinate silicon and dicoordinate phospho-
rus atoms

There are only five known X-ray crystal structures of compounds containing a tetraco-
ordinate silicon atom that is bonded to a dicoordinate phosphorus atom. In three, 128-130,
the phosphorus atom is singly bonded to silicon and doubly bonded to either carbon or
phosphorus atoms while in the remaining two, 131 and 132, the phosphorus atom is singly
bonded to both substituents. The Si—P bond lengths and the Si—P—X bond angles are
given in Table 12. On the average the Si—P bond length in the first three compounds is
longer by 0.1 A than the average in the last two compounds. The double bond of phos-
phorus has the same effect as two single bonds in regards to the Si—P bond length and
can be compared to compounds with tricoordinate phosphorus atoms.

2. Si—P bonds in compounds with tetracoordinate silicon and tri- or tetracoordinate
phosphorus atoms

The sum of the covalent radii of silicon and phosphorus is 2.27 A and, since the ionic
character of the Si—P bond is relatively limited, no significant difference of the Si—P
bond length is expected. The average of the experimental (X-ray diffraction) Si—P bond

TABLE 12. Geometry of the Si—P bond in compounds with tetracoordinate silicon
and dicoordinate phosphorus atoms

Refcode Compound d(Si—P) (A) Si—P-X (©) Reference
DARPOB 128 2.237 106.2 142
KAXZOY 129 2.269 98.6 143
PINZIV 130 2.263 109.3 144
KITKEV* 131 2.161 103.5 145
VEINED 132 2.167 105.4 146

@ Average values are given.
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length in silylphosphines containing a tricoordinate phosphorus atom is calculated for
165 values to be 2.265 A (s.d. 0.02 A, s.m. 0.002 A). The histogram for the Si—P bond
lengths is shown in Figure 13. The geometry of typical compounds 133-142 is given
in Table 13. In contrast to nitrogen, the tricoordinate phosphorus atom is pyramidal as
shown by the sum of the bond angles it forms (Tables 13 and 14). The planar tricoordinate
phosphorus atom has not been observed. The closest to planarity are observed whenever
the phosphorus atom is bonded to a phenyl ring such as in 137 or in 148, as indicated by
the sum of bond angles involving the phosphorus atom, 345.2° and 351.7°, respectively.

The geometry of exceptionally long or short Si—P bond lengths is given in Table 14
for compounds 143-145 and 146-148, respectively. The lengthening may be attributed
to strain and steric congestion in compounds 144 and 145 and to the reduction of polarity
in 143. An electropositive substituent on the phosphorus atom will reduce the Si—P bond
length as found in 147 and 148.

The average Si—P bond length in compounds containing a tetracoordinate phosphorus
atom was calculated with 144 individual bond lengths obtained experimentally by X-ray
crystal structures. The Si—P bond length is 2.265 A (s.d. 0.02 A and s.m. 0.002 A). The
histogram is shown in Figure 14. Selected Si—P bond lengths for typical compounds
149-153 are listed in Table 15.

Exceptionally long and short Si—P bond lengths are found in 154-156 and in 157-163,
respectively, and the X-ray experimental values are summarized in Table 16. Most of the
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FIGURE 13. Histogram of the Si—P bond lengths in compounds containing tetracoordinate silicon and
tricoordinate phosphorus atoms

TABLE 13. Geometry of the Si—P bond in compounds with tetracoordinate silicon and
tricoordinate phosphorus atoms

Refcode Compound d(Si—P) (A) % (Si—P-X) () Reference
HAZKUO 133 2.246 328.1 147
HAZLAV 134 2.298 301.4 147
JIXZAR? 135 2.228 201.6 148
SENLAY* 136 2.280 231.1 149
SIFMEZ* 137 2.264 345.2 150
SIYXUT* 138 2.278 333.0 151
VIXVAZ 139 2.256 290.4 152
VOBSOU* 140 2.245 294.3 153
WAPLOO* 141 2.293 304.6 154
WAPLUU“ 142 2.257 321.3 154

@ Average values are given.

short Si—P bonds are detected in compounds where the phosphorus is bonded to a very
electropositive atom such as lithium, thus increasing the ionicity of the Si—P bond and
its shortening.

