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Foreword

As was the case with the volume The chemistry of organic arsenic, antimony and bis-
muth compounds, published in 1994, it was clear that the set of five volumes describing
organometallic compounds (edited by Professor Frank R. Hartley) did not deal in suffi-
cient depth with organic compounds of germanium, tin and lead. Hence we decided to
publish the present volume, which we hope will be a useful and worthwhile addition
to the series The Chemistry of Functional Groups. In this volume the authors’ literature
search extended in most cases up to the end of 1994.

The following chapters unfortunately did not materialize: Mass spectra; NMR and
Mossbauer spectroscopy; Organic Ge, Sn and Pb compounds as synthones; Ge, Sn and
Pb analogs of radicals and of carbenes; and Rearrangements. Moreover, the volume does
not contain a ‘classical’ chapter on biochemistry, although much of the relevant material is
included in the chapter on environmental methylation of Ge, Sn and Pb and in the chapter
on the toxicity of organogermanium compounds, in the chapter on organotin toxicology
and also in the chapter on safety and environmental effects.

I hope that the above shortcomings will be amended in one of the forthcoming supple-
mentary volumes of the series.

I will be indebted to readers who will bring to my attention mistakes or omissions in
this or in any other volume of the series.

Jerusalem SAUL PATAI
May 1995

vii



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’).

ix



X 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 ZV1 RAPPOPORT
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The nature of the C—M bond
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I. INTRODUCTION

The nature of the carbon-M bond as a function of the metal (M) atoms Ge, Sn and Pb
has been traditionally described using differences in the atomic properties of these atoms
to explain trends in molecular bonding characteristics such as bond distances, angles and
energy properties. Emphasis has been on a comparison of properties contrasting behavior
relative to carbon and silicon bonding to C, and among the metals themselves. The
importance of relativistic effects in determining the properties of the heavier metal-ligand
bonds has also been extensively addressed.

The ability of the lightest of the Group 14 atoms, the carbon atom, to bind in so many
ways with carbon and with other atoms in the Periodic Table attracts extensive comparison
with the analogous compounds of Si, Ge, Sn and Pb, both real and hypothetical. The wider
the comparison, the greater the opportunity to gain insight into the secrets of chemical
binding involving the Group 14 atoms, and to detect the nuances that differentiate their
properties. Some of the causes of the differences are large, obvious and consistent. Other
causes are more subtle and difficult to identify. A combination of contrary trends can
effectively mask their individual characters when the individual effects are small.

The most obvious property to examine for trends and their causes is geometric struc-
ture. Historically, bond lengths and bond angles in molecules were used to elucidate
electronic structure trends and construct descriptions of chemical bonding!. The major
obstacle hindering this approach is the general lack of a sufficiently large number and
variety of experimentally known molecular structures. Happily, recent developments in
ab initio electronic structure theory have provided chemists with the tools for accurately
calculating geometric structures for ever-increasing sizes of molecules?. At the same time,
developments in relativistic effective core potentials (RCEP)® have allowed the incorpo-
ration of both direct and indirect radial scaling effects due to relativistic properties of the
core electrons in the heavier atoms into the electronic structure description of their valence
electrons. As has been known for some time already, certain differences in chemical prop-
erties in going down a column in the Periodic Table can be attributed to relativistic effects
in the heavier atoms”.

Therefore, the common approach to building a bonding description of these type com-
pounds is to combine the few experimentally known geometric structures with a larger
number of theoretically calculated geometries to infer bonding properties and trends in
simple Group 14 compounds. It is, however, first necessary to identify those atomic
properties which distinguish the various Group 14 atoms and which can contribute to
differences in the properties of their corresponding compounds. Of course, the same
properties which can be used to explain trends in geometric structure could also be used
for energy properties, such as bond dissociation energies. However, energy properties
typically involve both an initial state and a final state, where the energetics of the process
depend on the difference in properties between the two states, both involving the same
Group 14 atom. Trends in energy properties as a function of atom then involve another
differencing step. This can be more subtle and difficult than treating just geometry, which
involves only one state. In addition, theoretical methods for calculating geometry are more
developed and reliable than for energy difference properties.
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In this review we will first discuss the atomic properties that are expected to be rele-
vant to trends in molecular structure and bonding for compounds of the Group 14 atoms>.
Reference will be made mainly to atomic radii® and atomic orbital energies® ~°. The resul-
tant conclusions will contribute to interpreting trends in the geometric structures of small
molecules having the generic formula XH3—Y, where X = C, Si, Ge, Sn and Pb, and
Y is one of the 53 substituents ranging from Y = H to Y = C(O)OCHs. The calcu-
lated XH3—Y bond energies will also be presented and analyzed. The generated data will
allow other derivative thermodynamic quantities for simple generic-type chemical reac-
tions involving the Group 14 atom compounds to be calculated. The XH3z—Y molecules
are restricted to those having a formal single bond between the Group 14 atom X and the
direct bonding atom of the Y group.

Il. ATOMIC PROPERTIES

The atomic properties of most relevance to determining the structure and energies of
molecular compounds have been identified and discussed*>. The values of these properties
are collected in Table 1671, The ground-state electronic configuration of the Group 14
atoms is [core]ns?np?, with n = 2,3,4,5 and 6 for C, Si Ge, Sn and Pb, respectively.
In L—S coupling the electronic ground state has the term symbol 3P. Relativistic effects
are very large for the heaviest atom, lead, with a spin-orbit coupling in the thousands

of em~!"". The splitting of the valence npi,> and nps;, spinors can affect molecular
binding through their different spatial and energetic interactions with other atoms, even in
closed-shell electronic states'8. For simplicity, spin—orbit averaged values for calculated
properties are shown in Table 1 for discussing trends and making comparisons.

The trend in orbital energy values for the valence ns and np atomic orbitals going
down the Group 14 column is shown in Table 1. The orbital energies are taken from the
numerical atomic Dirac — Fock compilation of Desclaux® and these open-shell systems
do not rigorously obey Koopmans’ Theorem!®. As such, besides the other approximations
inherent to Koopmans’ Theorem, these orbital energies can only give a rough measure of
values and trends in the atomic orbital ionization energies. In any event, these numbers
show an interesting behavior which must reflect fundamental underlying effects. The
(absolute value) np orbital energy is seen to decrease steadily, if not uniformly, with
increasing atom size. There is a relatively very large energy gap between the carbon and
silicon atoms, small gaps among the Si—Ge and Sn—Pb pairs, and a somewhat larger
energy gap between the Ge and Sn orbital energies. The valence ns atomic orbital energy,
on the other hand, is seen to have a sawtooth, alternating behavior in going down the
Group 14 column?®. As with the np atomic orbital, there is a very large energy decrease
between carbon and silicon, but from Si the orbital energies alternately increase and
decrease. Again, the differences between Si and Ge and between Sn and Pb are small,
while the gap between Ge and Sn is larger.

The experimental ionization energies’ ~? in Table 1 show similar trends; ns ionization
alternates, while np ionization decreases until Pb, where it increases slightly. Again, there
is a large energy gap between carbon and silicon. The calculated atomic radii ({r)) for
the Desclaux orbitals® in Table 1 mirror the general behavior of the orbital and ionization
energies: sawtooth for ns and uniformly increasing for np, where the np values for Sn
and Pb are almost equal.

Although it is not completely clear which definition of each property is most appro-
priate for discussing molecular bonding (i.e. with or without spin-orbit averaging, radial
maxima or expectation values, choice of final state for ionization energy, etc.) the gen-
eral trends seem to be roughly independent of definition. The size and energies of the
two valence atomic orbitals, which properties should be very important for the atom’s
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TABLE 1. Properties of the Group 14 atoms

Atom C Si Ge Sn Pb
n 2 3 4 5 6

Orbital energy?

ns —19.39 —14.84 —15.52 —13.88 —15.41

np? —11.07 —7.57 —7.29 —6.71 —6.48
Ionization energy®

nstd 16.60 13.64 14.43 13.49 16.04

np”e 11.26 8.15 7.90 7.39 7.53
Electron affinity’ 1.26 1.39 1.23 1.11 0.36
Polarizability$ 1.76 5.38 6.07 7.7 6.8
Electronegativity”

Mulliken? 1.92 1.46 1.40 1.30 1.21

Pauling/ 2.55 1.90 2.01 1.96 2.33

Allen® 2.28 1.76 1.81 1.68 1.91
Atomic radius’

ns 1.58 2.20 2.19 248 2.39

np? 1.74 2.79 2.88 3.22 3.22

“In eV; from Reference 6.

b Spin-orbit averaged.

“In eV; from References 7-9.

dFor the process, nsznp2(3P) — nslnp2(4P)A

¢For the process, ilsznp2(3P) — nsznpl(zP).

fn eV; from References 10 and 11.

8In 10724 cm3; from References 12 and 13; dipole polarizability.

hRelative to hydrogen = 2.20.

iAverage of np atomic ionization energy and electron affinity. Data from appropriate lines in this Table. See
Reference 14.