E. Structural Chemistry of the Si—O Bond

In 1976, Si—O structural data were available for only 51 organosilicon compounds. The
structural features of Si—O bonds have been reviewed by Voronkov and colleagues!”? in
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TABLE 14. Exceptionally long and short Si—P bonds in compounds with tetracoordinate
silicon and tricoordinate phosphorus atoms
Refcode Compound d(Si—P) (A) = (P-Si—X) () Reference
Long bonds
DABLAT 143 2.306 301.3 155
JUWJAM? 144 2.318 3314 156
VENKUU“ 145 2.300 260.7 157
Short bonds
DETTAX 146 2.227 307.7 158
FOWLOS* 147 2.218 3254 159
WAPLEE 148 2.223 351.7 154
@ Average values are given.
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FIGURE 14. Histogram of the Si—P bond lengths in compounds containing tetracoordinate silicon and
tetracoordinate phosphorus atoms
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TABLE 15. Geometry of the Si—P bond in compounds with
tetracoordinate silicon and tetracoordinate phosphorus atoms

Refcode Compound d(Si—P) (A) Reference
KAKFAD 149 2.242 160
KAKFEH 150 2.248 160
KUDXAI 151 2.254 161
TADFIN® 152 2.259 162
TADFOT* 153 2.265 162

@ Average values are given.
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TABLE 16. Exceptionally long and short Si—P bonds in com-
pounds with tetracoordinate silicon and tetracoordinate phosphorus

atoms

Refcode Compound d(Si—P) (A) Reference
Long bonds

GANRAO 154 2.328 163
KIBSAP 155 2.329 164
SEVRIE? 156 2.416 165
Short bonds

FOFFUB*“ 157 2.211 166
FOFGAI“ 158 2.194 166
SEHHOC 159 2.205 167
PADDED* 160 2.211 168
VAFWEE* 161 2.200 169
LAJLAJ? 162 2.220 170
YEZGOZ* 163 2.214 171

@ Average values are given.
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1978. At that time the calculated Si—O bond length was 1.64(3) A. In 1989, Sheldrick!?
indicated in his review that the additional data available at the time he wrote his review
confirmed this finding. This value is smaller than the Stevenson-Schomaker corrected sum
of the covalent radii of silicon and oxygen (1.76 A). The large amount of XRD structural
data available today enables more accurate statistical analysis and the ability to verify it
by theoretical calculation.

1. Si— O bonds in compounds with tetracoordinate silicon and dicoordinate oxygen
atoms

The 3276 bond lengths obtained by XRD have been used to calculate the average
Si—O bond length in compounds containing tetracoordinate silicon atom bonded to a
dicoordinate oxygen atom. The average Si—O bond length is 1.629 A (s.d. 0.03 A, s.m.
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FIGURE 15. Histograms of Si—O bond lengths (left) and Si—O—X (X # Si) (right) in compounds
with tetracoordinate silicon and dicoordinate oxygen atoms

0.0005 A). An average value for the Si—O—X (X = silicon was excluded) bond angle was
calculated from 1722 individual values to be 135.4° (s.d. 15.8°, s.m. 0.4°). The histograms
of the bond lengths and bond angles are given in Figure 15. A list of Si—O bond lengths
and bond angles for typical compounds that have been published in the scientific literature
since 1993, and their crystal structures, were very accurately refined (R < 0.05) are given
in Table 17.

Most of the exceptional bond lengths were obtained for compounds that were found to
be disordered in their crystalline state. Shorter bond lengths have been found to belong
to similar systems as presented by 174-176. The average Si—O bond lengths in these
compounds are 1.552, 1.551 and 1.503 A in 174183 17584 and 17633, respectively. The
attachment of an electronegative sulphur atom to the silicon atom increases the Si—O
bond ionicity and therefore the bond tends to become shorter.

TABLE 17. Si—O bond lengths and Si—O—X bond angles in compounds with tetra-
coordinate silicon and dicoordinate oxygen atoms

Refcode Compound d(Si—0) (A) Si—0-X (°) Reference
HMDSIX¢ 164 1.631 148.2 173
PODIJIB 165 1.613 180.0 174
WEHJOI 166 1.635 148.7 175
WEHJOI¢ 167 1.616 141.2 176
PITHOP 168 1.642 121.7 177
YECTEF* 169 1.666 126.4 178
WEKFEX“ 170 1.597 138.7 179
WEKTOV 171 1.627 117.9 180
PLJJIB¢ 172 1.621 147.5 181
LIIGUG* 173 1.606 147.4 182

@ Average values are given.
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2. Si—0 bonds in silanols

The geometry of silanols was the subject of many theoretical investigations. The Si—OH
bond length in methylsilanol was calculated'® by use of the 3-21G basis set to be 1.679 A,
significantly longer than the experimental value (1.636 A). Shorter bond lengths were
found!® by optimization of the geometry using ab initio calculation at the 3-21G* (mod-
ified) level, 1.653 and 1.657 A in H3Si—OH and CH3SiH,—OH, respectively. Geometry
optimization of silanol and methanol at the self-consistent field (SCF) level was carried
out? and revealed a Si—OH bond length of 1.646 A. Optimization of the geometry of
silanol at the restricted Hartree—Fock (RHF) level with a series of basis sets of increasing
quality was undertaken to determine the dependence of the structure on the basis set?!.
Starting with the STO-3G basis set the Si—OH bond length was calculated to be 1.686 A.
Further optimization using the double-zeta and triple-zeta split valence basis sets, both
with and without polarization functions, reduces the bond length to a value of 1.631 A.
The histogram of the experimental (XRD) Si—OH bond lengths in silanols is given in
Figure 16. The average bond length was calculated from 116 individual parameters to be
1.636 A (s.d. 0.01 A, s.m. 0.001 A). The bond lengths for selected compounds are listed
in Table 18. The Si—O bond lengths in silanols are only slightly longer than the average
bond length found for alkoxysilanes (1.629 A).
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FIGURE 16. Histogram of Si—O bond lengths in silanols

TABLE 18. Geometry of Si—O bond lengths in silanoles

Refcode Compound d(Si—0) (A) Reference
JODYAC* 177 1.637 186
SELFIY 177 1.632 187
SITKEL“ 177 1.645 188
VUFKEM“ 178 1.627 189
JODYEG 179 1.636 186
VOZJOJ 179 1.638 190
VOZJUP 179 1.637 190
VOZKAW 179 1.642 190
VOZKEA 179 1.642 190
JODFAJ 180 1.646 191
KOMROT 181 1.631 192
KOSFUT 182 1.617 193
VAFWII? 183 1.632 194
WEKTUB 184 1.622 195
WEKTOV 184 1.627 195

@ Average values are given.

3. Si—0O bonds in disiloxanes

The geometry of disiloxane was a subject of many theoretical investigations. The molec-
ular structure of H3Si—O—SiH3z was calculated at the 3-21G* level'® and it was shown
that the Si—O bond length is 1.645 A and the Si—O—Si bond angle is 149.5°. Analyses of
the Cambridge Structural Database and results of ab initio molecular orbital calculations??
provide insights into the bond-angle widening at oxygen as compared to the alkyl ethers.
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The XRD data of the acyclic Si—O—C(sp®) fragments provided the basis for calculating
the average bond angle of 134.2° and average Si—C bond distance of 1.62 A. A trend
of decreasing bond lengths with increasing bond angle was also shown. Optimization of
the geometry of methoxysilane and disiloxane by calculation (at 6-31G) show that the
Si—O—C and Si—O-Si bond angles are 125.0° and 170.1°, respectively, and the Si—O
bond lengths are 1.640 and 1.626 A, respectively. For both molecules the bond angles
differ significantly from the experimental values. The calculated Si—O bond length in
disiloxane is in very good agreement with the XRD experimental value (1.621 A).
Optimization of the geometry of disiloxane at the restricted Hartree—Fock (RHF) level
with a series of basis sets of increasing quality was conducted to determine the depen-
dence of the structure on the basis set?!. Starting with the STO-3G basis set, the Si—O
bond length and Si—O—Si bond angle were calculated to be 1.658 A and 124.0°; further
optimization using the double-zeta and triple-zeta split valence basis sets, both with and
without polarization functions, reduces the bond length and angle to values of 1.620 A
and 147.4°. The bond length is in very good agreement with the XRD experimental aver-
age (1.621 A). No comparison is made with the XRD experimental bond angle because
of the large scattering of the data (for more details see below). Linear disiloxanes and
cyclosiloxanes of the general formula (R'R%Si),0 and (R'R2Si0), were the subject of
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intensive XRD structural investigations. Karle and coworkers'?® found that the Si—O
bond length in linear disiloxanes tends to shorten upon opening of the Si—O—Si bond
angle. A linear correlation between the two parameters was found by applying a least-
squares procedure to eight disiloxanes. XRD of such compounds provide more than 140
individual values for the Si—O—Si bond angles in disiloxanes. The trend of shortening
the bond upon linearization of the bond angle can still be seen, but it is not as clear as that
shown by Karle and coworkers. The average bond length for disiloxanes was calculated
from 147 bond lengths to be 1.621 A (s.d. 0.02 A, s.m. 0.002 A).