J Pauling scale (Reference 1) as calculated in Reference 15.

k Weighted average of ns and np ionization energies from the appropriate lines in this Table. See Reference 16.
L(r) in au; from Reference 6.

chemical behavior, generally show different trends for ns and np. The ns energy alter-
nates with increasing atom size while the np energy generally decreases steadily, at least
until Pb. The result is a nonuniform trend in energy gap between the ns and np atomic
orbitals which can affect the degree of ns—np hybridization in chemical bonds involving
the Group 14 atoms, and, thereby, the chemical behavior of their molecular compounds.
On the other hand, the ns—np atomic radius ({r)) difference increases steadily with atomic
number, with a particularly large change between carbon and silicon. This difference can
also affect the degree of ns—np hybridization through the (radial) overlap which controls
the bonding effectiveness of resultant hybrid valence orbitals. We can therefore anticipate
a somewhat complex, somewhat alternating chemical behavior going down the Group 14
column of the Periodic Table!#16:20,

Another property which anticipates these trends is the electronegativity, also shown for
several definitions in Table 1. Pauling’s empirical electronegativity scale based on bond
energies, as updated by Allerd!>, shows a sawtooth behavior, with predictable chemi-
cal consequences. Electronegativity is used to correlate a vast number of chemical and
physical properties. Allen’s revised definition of electronegativity!© as the average config-
uration energy of the valence ns and np electrons also shows the alternating behavior with
atomic number in the Group 14 column, as expected from the above discussion of orbital
and ionization energies. The Mulliken definition'*, based on just the np atomic orbital
ionization energy and the corresponding electron affinity, does not show the sawtooth
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behavior, and must be considered deficient for neglecting the effect of the ns atomic
orbital on chemical behavior. The Mulliken scale also defines a higher electronegativity
for hydrogen relative to carbon'’.

The source of the differential behavior between the ns and np atomic orbitals in going
down the Group 14 column of the Periodic Table can be attributed to a combination
of screening and relativistic effects, both of which preferentially stabilize the ns atomic
orbital* 6. Filling the first transition series affects germanium this way through incomplete
screening of its 4s atomic orbital which gives it a higher effective nuclear charge. Filling
the first lanthanide series analogously stabilizes the Pb 6s atomic orbital through incom-
plete screening, which is further enhanced by relativistic effects*?. Although incomplete
screening and relativistic terms also affect the np atomic orbital, the stabilization is
stronger for the ns atomic orbital because of its nonzero charge density at the nucleus.

The dipole polarizability term for the atoms (in Table 1) shows the usual gap between
carbon and silicon, increasing values for Si — Sn and a decrease at lead. This is another
reason to expect somewhat unusual behavior for lead compounds compared to the lighter
metals.

The role of d-type orbitals is not addressed in Table 1. This subject has been addressed
for second-row atoms in previous reviews>!*>?> which contain many references to this
subject. It is very difficult to define the energy and radius of the outer-sphere d-type
orbitals (nd) in isolated atoms since they are not occupied in the ground state. Rather
than make use of some excited state definition, we prefer to postpone a discussion of this
subject until after an inspection of the calculated results on the molecular compounds.

lll. CALCULATIONAL METHODS

Using atomic properties alone for predictive capabilities with regard to the geometric and
electronic structure of molecules is often insufficient. Except for weakly bound systems,
the chemical bond is more than just a perturbation of the electronic structure of atoms.
Molecular properties determined experimentally have been used to infer the electronic
structure description of simple systems, from which predictions are made for more com-
plicated molecules using group property and additivity concepts. This empirical approach
has been used very extensively in identifying and defining the determining factors in the
geometric and electronic structure of molecules. These latter are then used in a predictive
mode for unknown systems. The opposite approach is to use ab initio quantum chemical
calculations to determine everything. The disadvantages in the latter methodology is that
no intuitive understanding is derived from the purely mechanical calculational process
which can be used for chemical systems that are too large for the ab initio machinery.
In this review we will try to combine the best of both approaches. On the one hand,
there are very little experimental data for the Group 14 compounds for the atoms below
Si. For simple molecular compounds of Ge, Sn and Pb, ab initio methods can be used
to generate an ‘experimental’ database from which the electronic structure properties of
such compounds can be inferred. Hopefully, the principles learned from this reference
set of molecules can then be applied to larger systems. Although not the subject of
this chapter, the corresponding carbon and silicon’! systems are also examined to help
elucidate trends in properties going down the complete Group 14 column of the Periodic
Table and for general comparison purposes. More experimental information is available for
the corresponding carbon and silicon compounds so that these can also be used to evaluate
the accuracy of the calculated properties of the germanium, tin and lead database set.
The ab initio methods and approach used here are similar to that reported in previous
studies??~2*. The geometries of a generic set of XH3Y molecules were determined
calculationally. X is any one of the Group 14 atoms (carbon, silicon, germanium, tin
and lead) and Y is any of the substituent groups, F, AlH,, BH;, SH, Br, H, C=CH, PH,,
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NH;, SCH3, CI, NO, ON, C(O)H, SeCN, NCSe, C(O)F, C(O)NH;, ONO,, NCS, SCN,
CH,CHj3, C(O)OH, NO,, ONO, PC, CP, NCO, OCN, CN, NC, OCH3, CH=CH,, NNN,
OH, CHs;, SiH3, GeHs, SnH3, PbH3, CF3;, C(O)OCH3, OC(O)CHj3, PO, OP, C(O)Cl,
OF, OSiH3, C(O)CH3, PO,, OPO, OPO, and OS(O)OH. The Y substituents are written
where attachment to X is through the leftmost atom. Attachment to X alternately by
different atoms of the Y group gives rise to the possibility of linkage isomerism for the
Y group. The plethora of bonding possibilities with respect to type of atom, attachment
site, substitution and conformation should combine to give a balanced and comprehensive
picture of the chemical bonding situation in these systems.

The geometries of the XH3Y molecules were optimized at the MP2 (Moeller—Plesset
to second order) level? using compact effective potentials (CEP) for the atoms in the
first two rows of the Periodic Table (B—F and Al—C1)® and their relativistic analogs
(RCEP) for the main group atoms below the second row?®. The RCEP are generated from
Dirac-Fock all-electron relativistic atomic orbitals®2” and therefore implicitly include the
indirect relativistic effects of the core electrons on the radial distribution of the valence
electrons!®. This could be particularly important for the lead atom. The effective potentials
or pseudopotentials replace the chemically inactive core electrons.

The valence electron Gaussian basis sets were taken from the respective CEP? and
RCEP?® tabulations. The published basis sets show a valence atomic orbital splitting
that can be denoted as (R)CEP-N1G, where N = 3 for first- and second-row atoms,
and N = 4 for the heavier main group elements. This type basis set is generically called
double-zeta (DZ) for historical reasons connected to Slater orbital (exponential-type) basis
sets. In these calculations the valence DZ distributions were converted to triple-zeta (TZ)
by splitting off the smallest exponent Gaussian member of the contracted (V) set, to give
the (R)CEP-K'11 valence atomic orbital distribution (K = 2 for first- and second-row
atoms and K = 3 for beyond). The valence TZ Gaussian basis set for each atom was
augmented by a double (D) set of d-type polarization (DP) functions (all 6 components)
taken from the GAMESS tabulation?®2° as follows. The reported?® single Gaussian d-type
polarization function was converted to DP form by scaling the single Gaussian exponent
(o) by 1.4« and 0.4« to form two distinct d-type polarization functions. Both the single
and double set of single Gaussians exponents are displayed in Table 2. The valence TZ
hydrogen atom basis set was taken from the GAUSSIAN923 code as the 311G group, and
augmented by a single Gaussian p-type polarization function with exponent 0.9. Overall,
this basis set is denoted TZDP. All geometry optimizations were carried out in this basis
set at the MP2 level (denoted MP2/TZDP or MP2/CEP-TZDP) using the GAUSSIAN9230
set of computer programs.

The extended basis sets are necessary to describe the adaptation of the atom to the
molecular environment. Experience has shown?! that the major effect on the radial extent
of each atom in a molecule is in the bonding region. A frozen atomic orbital basis set is
unable to provide the differential flexibility required in the short, intermediate and long-
range radial distances from the nucleus to accurately describe the electron density changes
in the molecule. The valence TZ basis set has that flexibility. Analogously, Magnusson>?
has recently discussed the effect of angular polarization functions on the inner and outer
parts of the valence atomic orbitals of the main group elements The different polarization
needs in the different regions of space about each atom in the molecule leads to the use
of a double set of d-type basis function.