The average Si—O bond length in cyclosiloxanes was calculated from 161 individ-
ual values to be 1.618 A. Both values are not significantly different from the average
Si—O bond length calculated for the whole set of data mentioned above. In his review,
Sheldrick!'> summarizes briefly the development in the study of structural chemistry since
an earlier review!?” on organocyclosiloxanes published in 1980. The main structural fea-
tures that are mentioned concern the dependence of the Si—O bond length and Si—O—Si
bond angle on ring size. We have used geometric data selected on the basis of sim-
plicity of the ring system, with n = 3, 4, 6, 7, 8. It is interesting to note that while
the scattering of the O—Si—O XRD experimental bond angles is very small (105-114°,
see also the histogram in Figure 17), the scattering of the Si—O—Si bond angle is very
large (129-177°). It seems that the barrier to linearization of the Si—O—Si bond may be
reduced by the attachment of different substituents on silicon, and therefore linearization
of various degrees are detected. The average of the O—Si—O bond angle was calculated
for 161 individual values to be 108.9° (s.d. 1.7°, s.m. 0.1°). Since the O—Si—O bond
angle remains unchanged upon changing the ring size, the Si—O—Si bond angle must
be varied with the ring size. The average Si—O—Si bond angles for n = 3, 4, 6, 7 and
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FIGURE 17. Histogram of O—Si—O bond angles in selected cyclosiloxanes
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8 are 132.8, 148.9, 152.9, 164.9 and 153.3°, respectively. It should be emphasized that
although it seems that the trend is real, a direct proof for it and for the correlation will
be available only when cyclosiloxanes of different ring sizes with identical substituents
are prepared and analysed structurally.

4. Si—0 bonds in compounds with pentacoordinate silicon and dicoordinate oxygen
atoms

The pentacoordinate silicon atom appears either as a neutral complex with Lewis base or
as an anion. The average Si—O bond length for this coordination was calculated from 481
individual values to be 1.699 A (s.d. 0.05 A, s.m. 0.002 A). The histogram is shown in
Figure 18 and a list of selected compounds with Si—O bond lengths is given in Table 19.
Compounds 185-190 are examples of neutral Lewis base complexes with N — Si dative
bonds. In these compounds the Si—O bond length range is 1.650-1.666 A. Compounds
191-194 are representative of anionic compounds where the silicon is negatively charged,
and therefore the Si—O bond length is significantly longer. Upon increasing the number
of oxygen atoms attached to the same silicon atom, the Si—O bond length shortens as a
result of increasing bond ionicity. Thus, when the silicon atom is bonded to two oxygen
atoms as in 191, the Si—O bond length is 1.834 A; when two additional oxygen atoms are
attached to silicon, such as in 192 and 193, the Si—O bond length shortens to 1.752 and
1.738 A, respectively. The bond length is further shortened to 1.716 A when the silicon
atom is attached to five oxygen atoms as in 194.

Exceptionally long Si—O bond lengths are found in compounds 195-198. The longer
bond lengths are the dative O — Si bonds such as in 195 (2.040 A). In 196-198 two

200 4

100 4

No. of data points

0
1.60 1.65 1.70 1.75 1.80 1.85

d(8i-0) (A)

FIGURE 18. Histogram of Si—O bond lengths in compounds with pentacoordinate silicon and dicoor-
dinate oxygen atoms
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TABLE 19. Si—O bond lengths in compounds with pentacoordi-
nate silicon and dicoordinate oxygen atoms

Refcode Compound d(Si—0) (A) Reference
MSILTR? 185 1.666 198
SITBEC“ 186 1.663 199
TALVUX* 187 1.650 200
VIFVAH* 188 1.657 201
WABDIM? 189 1.661 202
WABDIM* 190 1.661 202
KELSAV* 191 1.834 203
KELSEZ¢ 192 1.752 203
KUXPIC* 193 1.738 204
YEVWOL“ 194 1.716 205
PENDOB 195 2.050 206
PENDUH 196 2.242 206
WENBOG 197 1.778 207
WENBOG 197 2.227 207
WENCAT 198 1.787 207
WENCAT 198 2.077 207

@ Average values are given.
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types, i.e. covalent and dative bonds, are found and the distinction between the two is
easily conducted on the basis of the differences in the Si—O bond length. In 197 the
covalent Si—O bond length is 1.778 A and the dative O — Si bond is 2.227 A. In 198
these bonds are 1.787 and 2.077 A respectively.
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5. Si—0O bonds in compounds with hexacoordinate silicon and dicoordinate oxygen
atoms

Three types of compounds with hexacoordinate silicon atom bonded to dicoordinate
oxygen atom are found; neutral Lewis acid—base complexes, such as 199, compounds
with positively charged silicon atom, such as 200, and compounds with negatively charged
silicon atoms, such as 201 and 202. A list of Si—O bond lengths in these compounds
is given in Table 20. It is clear that the Si—O bond length increases as one goes from
positively charged silicon 200 to negatively charged silicon 201 and 202, in accordance
with the increase of ionicity of the bond.
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TABLE 20. Si—O bond lengths in compounds with tetracoordinate
silicon and hexacoordinate oxygen atoms

Refcode Compound d(Si—0) (A) Reference
YOMCEA? 199 1.724 208
BIPSTI“ 200 1.643 209
PYPHSI“ 201 1.784 210
JUVIEP? 202 1.785 211

@ Average values are given.
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F. Structural Chemistry of the Si—S Bond

The sum of the covalent radii® for silicon and sulphur is 2.21 A. The electronegativity
of the sulphur atom is smaller than that of its congener oxygen atom and therefore the
expected polarization and ionicity of the Si—S bond is smaller than that of the Si—O
bond. As a result it is expected that the shortening of the Si—S bond length from the sum
of covalent radii will be significantly smaller than that observed for the Si—O bond.

The Si—S—X bond angle is highly dependent on the HOMO-LUMO gap and it is
expected that the barrier to linearization will be greater for sulphur than for oxygen.

The crystal structures of over 70 different compounds possessing Si—S bonds have been
determined. These structures provide more than 90 bond lengths and bond angles. The
complexity and diversity of the compounds do not allow fruitful discussion of all of them.
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We therefore discuss three different classes of compounds and also analyse statistically
the whole set of data.

1. Si—S bonds in compounds containing the Si—S—Si group

The fragment Si—S—Si was found in compounds 203-216 and contributed 39 Si—S
bond lengths and bond angles. The geometric parameters are summarized in Table 21.
Statistical analysis in the form of a histogram is given in Figure 19. The range of bond
lengths is 2.07-2.19 A with an average of 2.141 A (s.d. 0.02 A, s.m. 0.003 A). We shall
not compare and discuss Si—S—Si bond angles here because in some cases the fragment is
confined within a cyclic compound, and therefore the Si—S—Si bond angles are determined
by the ring size. We discuss these bond angles below.

2. Si—S bonds in compounds containing the (t-BuO)3;—Si—S—X group

Compounds containing the (#-BuO);—Si—S—X group may be regarded as a special
group because they clearly show shortening of the Si—S bond length. The geometric
data are given in Table 22. The average Si—S bond length is 2.100 A (s.d. 0.03 A, s.m.
0.01 A). The remarkable shortening of the bonds is mainly observed for compounds where
X is a metal such as Cu, Cd, V, Co as well as Pb and TS, Shortening of the Si—S bond
length may be attributed to the increase of ionicity and polarization of the bond caused
by the electron-withdrawing substituents at the silicon atom and the presence of a metal
bonded to the sulphur atom.

3. Si—S bonds in compounds containing the (Ph)s—Si—S—X group

There are only a few compounds containing triphenylsilanethiol derivatives of type
224a-e that can be used to examine the effect of substitution at the sulphur atom on
the Si—S—X geometry. It was found that the Si—S bond lengths range between 2.138 A
(for 224a) to 2.161 A (for 224e) in accordance with the increase of the electronegative
properties of the substituent on sulphur.

TABLE 21. Geometric parameters in compounds containing the Si—S—Si fragment

Refcode Compound d(si-S) (A) Si—S—Si (°) Reference
CADLOI 203 2.152 82.4 212
CUKFUJ 204 2.131 82.1 213
DEBYAK? 205 2.151 111.9 214
DIXJUP 206 2.169 94.9 215
DOBCEC? 207 2.118 110.5 216
FAPYAW? 208 2.148 104.0 217
FEKGAD* 209 2.147 108.8 218
FIGJIO“ 210 2.139 105.4 219
FIGJOU“ 211 2.109 108.0 219
FIGJUA“ 212 2.136 107.7 219
GINCEL? 213 2.148 108.7 220
JITKIG 214 2.172 82.9 221
MSISUL“ 215 2.130 104.6 222
TMTPSS? 216 2.143 106.2 223

@ Average values are given.
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TABLE 22. Geometric parameters in compounds containing the (#-BuO)3 —Si—S—X

fragment

Refcode Compound d(Si-S) (A) Si—S—Si () Reference
GAJBAU 217 2.111 110.9 224
KACBIZ* 218 2.131 100.8 225
KIJLUK? 175 2.132 98.3 184
LEBZIB 219 2.075 103.7 226
PAFZUR 220 2.085 102.1 227
PAGBAA? 221 2.075 91.7 228
POHXOZ 176 2.169 101.9 185
VIHPIL? 222 2.058 82.8 229
YOYNIJ 223 2.068 85.2 230

@ Average values are given.
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4. Si—S bonds in compounds containing the Si—S—X group

The average Si—S bond length obtained by statistical analysis of 95 data points is
2.144 A (s.d. 0.03 A, s.m. 0.004 A). The results are shown in Figure 20. The average of
41 Si—S—X bond angles in acyclic derivatives is 108.3° (s.d. 4.7°, s.m. 0.7°) and the
histogram is also shown in Figure 20.