The MP2 level calculation is the first step beyond the Hartree—Fock (HF) level3334,
and is thereby defined as a post-Hartree—Fock method. Theory predicts® and actual cal-
culations have shown? that HF level calculated geometries generally give bond distances
that are too short compared to experiment for normal covalent bonds. For these cases,
MP2 level optimized geometries give better agreement with experiment’®. The same is
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TABLE 2. Polarization and diffuse Gaussian exponents®
Polarization
single double” Diffuse
single

Atom o o] o Gaussian
H 0.9000 0.03237
B 0.7000 0.9800 0.2800 0.02559
C 0.7500 1.050 0.3000 0.03691
N 0.8000 1.120 0.3200 0.05171
O 0.8500 1.190 0.3400 0.06181
F 0.9000 1.260 0.3600 0.07461
Al 0.3250 0.4550 0.1300 0.01691
Si 0.3950 0.5530 0.1580 0.02324
P 0.4650 0.6510 0.1860 0.02919
S 0.5420 0.7588 0.2168 0.03461
Cl 0.6000 0.8400 0.2400 0.04395
Ge 0.2460 0.3444 0.0984 0.02132
Se 0.3200 0.4480 0.1280 0.02934
Br 0.3600 0.5040 0.1440 0.03574
Sn 0.1830 0.2562 0.0732 0.01858
Pb 0.1640 0.2296 0.0656 0.01574

@Except for H, the polarization functions are d-type and the diffuse functions
are sp-type. For the hydrogen atom polarization is p-type and diffuse is s-type.
hal = l.4a; ap = 0.4c; values of « are from Ref. 29.

true for vibrational frequencies®’. The reason for the improved description of the normal
covalent bond at the post-HF level is the improved description of the incipient homolytic
bond dissociation process (i.e. reduced ionicity) at the MP2 level compared to HF in the
neighborhood of the equilibrium bond distances. The resultant geometry optimized bond
lengths are listed in Tables 3-8.

TABLE 3. Bond distances (in A) not involving Group 14 atoms®

Bond type

B—H? N-H’ O-H N=N N=N N-O N=0
Compound Al-H? P-H’ S—H P-0 P=0
CH3NO, 1.241%
SiH3NO, 1.252°
GeH3;NO, 1.250°
SnH3NO, 1.251°
PbH3NO, 1.248°
CH3;0NO 1.411 1.203
SiH3;0NO 1.481 1.180
GeH3;0NO 1.374 1.216
SnH3;ONO 1.338 1.231
PbH30NO 1.306 1.245
CH;0H 0.967
SiH;0H 0.965
GeH3;0H 0.968
SnH3;OH 0.968
PbH30H 0.971
CH3;NNN 1.246 1.159
SiH3;NNN 1.233 1.168

(continued overleaf)
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TABLE 3. (continued)
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Compound

Bond type

B—H?
Al-H

N—H?
P—H’

GeH3NNN
SnH3NNN
PbH3NNN
CH30NO;

SiH3;0ONO»

GeH30NO;
SnH30NO,
PbH30NO;

CH3;NO
SiH3;NO
GeH3;NO
SnH3NO
PbH3NO
CH3;ON
SiH3ON¢
GCH3 ON
SHH3 ON
PbH3ON
CH3SH
SiH3SH
GeHsSH
SnH3SH
PbH3;SH
CH3C(O)OH
SiH3C(O)OH
GeH3;C(O)OH
SnH3C(O)OH
PbH3C(O)OH
CH;3NH,
SiH3;NH;
G6H3 NHZ
SnH3NH,
PbH3NH;
CH3PH;
SiH3PH»
GeH3;PH;
SnH3PH;
PbH;PH,
CH3BH,
SiH3BH,
GeH3;BH,
SHH3 BH2
PbH3BH,»
CH3AlH;
SiH3AlH,
GeH3AlH,
SnH3AIH,
PbH;AlH,
CH3C(O)NH,

1.011

1.320
1.322
1.322
1.322
1.321
0.976
0.980
0.980
0.981
0.981

1.237

1.242

1.169
1.173
1.175

1.422

1.405

1.388

1.366

1.345
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TABLE 3. (continued)

Bond type
B—H N—H? O-H N=N N=N N-O N=0

Compound Al-H? p—H? S—H P-0O P=0

SiH3C(O)NH, 1.012

GeH3C(O)NH, 1.012

SnH;C(O)NH, 1.013

PbH3C(O)NH, 1.013

CH;PO 1.513

SiH3;PO 1.527

GeH3PO 1.524

SnH;PO 1.524

PbH3PO 1.520

CH;0P 1.621

SiH;0P 1.640

GeH;0P 1.631

SnH; 0P 1.631

PbH;0P 1.624

CH3PO, 1.483°

SiH3PO, 1.488"

GeH3 PO, 1.4892

SnH3PO; 1.491°

PbH3PO, 1.491¢

CH;0PO 1.627 1.499

SiH30PO 1.627 1.499

GeH3;0PO 1.615 1.503

SnH;0PO 1.602 1.509

PbH30PO 1.582 1.523

CH3OF 1.4554

SiH3OF 1.465¢

GeH;3OF 1.4644

SnH30F 1.4704

PbH;3OF 1.4734

CH30S(0)OH 0.979 1.630¢ 1.659" 1.4648

SiH308(0)OH 0.980 1.633¢ 1.641/ 1.4658

GeH30S(0)OH 0.980 1.611¢ 1.652f 1.4708

SnH;0S(0)OH 0.980 1.590¢ 1.649" 1.4828

PbH30S(0)OH 0.979 1.564¢ 1.6511 1.5008

CH;0PO, 1.592 1.476
1.482h

SiH30PO, 1.586 1.475
1.484h

GeH30PO, 1.580 1.477
1.487"

SnH3;0PO, 1.572 1.478
1.492"

PbH30PO, 1.563 1.478
1.501"

@MP2 optimized geometries in the TZDP basis set.

hAveraged.

¢Not calculated.

40-F.

¢(X) O-S.

fSs—oH).

8S=0.

" Facing X.
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TABLE 4. Bond distances (in A) involving carbon®

Harold Basch and Tova Hoz

Bond type
C-H® C-C C=C° C-N C=N° C-O0 CC=0° C-F C-B
C-P C=P° (C-S C=§° (C-Cl C-Al

Compound C—Se C=Se¢ C-Br
CH30CH; 1.095 1.423
SiH30CH3 1.093 1.434
GeH30CH3 1.094 1.433
SnH30CH3 1.095 1.430
PbH30CHj3 1.097 1.432
CH3NO, 1.087 1.496
CH3;0NO 1.090 1.446
CH3;0H 1.093 1.433
CH;Cl 1.086 1.796
CH;CP 1.093 1471 1.571
SiH;CP 1.577
GeH;CP 1.577
SnH;CP 1.578
PbH;CP 1.578
CH;PC 1.090 1.859  1.639
SiH3PC 1.636
GeH3PC 1.635
SnH;PC 1.633
PbH3PC 1.633
CH;CH;3 1.092 1533
SiH3CHj3 1.092
GeH;CHj3 1.091
SnH3CHj3 1.091
PbH3CH3 1.088
CH, 1.089
CH3CHCH, 1.093 1503 1.339

1.088¢

1.085¢
SiH3;CHCH, 1.0894 1.346

1.086¢
GeH;CHCH,  1.088¢ 1.343

1.086¢
SnH3;CHCH,  1.089¢ 1.345

1.087¢
PbH3;CHCH,  1.086¢ 1.341

1.087¢
CH3;NNN 1.090 1.487
CH3CN 1.090  1.466 1.174
SiH3CN 1.178
GeH3CN 1.178
SnH;CN 1.179
PbH3CN 1.180
CH;NC 1.089 1432 1.185
SiH3NC 1.189
GeH3NC 1.189
SnH3;NC 1.190
PbH3NC 1.190
CH3SCN 1.089 1.181 1812 1.684
SiH3SCN 1.181 1.685
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TABLE 4. (continued)

Bond type
C-H* Cc-C (C=C° C-N C=N° (-0 C=0° C—F C-B
C—P C=P C-S C=S§¢ C-Cl C-Al

Compound C—Se C=Se‘ C—Br
GeH3;SCN 1.182 1.683
SnH3SCN 1.183 1.682
PbH3SCN 1.184 1.680
CH3;NCS 1.091 1444 1.204 1.571
SiH3NCS 1.204 1.566
GeH3;NCS 1.208 1.569
SnH3;NCS 1.202 1.574
PbH3NCS 1.218 1.574
CH3;0OCN 1.089 1.180  1.465 1.303
SiH3OCN 1.180 1.299
GeH;OCN 1.182 1.296
SnH3OCN 1.183 1.292
PbH30CN 1.185 1.291
CH3;NCO 1.090 1457  1.216 1.186
SiH3NCO 1.213 1.183
GeH3;NCO 1.217 1.185
SnH3NCO 1.213 1.188
PbH3NCO 1.226 1.189
CH3SCH3 1.091 1.795
SiH3SCHj3 1.090 1.817
GeH;SCH3 1.090 1.815
SnH3SCH3 1.089 1.819
PbH3SCH3 1.090 1.817
CH3CH,CHj; 1.093 1.531

1.095¢  1.531
SiH3;CH,CH3 1.095¢  1.540

1.093
GeH3;CH,CH3 1.095¢  1.536

1.094
SnH3CH,CH3 1.094 1.537
PbH3CH,CH3 1.091¢  1.531

1.094
CH3CF3 1.089 1.503 1.355
SiH3CF3 1.361
GeH3CF; 1.361
SnH3CF3 1.364
PbH;CF3; 1.359
CH3;CCH 1.092 1.467

1.063¢ 1217
SiH3;CCH 1.066 1.225
GeH3;CCH 1.065 1.224
SnH3;CCH 1.066 1.226
PbH3CCH 1.066 1.225
CH3ONO, 1.089 1.446
CH3F 1.090 1.400
CH3;NO 1.092 1.484
CH3;ON 1.088 1.500
CH;C(O)H 1.092 1.507 1.221

(continued overleaf’)
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TABLE 4. (continued)

Bond type
C-H® Cc-C (C=C¢ C-N (C=N° (C-O0 C(C=0° C-F C-B
C-P C=P¢* (C-S C(C=$ C-Cl C-Al
Compound C—Se C=Se¢ C-Br
1.1094
SiH;3C(O)H 1.114 1.231
GeH3C(O)H 1.114 1.226
SnH3C(O)H 1.115 1.227
PbH3C(O)H 1.112 1.221
CH;3Br 1.086 1.944
CH;3SeCN 1.088 1.181  1.961 1.849
SiH3SeCN 1.182 1.851
GeH3SeCN 1.182 1.849
SnH3SeCN 1.182 1.850
PbH3SeCN 1.183 1.847
CH3NCSe 1.091 1.440 1.201 1.736
SiH3NCSe 1.202 1.718
GeH3NCSe 1.199 1.725
SnH3;NCSe 1.199 1.729
PbH3NCSe 1.197 1.735
CH;SH 1.088 1.806
CH;C(0)OH 1.090  1.506 1.368 1.216
SiH3C(0)OH 1.369 1.220
GeH;C(0)OH 1.370 1.217
SnH3C(0)OH 1.374 1.217
PbH;C(O)OH 1.369 1.213
CH3C(O)F 1.090  1.498 1.194 1378
SiH3C(O)F 1.195 1397
GeH;C(O)F 1.194 1395
SnH3C(O)F 1.194  1.405
PbH3C(O)F 1.190 1401
CH3NH, 1.093 1.477
CH3PH, 1.091 1.862
CH3BH, 1.095 1.562
CH;AIH, 1.094 1.963
CH;C(O)NH, 1.091  1.519 1.381 1.227
SiH3C(O)NH, 1.374 1.236
GeH;C(O)NH, 1.374 1.231
SnH;C(O)NH, 1.375 1.231
PbH3C(O)NH, 1.371 1.225
CH;C(0)OCH;3 1.090  1.509 1.361 1.218
1.089 1.448"
SiH3C(0)OCH;  1.088 1.363 1.223
1.454
GeH3C(0)OCH;  1.088 1.365 1.219
1.454/
SnH3C(O)OCH;  1.088 1.369 1.219
1.455
PbH3C(O)OCH;  1.088 1.363 1.214
1.458"
SiH3;0C(O)CH; ~ 1.090  1.505 1.363 1.220
GeH30C(O)CH3;  1.090  1.508 1.351 1.225

SnH30C(O)CH3  1.090  1.507 1.333 1.236
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TABLE 4. (continued)
Bond type
C-H* C-C C=C° C-N C=N° C-0 C(C=0° C—F C-B
C-P C=P° C-S Cc=S¢ C-Cl C-Al
Compound C—Se C=Se¢ C-Br
PbH3;0C(O)CH3  1.090 1.508 1.314 1.249
CH3PO 1.094 1.848
CH30P 1.090 1.459
CH3C(0)Cl 1.090 1.502 1.195 1.823
SiH3C(O)ClI 1.192 1.875
GeH3C(O)Cl 1.188 1.903
SnH3C(O)Cl1 1.188 1.903
PbH3C(0)Cl 1.187 1.885
CH3C(0)CH3 1.092 1518 1.226
SiH3C(O)CHj3 1.094 1.515 1.234
GeH3;C(O)CH3 1.093 1.517 1.228
SnH3C(O)CHj3 1.094 1.517 1.227
PbH3C(O)CH3 1.093 1.510 1.220
CH3PO; 1.089 1.811
CH3;0PO 1.089 1.457
CH3OF 1.092 1.423
CH30S(0)OH 1.089 1.453
CH30S(0)OH 1.087 1.465
4MP2 optimized geometries in the TZDP basis set.
bAverage bond lengths.
“Double or triple bond.
dCH group.
¢CH, group.
fo-CH;s.
TABLE 5. Bond distances (in A) involving silicon?
Bond type
Si—H Si—C Si—N Si—O Si—F Si—B
Si—Si Si—P Si—S Si—Cl Si—Al
Si—Ge Si—Se Si—Br
Si—Sn
Compound Si—Pb
SiH3OCH3 1.475 1.660
SiH3NO; 1.465 1.847
SiH;ONO 1.471 1.705
SiH3;OH 1.473 1.665
SiH;Cl 1.468 2.070
SiH3CP 1.473 1.853
SiH3PC 1.468 2.279
SiH3;CH3 1.477 1.879
SiH3SiH3 1.475 2.347
SiH3GeH3 1.474 2.389
SiH3SnH3 1.475 2.579
SiH3PbH3 1.473 2.584
SiHy 1.472

(continued overleaf)
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TABLE 5. (continued)
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Bond type
Si—H? Si—C Si—N Si—-0 Si—F Si—B
Si—Si Si—P Si—S Si—Cl Si—Al
Si—Ge Si—Se Si—Br
Si—Sn
Compound Si—Pb
SiH3;CHCH, 1.476 1.868
SiH3;NNN 1.471 1.763
SiH3CN 1.468 1.860
SiH3NC 1.467 1.768
SiH3SCN 1.468 2.165
SiH3NCS 1.470 1.738
SiH30CN 1.466 1.715
SiH3;NCO 1.470 1.736
SiH3SCHj3 1.474 2.116
SiH3CH,CH3 1.477 1.882
SiH3CF3 1.469 1.929
SiH3;CCH 1.472 1.838
SiH30NO, 1.467 1.729
SiH3F 1.469 1.619
SiH3NO 1.471 1.853
SiH3ON¢ — —
SiH3C(O)H 1.473 1.923
SiH3Br 1.467 2234
SiH3SeCN 1.468 2.320
SiH3NCSe 1.470 1.751
SiH3SH 1.471 2.129
SiH3C(O)OH 1.470 1.922
SiH3C(O)F 1.468 1.921
SiH3;PH, 1.474 2.266
SiH3NH, 1.477 1.739
SiH3BH; 1.478 2.022
SiH3 AlH, 1.479 2.486
SiH3C(O)NH, 1.473 1.922
SiH3C(O)OCHj3 1.471 1.920
SiH30C(O)CH3 1.469 1.710
SiH3;PO 1.476 2.356
SiH3;OP 1.469 1.715
SiH3C(O)Cl 1.468 1.920
SiH3C(O)CH3 1.474 1.933
SiH3PO, 1.467 2.285
SiH3;0PO 1.468 1.707
SiH3OF 1.469 1.709
SiH3OSiH3 1.474 1.656
GeH30SiH3 1.476 1.654
SnH30SiH3 1.478 1.648
PbH30SiH3 1.480 1.650
SiH3;0S(0)OH 1.469 1.707
SiH30PO; 1.466 1.716

4MP2 optimized geometries in the TZDP basis set.

bAverage bond lengths.
“Not calculated.
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TABLE 6. Bond distances (in A) involving germanium?