G. Structural Chemistry of the Si-Halogen Bond (Si—F, Cl, Br, I)

Most of the available X-ray experimental geometry data for compounds containing
silicon-halogen bonds are those with fluorine and chlorine atoms. The X-ray crystal
structure of only a few compounds containing Si—Br and Si—I bonds are known.
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1. Si—F bond in compounds with tetracoordinate silicon

The geometries of fluorosilanes were fully optimized?® at the Hartree—Fock level with
the 3-21G and 6-31G* basis sets using analytical gradient methods. The latter basis set
was shown to provide better agreement with experimental geometry. The calculated Si—F
bond length in SiH3F is 1.5941 A, and 1.605 A when the 6-31++G** basis set is being
used for geometry optimization>*. The Si—F bond length becomes shorter on increasing
substitution by fluorine atoms to 1.5570 A in SiF4. The sum of the covalent radii for
silicon and fluorine atoms is 1.69 A, which is significantly longer than the experimental
value. Sheldrick in his review!> pointed out that the addition of fluorine atoms on the same
silicon atom causes a progressive shortening of the Si—F bond length. The experimental
data obtained by microwave spectroscopy shows that the Si—F bond length is 1.593 A in
SiH3F?3*, 1.577 A in SiH,F»233, 1.562 A in SiHF32%¢ and 1.556 A in SiF42%7 (obtained
by electron diffraction). The average Si—F bond length was calculated using 168 values
obtained by X-ray crystal structures with no distinction between the different numbers of
fluorine atoms attached to the same silicon atom. The results are shown in Figure 21. The
average Si—F bond length is 1.594 A (s.d. 0.02, s.m. 0.002 A). Bond lengths for typical
compounds are given in Table 23. The shortening of the bond caused by the increase in
the number of fluorine substituents on the same silicon atom can be seen by comparing
the Si—F bond length in 226 (1.607 A), where a single fluorine atom is attached to silicon,
with that in 225, 227 and 228 (1.590, 1.587 and 1.581 A, respectively), where two fluorine
atoms are bonded to the same silicon atom.

Exceptionally long Si—F bond lengths in the tetracoordinate silicon atom are found
in compounds such as 2322*! (1.656 A), 233%*2 (1.684 A on the average) and 234%%3
(1.667 A). The first two are compounds having bulky substituents and the lengthening
might be attributed to a steric effect. The third is an example of compounds where the
Si—F bond ionicity decreases due to the negatively charged nitrogen atom attached to the
same silicon atom.
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FIGURE 21. Histogram of Si—F bond lengths in compounds with a tetracoordinate silicon atom
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235

TABLE 23. Si—F bond lengths in compounds with a tetracoor-
dinate silicon atom
Refcode Compound d(Si—F) (A) Reference
JESLOI 225 1.586 238
JESLUO 226 1.607 238
JESMAV* 227 1.593 238
JESMEZ* 228 1.584 238
JIXXIX 229 1.601 239
JIYNUA“ 230 1.575 240
JIYPAT? 231 1.599 240
@ Average values are given.
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2. Si—F bond in compounds with pentacoordinate silicon

Three types of halogenosilanes (235, 236 and 237) with pentacoordinate silicon atom
are considered. The first comprises anions of type 235, the second is a neutral species
containing a Lewis base (D) (236) and the last is a cation formed and stabilized by a

chelate ligand of a Lewis base character (237).
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The average Si—F bond length in pentacoordinate silicon compounds was calculated
from 153 XRD experimental bond lengths to be 1.631 A (s.d. 0.04 A, s.m. 0.004 A) from
60 values obtained by X-ray crystal structure determination and its histogram is shown
in Figure 22. Some typical values for compounds of type 236 are given in Table 24. All
compounds 238-247 show much shorter Si—F bond lengths, resulting from the attachment

of three fluorine atoms to the same silicon.