Bond type
Ge—H" Ge—C Ge—N Ge—O Ge—F Ge—B
Ge—Si Ge—P Ge—S Ge—Cl Ge—Al
Ge—Ge Ge—Se Ge—Br
Ge—Sn
Compound Ge—Pb
GeH3OCHj3 1.521 1.779
GeH3NO, 1.510 1.944
GeH3;0NO 1.514 1.860
GeH3;OH 1.519 1.783
GeH3Cl 1.513 2.171
GeH3CP 1.518 1.930
GeH3PC 1.513 2.363
GeH3CH3 1.524 1.955
GeH3SiH3 1.522 2.389
GeH3GeH3 1.522 2427
GeH3SnH3 1.522 2.610
GeH3PbH3 1.520 2.621
GeHy 1.518
GeH3;CHCH, 1.522 1.943
GeH3;NNN 1.515 1.876
GeH3CN 1.511 1.937
GeH3NC 1.510 1.861
GeH3SCN 1.513 2.259
GeH3NCS 1.513 1.847
GeH3;0CN 1.510 1.841
GeH3NCO 1.515 1.844
GeH3SCH3 1.520 2.206
GeH3CH,CHj3 1.525 1.961
GeH3CF; 1.514 2.000
GeH3CCH 1.517 1.913
GeH30NO, 1.511 1.851
GeH3F 1.514 1.738
GeH3NO 1.519 1.972
GeH3;ON 1.512 1.897
GeH3C(O)H 1.520 2.000
GeH3Br 1.513 2.321
GeH3SeCN 1.514 2.398
GeH3NCSe 1.513 1.846
GeH3;SH 1.517 2.221
GeH3C(O)OH 1.516 1.994
GeH3C(O)F 1.513 1.992
GeH3NH, 1.522 1.848
GeH3PH, 1.521 2.333
GeH3BH» 1.525 2.072
GeH3AlH, 1.528 2.504
GeH3C(O)NH; 1.520 1.997
GeH3C(O)OCH3 1.517 1.993
GeH30C(O)CH3 1.513 1.834
GeH3PO 1.524 2418
GeH3;0P 1.514 1.840
GeH3C(O)Cl 1.513 1.998
GeH3C(O)CH3 1.521 2.011
GeH3PO, 1.513 2.348

(continued overleaf’)
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TABLE 6. (continued)
Bond type
Ge—H Ge—C Ge—N Ge—O Ge—F Ge—B
Ge—Si Ge—P Ge—S Ge—Cl Ge—Al
Ge—Ge Ge—Se Ge—Br
Ge—Sn
Compound Ge—Pb
GeH30PO 1.512 1.838
GeH3OF 1.515 1.822
GeH30SiHj3 1.518 1.779
GeH30S(0)OH 1.512 1.838
GeH3;0PO, 1.510 1.848
“MP2 optimized geometries in the CEP-TZDP basis set.
bAverage bond lengths.
TABLE 7. Bond distances (in A) involving tin®
Bond type
Sn—H? Sn—C Sn—N Sn—0 Sn—F Sn—B
Sn—Si Sn—P Sn—S Sn—Cl Sn—Al
Sn—Ge Sn—Se Sn—Br
Sn—Sn
Compound Sn—Pb
SnH30CHj3 1.691 1.959
SnH3NO, 1.680 2.131
SnH3;0NO 1.683 2.076
SnH3;OH 1.689 1.963
SnH3Cl 1.682 2.350
SnH3CP 1.688 2.110
SnH3PC 1.682 2.545
SnH3;CH3 1.695 2.140
SnH3SiH3 1.693 2.579
SnH3GeH3 1.693 2.610
SnH3SnH3 1.693 2.785
SnH3;PbHj3 1.692 2.797
SnHy 1.689
SnH3CHCH, 1.692 2.126
SnH3NNN 1.684 2.056
SnH3CN 1.681 2.117
SnH3;NC 1.680 2.039
SnH3SCN 1.681 2.448
SnH3;NCS 1.682 2.017
SnH30CN 1.679 2.023
SnH3;NCO 1.684 2.015
SnH3SCH3 1.690 2.389
SnH3CH,CH3 1.696 2.148
SnH3CF3 1.684 2.192
SnH3CCH 1.687 2.088
SnH30ONO; 1.680 2.051
SnH3F 1.684 1.910
SnH3;NO 1.690 2.189
SnH3ON 1.682 2.077
SnH3;C(O)H 1.690 2.197
SnH3Br 1.684 2.496
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TABLE 7. (continued)
Bond type
Sn—H? Sn—C Sn—N Sn—0 Sn—F Sn—B
Sn—Si Sn—P Sn—S Sn—Cl Sn—Al
Sn—Ge Sn—Se Sn—Br
Sn—Sn
Compound Sn—Pb
SnH3SeCN 1.683 2.584
SnH3NCSe 1.682 2.024
SnH3;SH 1.687 2.402
SnH3C(O)OH 1.686 2.182
SnH3C(O)F 1.683 2.178
SnH3NH» 1.692 2.031
SnH3PH; 1.691 2.521
SnH3BH, 1.696 2.264
SnH3 AlH, 1.698 2.696
SnH3C(O)NH;, 1.691 2.186
SnH3C(O)OCH3 1.687 2.180
SnH30C(0O)CH3 1.684 2.039
SnH3;PO 1.694 2.629
SnH30P 1.684 2.028
SnH3C(O)Cl 1.683 2.189
SnH3C(O)CHj3 1.692 2.210
SnH3PO, 1.682 2.540
SnH30PO 1.681 2.040
SnH3OF 1.684 2.010
SnH30SiH3 1.687 1.959
SnH30S(0)OH 1.682 2.042
SnH30PO, 1.679 2.042
4MP2 optimized geometries in the TZDP basis set.
bAverage bond lengths.
TABLE 8. Bond distances (in A) involving lead®
Bond type
Pb—H" Pb—C Pb—N Pb—0O Pb—F Pb—B
Pb—Si Pb—P Pb—S Pb—Cl Pb—Al
Pb—Ge Pb—Se Pb—Br
Pb—Sn
Compound Pb—Pb
PbH3OCHj3 1.735 2.064
PbH3NO; 1.724 2.180
PbH3;0ONO 1.726 2.206
PbH3OH 1.733 2.070
PbH3Cl 1.726 2414
PbH3CP 1.732 2.169
PbH3PC 1.726 2.598
PbH3CH3 1.742 2.181
PbH3SiH3 1.743 2.584
PbH3GeH3 1.743 2.621
PbH3SnHj3 1.744 2.797
PbH3;PbH;3 1.742 2.812
PbH4 1.735

(continued overleaf’)
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Bond type
Pb—H? Pb—C Pb—N Pb—O Pb—F Pb—B
Pb—Si Pb—P Pb—S Pb—Cl Pb—Al
Pb—Ge Pb—Se Pb—Br
Pb—Sn
Compound Pb—Pb
PbH3;CHCH, 1.742 2.167
PbH3;NNN 1.728 2.157
PbH3;CN 1.724 2.180
PbH3NC 1.721 2.130
PbH3SCN 1.726 2.497
PbH3NCS 1.725 2.139
PbH3;OCN 1.721 2.134
PbH3NCO 1.726 2.126
PbH3SCHj3 1.737 2.433
PbH3CH,CHj3 1.746 2.182
PbH3;CF3 1.730 2.206
PbH3CCH 1.730 2.144
PbH30ONO, 1.726 2.168
PbH3F 1.726 2.026
PbH3NO 1.744 2.264
PbH3;ON 1.732 2.194
PbH3C(O)H 1.739 2.231
PbH3Br 1.728 2.549
PbH3SeCN 1.728 2.624
PbH3NCSe 1.724 2.117
PbH3SH 1.733 2451
PbH3C(O)OH 1.733 2.210
PbH3C(O)F 1.728 2.212
PbH3NH; 1.738 2.123
PbH3;PH,; 1.741 2.546
PbH3BH; 1.745 2.279
PbH3AIH, 1.750 2.696
PbH3C(O)NH; 1.740 2.216
PbH3C(O)OCH;3 1.735 2.208
PbH3OC(0O)CHj3 1.732 2.174
PbH3PO 1.747 2.639
PbH;O0P 1.728 2.131
PbH3C(O)ClI 1.728 2.230
PbH3C(O)CH3 1.743 2.238
PbH3PO; 1.727 2.563
PbH30PO 1.728 2.194
PbH;OF 1.728 2.100
PbH3OSiH3 1.730 2.075
PbH3;0S(0)OH 1.729 2.184
PbH30PO, 1.723 2.179

4MP2 optimized geometries in the TZDP basis set.

bAverage bond lengths.

The MP2/TZDP optimized structures were then used to calculate the stationary state
geometry force constants and harmonic vibrational frequencies, also at the MP2 level.
These results serve several purposes. Firstly, they test that the calculated geometry is
really an energy minimum by showing all real frequencies in the normal coordinate
analysis. Secondly, they provide values of the zero-point energy (ZPE) that can be used
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to convert the total electronic energy differences to thermodynamic enthalpies that take
into account zero-point vibrational energy differences in chemical reactions. Thirdly, they
provide values of vibrational frequencies in the XH3Y series that can be compared for atom
and substituent effects. This information contributes another dimension to the analysis of
the electronic structure description of the bonding in these systems.

Another property obtained at the MP2 level using the relaxed MP2 densities calculated
as energy derivatives’®3 are the Mulliken populations and atomic charges. A compre-
hensive discussion of the whole topic of population analyses has recently been given*’.
The specific deficiencies of the Mulliken partitioning of the basis function space in the
wave function charge distribution is well known*!. Clearly, great care must be taken in
interpreting trends in structure properties based on derived atomic charges alone. The
individual MP2 atomic charges were summed to calculate group charges for all the XHj3
and Y substituents. These are shown in Table 9. The individual s, p and (five compo-
nent) d contributions to the atomic populations at the MP2 level for the X atoms in all
the XH3Y molecules are found in Table 10. The individual atomic charges for all the
atoms in XH3Y are tabulated in Tables 11-15. The MP2/TZDP level dipole moments are
tabulated in Table 16.

TABLE 9. Mulliken charges on the H and XH3 groups in RY“

Y\R H CHs SiH; GeHs SnHs PbH;
F 0.412 0.327 0.649 0.622 0.736 0.669
AlH, —0.080 —0.221 0.065 0.174 0.235 0.193
BH, —0.027 —0.171 0.141 0.131 0.132 0.136
SH 0.165 0.036 0.319 0.350 0.398 0.455
Br 0.139 —0.050 0.161 0.267 0.368 0.452
H 0. —0.147 0.075 0.060 0.089 0.101
CccH 0.191 0.071 0.447 0.332 0.457 0.444
PH, 0.051 —0.126 0.137 0.171 0.207 0.243
NH, 0.257 0.094 0.358 0.342 0.466 0.420
SCH; 0.138 0.003 0.288 0312 0.374 0.417
cl 0.211 0.066 0.357 0.388 0.464 0.524
NO 0.226 0.133 0.394 0.333 0.391 0.318
ON 0.319 0.174 b 0.493 0.587 0.493
C(OH 0.098 0.049 0.277 0.229 0.279 0.274
SeCN 0.104 —0.057 0.141 0.240 0.391 0.454
NCSe 0.304 0.235 0.549 0.474 0.587 0.563
C(O)F 0.130 0.091 0.336 0.281 0.344 0.355
C(O)NH, 0.079 0.013 0.244 0.181 0.235 0.217
ONO; 0.306 0.139 0.496 0.494 0.593 0.584
NCS 0.302 0.218 0.511 0.482 0.597 0.594
SCN 0.187 0.086 0.391 0.434 0.500 0.564
CH,CHj 0.138 0.140 0.256 0.234 0.310 0.294
C(0)OH 0.115 0.059 0.311 0.254 0.307 0.311
NO, 0.267 0.188 0.478 0.445 0.535 0.526
ONO 0.267 0.111 0.425 0.430 0.506 0.484
PC 0.145 0.037 0.365 0.379 0.383 0.445
CP 0.183 0.087 0.387 0.317 0.381 0.409
NCO 0.299 0.194 0.494 0.465 0.600 0.568
OCN 0.364 0.234 0.604 0.615 0.715 0.696
CN 0.266 0.241 0.512 0.465 0.506 0.528
NC 0.334 0.309 0.553 0.502 0.605 0.579
OCH; 0.289 0.080 0.408 0.421 0.566 0.499

(continued overleaf)
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TABLE 9. (continued)

Y\R H CH3 SiH3 GeH3 SnH3 PbH;3
CHCH; 0.125 0.007 0.294 0.248 0.318 0.333
NNN 0.288 0.171 0.445 0.435 0.553 0.547
OH 0.303 0.070 0.388 0.379 0.526 0.468
CH3 0.147 0. 0.273 0.260 0.330 0.329
SiH3 —0.075 —0.273 0. 0.068 0.139 0.129
GeHj3 —0.060 —0.260 —0.068 0. 0.128 0.094
SnHj3 —0.089 —0.330 —0.139 —0.128 0. —0.089
PbH;3 —0.101 —-0.329 —0.129 —0.094 0.089 0.
CF3 0.103 0.085 0.285 0.222 0.283 0.288
C(0)OCH3 0.117 0.051 0.312 0.243 0.360 0.376
OC(O)CH3 0.307 0.138 0.479 0.575 0.686 0.640
PO —0.034 —0.117 0.083 0.088 0.124 0.106
OP 0.355 0.171 0.496 0.497 0.622 0.587
[e(0)le] 0.153 0.103 0.363 0.311 0.384 0.407
C(O)CH3 0.079 0.016 0.231 0.166 0.215 0.200
PO, 0.065 —0.043 0.248 0.265 0.305 0.324
OPO 0.325 0.149 0.479 0.479 0.583 0.555
OF 0.319 0.126 0.480 0.476 0.595 0.570
OSiH3 0.388 0.110 0.430 0.455 0.626 0.582
0OS(0)OH 0.347 0.147 0.480 0.484 0.588 0.575
OPO, 0.359 0.199 0.544 0.564 0.683 0.687
@ All results are at the geometry optimized MP2/TZDP level. Connectivity is to the leftmost atom in Y.
bNot calculated.

TABLE 10. MP2/TZDP Mulliken atomic orbital populations for X in XH3Y“

C Si Ge Sn Pb

X=Y s p d S p d S P d s p d S p d
F 1.23 271 0.2 1.07 1.79 032 120 1.85 022 1.16 1.75 0.19 132 1.70 0.12
H 120 323 0.06 1.16 226 023 128 234 0.16 123 225 0.16 135 2.16 0.10
Cl 123 301 0.11 1.14 200 031 126 203 021 122 194 0.19 135 1.84 0.11
Br 1.25 3.14 0.11 1.21 212 032 131 2.12 021 125 2.02 0.19 138 192 0.10
OH 125 284 0.12 1.08 1.89 033 120 195 023 1.15 1.83 020 131 1.79 0.12
SH 1.21 3.09 0.10 1.17 2.10 030 1.29 216 0.21 123 206 020 136 197 0.11
NH, 124 295 0.10 1.11 201 031 1.21 206 021 1.16 193 0.19 131 1.88 0.10
PH, 1.22 324 0.08 1.17 221 025 127 224 0.18 122 2.14 0.17 135 2.04 0.08
BH, 1.19 325 0.07 1.13 228 021 126 233 0.14 121 225 0.14 134 2.17 0.06
AlH, 1.17 341 006 1.14 240 0.19 120 239 0.13 1.16 229 0.13 131 2.12 0.06
CH; 1.18 3.06 006 1.14 211 026 125 216 0.17 1.19 2.06 0.16 132 198 0.08
SiHz 122 336 0.06 1.18 238 022 1.27 238 0.15 121 227 0.15 136 2.15 0.08
GeH; 122 337 0.07 122 242 022 131 242 0.15 123 232 0.16 140 2.17 0.08
SnH3 125 343 0.06 122 250 022 130 252 0.14 123 241 0.15 142 226 0.08
PbH3 1.27 342 0.06 1.24 251 0.22 130 255 0.15 1.23 244 0.15 1.41 230 0.08
CN 1.17 3.08 0.08 1.14 2.10 025 125 2.14 0.17 1.19 2.02 0.15 133 194 0.08
NC 1.32 292 0.10 1.15 197 028 123 199 0.18 1.18 1.87 0.15 1.33 1.83 0.09
NO 126 298 0.08 1.17 2.02 025 129 2.07 0.17 125 199 0.16 140 193 0.10
ON 127 28 007 — — — 129 194 020 123 1.84 020 141 1.81 0.12
PO 1.20 329 0.07 1.19 230 0.22 131 234 0.15 126 223 0.15 141 212 0.09
OP 1.26 2.84 0.10 1.10 1.88 031 124 192 022 120 1.82 020 137 1.76 0.12
CP 1.13 3.06 0.10 1.18 2.11 0.27 1.28 2.16 0.18 121 2.04 0.15 133 196 0.07
PC 1.21 320 0.08 1.18 2.16 0.26 1.28 2.17 0.17 123 206 0.17 138 197 0.09
OF 125 282 0.11 1.11 1.87 030 1.24 192 021 119 182 0.19 134 1.75 0.12
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TABLE 10. (continued)
X = C Si Ge Sn Pb
Y s p d S p d s p d s p d S p d
CCH 1.24 3.06 0.09 1.21 2.10 0.27 1.32 2.15 0.18 1.26 2.03 0.16 1.35 1.93 0.08
C(O)H 1.15 3.11 0.07 1.20 2.17 024 131 223 0.17 1.24 212 0.16 1.37 2.04 0.09
CHCH; 1.19 3.09 0.08 1.18 2.13 0.26 1.28 2.20 0.18 1.21 2.10 0.17 1.33 2.01 0.09
OCH3 1.25 2.85 0.12 1.08 1.89 033 1.21 193 0.22 1.16 1.82 0.19 1.33 1.78 0.10
SCH3 1.21 3.12 0.10 1.17 2.11 030 1.29 2.17 0.21 1.23 2.08 0.21 1.37 198 0.11
OSiH3 1.26 2.86 0.12 1.09 190 034 1.20 194 0.23 1.15 1.82 0.19 133 1.79 0.11
CH,CH3 1.19 3.09 0.09 1.14 2.12 026 1.25 2.18 0.17 1.19 2.09 0.16 1.33 2.00 0.08
OCN 127 2.84 0.11 1.12 1.88 0.29 1.25 191 0.19 1.21 1.82 0.16 1.37 1.77 0.09
NCO 1.28 292 0.10 1.13 196 030 1.22 199 0.20 1.17 1.85 0.17 1.33 1.82 0.09
SCN 1.22 3.10 0.09 1.19 2.09 0.29 1.30 2.15 0.20 1.25 2.05 0.20 1.39 1.95 0.11
NCS 1.31 291 0.10 1.15 196 030 1.23 198 0.19 1.17 1.84 0.15 1.34 1.83 0.09
SeCN 1.24 322 0.10 1.23 220 0.29 1.32 220 0.20 1.25 2.10 0.18 1.39 1.98 0.09
NCSE 1.31 291 0.10 1.13 1.97 029 1.21 197 0.17 1.16 1.86 0.13 1.31 1.82 0.07
NNN 1.25 294 0.10 1.14 199 031 1.25 2.03 0.21 1.20 1.92 0.19 136 1.86 0.11
ONO 1.25 2.89 0.11 1.12 192 030 1.25 199 0.20 1.21 191 0.18 135 1.84 0.11
NO, 1.29 297 0.08 1.17 2.02 0.27 1.27 2.06 020 122 195 0.18 136 1.88 0.12
OPO 1.26 2.86 0.11 1.10 191 030 1.23 196 0.21 1.19 1.87 0.20 1.36 1.78 0.13
PO, 1.22 326 0.07 1.21 226 024 1.33 230 0.17 1.27 220 0.18 1.39 2.11 0.11
C(O)F 1.18 3.12 0.07 1.19 2.16 0.24 1.29 223 0.18 1.23 2.12 0.17 1.35 2.04 0.10
C(O)Cl1 1.18 3.10 0.07 1.20 2.14 0.25 1.30 2.19 0.18 1.24 2.08 0.18 1.36 2.00 0.10
C(O)OH 1.19 2.12 0.07 1.19 2.16 024 1.29 221 0.17 1.23 2.11 0.17 1.35 2.03 0.10
C(O)NH, 1.20 3.14 0.06 120 2.18 0.24 130 224 0.18 124 2.15 0.18 136 2.07 0.11
C(O)CH; 1.17 3.14 0.07 1.20 2.19 024 1.32 225 0.17 1.26 2.17 0.17 1.38 2.09 0.09
CF; 1.20 3.12 0.07 1.20 2.18 0.25 1.30 2.26 0.18 1.24 2.16 0.18 1.36 2.10 0.11
ONO;, 1.26 2.86 0.11 1.11 1.89 030 1.24 193 0.21 1.20 1.84 0.19 135 1.76 0.12
OPO, 1.26 2.84 0.11 1.11 1.88 030 1.23 192 0.20 1.20 1.84 0.19 1.36 1.74 0.12
C(O)OCH3 1.20 3.11 0.07 1.20 2.15 024 1.30 2.21 0.17 1.24 2.11 0.17 1.35 1.96 0.09
OC(O)CHz 1.26 2.87 0.11 1.10 1.90 030 1.23 1.94 021 1.19 1.86 0.20 134 1.78 0.12
OS(O)OH 1.26 2.89 0.11 1.09 191 031 1.23 195 022 1.19 1.86 0.20 134 1.77 0.13
@Geometry optimized at the MP2/TZDP level, 5 d-type distribution. Connectivity is to the leftmost atom in Y.
TABLE 11. Mulliken atomic charges calculated at the MP2 level for carbon compounds®
Atom type
H(C) B C N (o) F H (A)
Al P S Cl
Compound Se Br
CH3OCH3 0.128 —0.305 —0.161
CH3NO, 0.180 —0.353 —-0.479 0.143
0.148
CH30ONO 0.156 —0.358 —-0.407 0.045
0.250¢
CH3;0OH 0.128 —-0.314 —0.359 0.289 (O)
CH3Cl 0.171 —0.448 —0.066
CH3CP 0.181 —0.456 0.168
CH;PC 0.198 —0.556 0.523
—0.559
CH3CH3 0.138 —0.415
CHy 0.147 —0.590