Si—F bond lengths in the anions of type 235 show significant lengthening, as can be

seen in Table 25 for compounds 248-254.
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FIGURE 22. Histogram of Si—F bond lengths in compounds with a pentacoordinate silicon atom

TABLE 24. Si—F bond lengths in compounds with a pentacoor-
dinate silicon atom

Refcode Compound d(Si—F) (A) Reference
BABZAF¢ 238 1.591 244
BABZEJ* 239 1.595 244
HEPCUA? 240 1.571 245
HEPDEL* 241 1.605 245
HEPDIP* 242 1.595 245
KEZROW* 243 1.591 246
VILJUV* 244 1.601 247
WEDKOF* 245 1.605 248
WEDKUL* 246 1.604 248
WIHYER 247 1.591 249

@ Average values are given.
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TABLE 25. Si—F bond lengths in anions of type 235
Refcode Compound d(Si—F) (A) Reference
BEPCAA 248 1.670 250
FEDDUN 249 1.707 251
FESCOV“ 250 1.671 252
FESCUB* 251 1.721 252
PERROT“ 252 1.685 253
PERRUZ“ 253 1.677 253
PILKEA“ 254 1.757 251
@ Average values are given.
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3. Si—F bond in compounds with hexacoordinate silicon

X-ray crystal structures of 24 compounds containing a hexacoordinate silicon atom
bonded to a fluorine atom are known in the literature. Most of them contain the commonly
used [SiFg]?>~ anion 255 and similar anions with various numbers of fluorine atoms
replaced by other substituents. The second type is the neutral species based on 237. An
average Si—F bond length of 1.677 A (s.d. 0.02 A, s.m. 0.004 A) was calculated from 26
available bond lengths. The shortest Si—F bond length, within this family of compounds,
was detected in 2562°* (1.632 A), and the longest was observed in 25755 (1.717 and
1.740 A). Such a lengthening may be attributed to the involvement of fluorine in strong
hydrogen bonding.

The average of all Si—F bond lengths for compounds with hexacoordinate silicon was
calculated from 100 experimental values to be 1.675 A (s.d. 0.02 A, s.m. 0.002 A) and
the histogram is given in Figure 23.
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FIGURE 23. Histogram of Si—F bond lengths in compounds with a hexacoordinate silicon atom

4. Si—Cl bond in compounds with tetracoordinate silicon

The geometries of chlorosilanes were fully optimized?? at the Hartree-Fock level with
the 3-21G and 6-31G* basis sets using analytical gradient methods. The latter basis set
was shown to provide better agreement with experimental geometry. The calculated Si—Cl
bond length in SiH3Cl is 2.0666 A; the Si—Cl bond length becomes shorter when the
number of chlorine atoms attached to Si is increasing such as in SiCly (2.0290 A). The
sum of the covalent radii of chlorine and silicon is 2.05 A. The X-ray crystal structure of
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compounds with a tetracoordinate silicon atom containing Si—Cl bonds provides 423 bond
lengths that have been used for the statistical analysis. The average of the experimental
Si—ClI bond lengths is 2.050 A (s.d. 0.03 A, s.m. 0.002 A), in very good agreement with
the sum of covalent radii. A histogram of the bond lengths is given in Figure 24. Bond
lengths for the simplest representative compounds (258-261) are given in Table 26. As
was pointed out for the Si—F bond lengths, Si—Cl bond lengths also become shorter upon
increasing the number of chlorine atoms bonded to the same silicon atom. Therefore, the
bond length in 260 is shorter than in the other representatives.
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FIGURE 24. Histogram of Si—Cl bond lengths in compounds with a tetracoordinate silicon atom: (left)
all-423-bend lengths are used, (right) data from compounds with multiple Si—Cl bonds

TABLE 26. Si—ClI bond lengths in compounds with a tetracoordi-
nate silicon atom

Refcode Compound d(Si—Cl) (A) Reference
BARNUD“ 258 2.077 256
COJKIV 259 2.075 257
JIRMAY“ 260 2.020 258
LEFTEV 261 2.087 259

9The average value is given.

Ph Ph Ph Cl al Cl
|. |. |. |.fc1 A /
Ph—Si—Cl Cl—Si—NH—Si—Cl Cl—Si Ph—Si—Si—Ph
| | | | / Nen
Ph Ph Ph Cl H;C 3

(258) (259) (260) (261)
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TABLE 27. Si—Cl bond lengths in compounds with multiple

Si—ClI bonds

Refcode Compound d(Si—Cl) (A) Reference
LAYBES* 262 2.018 260
LAYBIW“ 263 2.023 260
LEGKEN“ 264 2.018 261
LEGKIR? 265 2.001 261
WIHJAY“ 266 2.032 262
WIHJEC? 267 2.043 262
WIHJIG 268 2.044 262
WILHUJ 269 2.005 263
WILXEU“ 270 2.016 263
WILXIY* 271 2.020 263

“The average value is given.