(continued overleaf)
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Atom type
H(C)” B C N o) F H (A)
Al P S Cl
Compound Se Br
CH3CHCH, 0.149 —0.440"
0.109 —0.076
0.1198 —0.2788
CH;3;NNN 0.160 —0309 —0.273
0.325"
—0.223
CH3CN 0.194 -0341  —0.535
0.294
CH;3NC 0.181 —0235 —0372
0.063
CH3SCN 0.187 -0475 —0.516 0.214
0.216
CH;NCS 0.170 —0294" —0.688  —0.062
0.532
CH30CN 0.169 —0274/ —0.536 0.014
0.288
CH3;NCO 0.164 —0297  —0542  —0.058
0.407
CH3SCH; 0.160 —0.486 —0.005
CH,CH,CH3 0.140 —0.423"
0.1308 —0.2558
CH3CF;3 0.171 —0.429" —0.234
0.619
CH3CCH 0.176¢/ —0.457
0.170/ 0.113
—0.354/
CH3NO, 0.162 —0.347  —0.630 0.004
0.263¢
0.224¢%
CH;3F 0.126 —0.050 —0.327
CH3NO 0.150 —0.286  —0.287 0.122
CH;0N 0.152 —0.282 0320  —0.49%4
CH;C(O)H 0.160" —0.43Y
0.079¢ —0.015¢ —0.113
CH;3Br 0.180 —0.590 0.050
CH;3SeCN 0.188 —0.623 —0.455 0.515
—0.003
CH3NCSe 0.174 —0.28%  —0.571 0.135
0.201
CH;SH 0.165 —0.458 —0.174 0.138 (S)
CH;C(0)OH 0.174 —0.462" —0.140¢ 0.307 (O)
0.005¢ —0.230¢
CH3C(O)F 0.180 —0.451f —0.256
0.244¢ —0.079
CH3NH, 0.134 —0309 —0.574 0.240 (N)
CH3PH, 0.158 —0.602 0.066 0.030 (P)
CH3BH, 0.155 0251 —0.636 0.040 (B)
CH;AIH, 0.155  0.403 —0.686 0.091 (Al)
CH3C(O)NH, 0.166 —0484"  —0.436 0.244 (N)
0.072¢ —0.138
CH;C(0)OCH;  0.170 —0.460 —0.142
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TABLE 11. (continued)

Atom type
HCY B C N o} F H (A)
Al P S Cl
Compound Se Br
0.151 0.048¢ —0.094¢
—-0.316/
CH3PO 0.169 —0.625 0.514 —0.397
CH;0P 0.150 —-0.278 0.160 —0.332
CH;3C(0)Cl 0.183 —0.446 —-0.077
—0.010¢ —0.017
CH;C(O)CH;  0.161 —0.467 —0.090
—0.057¢
CH3PO, 0.198 —0.638 0.900 —0.4290
CH3;0PO 0.160 —0.331 0.612 —0.342
—0.387¢
CH3O0F 0.151 —0.325 0.069 —0.195
CH30S(0)OH 0.161 —0.336 —0.173
0.383¢
—0.293¢
—0.386° 0.323 (O)
CH30PO, 0.166 —0.298 0.943 —0.330
—0.406"¢
“4From MP2 optimized geometries in the TZDP basis set.
bAverage.
“Doubly-bonded atom.
4 Sulfur.
¢Hydroxyl.
I Methyl.
8 Methylene.
"Middle nitrogen atom.
iMelhoxy.
J Triple bond.
kFacing X.

TABLE 12. Mulliken atomic charges calculated at the MP2 level for silicon compounds®

Atom type
Si H(Si)? B C N (6] F H(A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
SiH3;OCH3  0.685 —0.092 —0.313 —0.518 0.141 (C)
SiH3NO» 0.584 —0.035 —0.817 0.167
—0.172
SiH30ONO 0.639 —0.071 —0.430 —0.445
—0.450¢
SiH3;OH 0.676  —0.096 —0.700 0.312 (O)
SiH3Cl 0.543 —0.062 —0.357
SiH;CP 0.575  —0.063 —0.613 —0.226
SiH3PC 0.419 —0.018 —0.589 —0.224