Statistics on Si—Cl bonds extracted from the X-ray crystal structure of compounds
262-271 that contain several groups of silicon atoms, each bonded to at least two chlorine
atoms, show that the average Si—Cl bond length is 2.022 A (s.d. 0.01 A, s.m. 0.001 A),
indeed shorter than found in compounds with a single Si—Cl bond. Bond lengths for
262-271 are given in Table 27 and the statistics is shown in Figure 24.
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Longer Si—Cl bonds are found in compounds such as 272-2752%47267 where the bond
lengths are 2.137, 2.146, 2.124 and 2.112 A, respectively.
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5. Si—Cl bond in compounds with pentacoordinate silicon

In contrast to fluorosilanes with pentacoordinate silicon systems such as 235-237, it
is very difficult to find similar compounds of chlorosilanes to establish the Si—Cl bond
length in similar cases. X-ray crystal structure is available for only few of these compounds
and only typical cases of the shortest and longest Si—Cl bonds are given. The shortest
bond lengths are found in compounds where the silicon is bonded to a metal such as
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Mn 27628 or Cr 2777%° with an average bond length of 2.062 and 2.072 A, respectively.
The longest bond lengths are found in compounds of the chloro analogue of 236. On
average, the Si—Cl bond length is 0.5 A longer in 278-286 with the exception of 284 in
which there are three chlorine atoms on the same silicon. The geometrical parameters for
278-286 are given in Table 28.

TABLE 28. Si—ClI bond lengths in compounds with pentacoordi-
nate silicon atom

Refcode Compound d(Si—Cl) (A) Reference
FUPBOH 278 2.432 270
FUSYIB 279 2.307 271
GEGDAX 280 2.315 272
GEGDEB“ 281 2.310 273
GILYUJ 282 2.624 274
VEKROS 283 2.609 275
VEKRUY 284 2.129 275
YAMSOU 285 2.678 276
YIUWOD 286 2423 277

“The average value is given.
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6. Si—Cl bond in compounds with hexacoordinate silicon

The average Si—Cl bond length in compounds with a hexacoordinate silicon atom was
determined from 17 experimental values to be 2.184 A (s.d. 0.02 A, s.m. 0.006 A). The
results are shown in Figure 25 and Table 29.

7. Si—Br and Si—I bonds

The crystal structures of only three compounds containing Si—Br bonds and only two
with Si—I bonds are known. Si—Br bond length in tetracoordinate silicon is 2.197 and
2.284 A in 295284 and 2962%, respectively. The bond is significantly longer (3.122 A)
in 297286 when the silicon is pentacoordinate (analogous to 235). Si—I bond lengths are
2.527 and 2.574 A in 298%%7, and 2.487 A in 299758,

No. of data points

0
212 214 216 2.18 220 222 2724
d(Si-C(A)

FIGURE 25. Si—Cl bond lengths in compounds with a hexacoordinate silicon atom

TABLE 29. Si—Cl bond lengths in compounds with a hexacoordi-
nate silicon atom

Refcode Compound d(Si—Cl) (A) Reference
JEPCOW 287 2.184 278
CELFUU 288 2.198 279
FUMFAU“ 289 2.169 280
SINBEW* 290 2.205 281
KENHUG* 291 2.196 282
KENJAO* 292 2.175 282
KENJES 293 2.205 282
KUJFAW 294 2.140 283

%The average value is given.
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Ill. DOUBLE BONDS TO SILICON
A. Disilenes (>Si=Si<)

Stabilization of disilenes is achieved by the use of bulky substituents. Only a few
disilenes have been prepared and X-ray diffraction studies were available for only three
compounds when Sheldrick!> published his review. A few other relevant reviews were
published at the same time by West?8 =21 Michl?*2, Cowley?°32** and their coworkers.
There are crystallographic data for 14 crystal structures of disilenes in the CSD'® updated
on January 1996. Those 14 crystal structures provide geometric data for only 11 unique
compounds. The most interesting geometric parameters are the bond lengths between
the silicon atoms, the pyramidalization of the silicon atoms expressed by the sum of
bond angles involving those atoms and the twist angle 7, signifying the bending at the
double bond. The last two parameters are related to the steric congestion imposed by the
substituents. The structural parameters are summarized in Table 30.

Disilenes are considered to be planar, but are very floppy in the sense that
pyramidalization on silicon up to quite large angles (20°) lead to structures which are
essentially equal in energy?®, within 4 or 8 kJmol~!. Raabe and Michl**? suggested that
such floppy molecules are likely to explore a large part of the nuclear configuration
space at elevated temperatures, and since the mm™* excitation energy is likely to
decrease with pyramidalization and twisting, they can be expected to be t