(continued overleaf)
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TABLE 12. (continued)
Atom type
Si H(Si)P B C N o) F H(A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
SiH3CHj3 0.526 —0.084 —0.757 0.162 (C)
SiH3SiH3 0.193 —0.064
SiH3GeH3 0.114 —0.061
SiH3SnH3 0.039 —0.060
SiH3PbH3 0.021 —0.050
SiHy 0.300 —0.075
SiH3CHCH, 0.537 —0.081 —0.392 0.116 (C)
—0.275 0.129 (C)
SiH3NNN 0.634 —0.063 —0.558
—0.330¢
—0.217
SiH3CN 0.640 —0.043 —0.095 —0.417
SiH3NC 0.703 —0.050 —0.058 —0.496
SiH3SCN 0.492 —0.034 0236 —0513 —0.114
SiH3NCS 0.686 —0.058 0613 —1.064 —0.061
SiH30CN 0.742 —0.046 0293 —0.548 —0.350
SiH3NCO 0.697 —0.067 0438 —0.872 —0.060
SiH3SCHj3 0.486 —0.066 —0.491 —0.318 0.173 (C)
SiH3;CH,CH3  0.504 —0.083 —0.558 0.151 (C)
—0.454 0.151 (C)
SiH3CF3 0416 —0.044 —0.408 —0.231
SiH3;CCH 0.647 —0.067 —0.415" 0.184 (C)
—0.217
SiH3;0NO, 0.662 —0.055 —0.597 —0.375
0.282°¢
0.195¢¢
SiH3F 0.905 —0.085 —0.648
SiH3C(O)H 0.449 —0.057 —0.290 —0.077 0.091 (C)
SiH3NO 0.559 —0.055 —0.615 0.221
SiH3;0N¢ — — — —
SiH3Br 0318 —0.052 —0.161
SiH3SeCN 0.234 —0.031 —0.008 —0.457 0.309
SiH3NCSe 0.875 —0.080 —0.065 —0.933 0.234
SiH3SH 0.511 —0.064 —0.480 0.160 (S)
SiH3;C(O)OH 0470 —0.053 —0.284 —0.107¢
—0.215 0.294 (O)
SiH3C(O)F 0.466 —0.043 —0.053 —0.025 —0.258
SiH3NH, 0.651 —0.095 —0.864 0.253 (N)
SiH;PH, 0.330 —0.064 —0.234 0.149 (P)
SiH3BH, 0341 —0.067 0.116 —0.012 (B)
SiH3AlH, 0280 —0.071  0.075 —0.070 (Al
SiH3;C(O)NH, 0438 —0.065 —0216 —0.391 —0.120 0.241 (N)
SiH3C(0)OCH; 0.483 —0.057 —0.272¢ —0.102¢ 0.152 (C)
—0.324 —0.077
SiH30C(O)CH; 0.689 —0.070 —0.096¢ —0.481 0.173 (C)
—0.464 —0.151¢
SiH3;PO 0.239 —0.058 0.303 —0.386
SiH3;OP 0.693 —0.066 0226 —0.722
SiH3C(0)Cl 0472 —0.036 —0.273 0.045 —0.135
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TABLE 12. (continued)

Atom type
Si  H(@S)Y B C N o) F H(A)
Al Si P S cl
Ge Se Br
Sn
Compound Pb
SiH3;C(0)CH;  0.415 —0.061 —0.204¢ —0.054 0.162 (C)
—0.459
SiH3PO, 0.310 —0.021 0.645  —0.446°
SiH30PO 0.671 —0.064 0.643  —0.713
—0.408¢
SiH3OF 0.668 —0.063 —0.292 —0.189
SiH30SiH; 0.689 —0.086 —0.859
SiH30S(0)OH  0.686 —0.069 —0.533
—0.376¢
—0.293¢
—0.355¢ 0.324 (0)
SiH30PO, 0.695 —0.050 —0938  —0.398
—0.400¢7

4From MP2 optimized geometries in the TZDP basis set.
b Average.

¢Doubly-bonded atom.

4Not calculated.

¢Sulfur.

Y Methylene.

8 Middle nitrogen atom.

" Attached to Si.

'Hydroxyl.

J Facing Si.

TABLE 13. Mulliken atomic charges calculated at the MP2 level for germanium compounds®

Atom type
Ge H(Ge B C N 0 F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
GeH3;OCH3  0.617 —0.065 —0.329 —0.506 0.138 (C)
GeH3NO, 0491 —0.016 —0.766 0.160
0.161
GeH;ONO 0.531 —0.034 —0.384 —0.249
0.203¢
GeH;OH 0.589 —0.070 —0.682 0.303 (O)
GeH;Cl 0.498 —0.037 —0.388
GeH3CP 0441 —0.042 —0.548 0.231
GeH;PC 0.380 —0.000 —0.594 0.214
GeH3;CHj3 0472  —0.071 —0.758 0.166 (C)

GeH3SiH3 0213 —0.048
GeH3GeHsz  0.136  —0.045
GeH3SnH3z  0.001  —0.043
GeH3PbH3  0.008 —0.034

(continued overleaf')
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TABLE 13. (continued)
Atom type
Ge H(Ge) B C N 0 F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
GeHy 0.241 —0.060
GeH3;CHCH, 0.438 —0.063 —0.341 0.122 (C)
—0.287¢ 0.129 (C)
GeH3;NNN 0.543 —-0.036 —-0.513
—-0.319
—0.242
GeH3;CN 0.535 -0.023 —0.111 —0.353
GeH3;NC 0.580 —0.026 —0.054 —0.449
GeH3SCN 0.470 —-0.012 0.215 -0.512 —-0.138
GeH3NCS 0.580 —0.032 0.517 —-0922 —-0.077
GeH3;0CN 0.667 —0.017 0.250 —-0.321 —0.545
GeH3;NCO 0.589 —0.041 0.379 —-0.785 —0.059
GeH3;SCH;3 0.451 —0.046 —-0.510 —0.326 0.177 (C)
GeH,CH,CH3 0.488 —0.084 —0.504¢ 0.140 (C)
—0.421 0.137 (C)
GeH3;CF; 0.306 —0.028 0.462 —0.228
GeH3;CCH 0.467 —0.045 —0.4238 0.191 (C)
—0.099
GeH30NO, 0.576 —0.027 —-0.583 —-0.319
—0.248¢
—0.160°8
GeH3F 0.796 —0.058 —0.622
GeH3C(O)H 0.356 —0.042 —0.281 —0.055 0.107 (C)
GeH3NO 0.454 —0.040 —0.589 0.256
GeH30N 0.569 —0.025 —0.449 —0.043
GeH3Br 0.354 —0.029 —0.267
GeH3SeCN 0.274 —-0.011 —0.002 —0.460 0.222
GeH3NCSe 0.587 —0.038 0.018 —0.723 0.230
GeH3;SH 0.549 —0.055 —0.528 0.144 (S)
GeH3C(O)OH 0.368 —0.038 —0.264 —0.079¢
—0.204 0.293 (O)
GeH3C(O)F 0.440 —-0.031 —0.131 —0.139 —0.338
GeH3;NH; 0.567 —0.074 —0.853 0.255 (N)
GeH3PH; 0.319 —0.049 —0.276 0.052 (P)
GeH3;BH; 0.296 —0.055 —0.005 —0.122 (B)
GeH3;AlH; 0.339 —-0.054 —0.069 —0.035 (AD)
GeH3;C(O)NH,  0.331 —0.050 —0.183 —0.390 —0.094 0.243 (N)
GeH3;C(O)OCH3 0.370 —0.042 —0.236¢ —0.072¢
—0.327 —-0.071 0.154 (C)
GeH3;0C(O)CH3 0.597 —0.042 —0.091¢ —0.437
—0.468 —0.169¢ 0.171 (C)
GeH3;PO 0.208 —0.040 —0.293 —0.381
GeH3;0P 0.611 —0.038 —0.187 —0.683
GeH3C(0)C1 0.372 —-0.020 —0.254 —0.063 —0.120
GeH3C(O)CH3 0.301 —0.045 —0.158¢ —0.039 0.168 (C)
—0.474
Ge3 POy 0.280 —0.005 —0.609 —0.437
Ge3;OPO 0.582 —0.034 —0.582 —0.678

—0.427¢
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TABLE 13. (continued)

Atom type
Ge H(Gel B C N 0 F H (A)
Al Si P S Cl
Ge Se Br
Sn

Compound Pb
GeH3OF 0.588 —0.038 —0.281 —0.195
GeH3OSiH3 0.625 —0.057 0.671 —0.845 0.094 (Si)
GeH3O(O)OH 0.597 —0.045 —0.487

—0.355¢

—0.310°

—0.364" 0.321 (0)
GeH30PO; 0.627 —0.021 —0.909 —0.6528

—0.405¢

—0.415%8
4From MP2 optimized geometries in the TZDP basis set.
b Average.
“Doubly-bonded atom.
4 Sulfur.
¢Methylene.
fMiddle nitrogen atom.
8 Facing Ge.
h Hydroxyl.

TABLE 14. Mulliken atomic charges calculated at the MP2 level for tin compounds®

Atom type
Sn  H(Sn)» B C N (6} F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
SnH3OCH3 0.803 —0.079 —0.333 —0.628 0.132 (C)
SnH3NO, 0.627 —0.030 —0.856  —0.154
—0.166
SnH30ONO 0.645 —0.047 —-0396 —0.244
—0.134¢
SnH30H 0.782  —0.085 —0.821 0.295 (O0)
SnH3Cl 0.623 —0.053 —0.464
SnH3CP 0.586 —0.068 —0.620  —0.238
SnH3PC 0447 —0.021 —0.573 —0.189
SnH3CH3 0.607 —0.092 —0.806 0.159 (C)
SnH3SiH3 0.357 —0.072
SnH3GeH3 0.332  —0.068
SnH3SnHj3 0.194 —0.065
SnH3PbH3 0.261 —0.058
SnHy 0.427 —0.107
SnH3CHCH, 0.566 —0.089 —0.410 0.117 (C)
—0.286° 0.130 (C)
SnH3NNN 0.697 —0.048 —0.655
—0.363

(continued overleaf)



28 Harold Basch and Tova Hoz
TABLE 14. (continued)
Atom type
Sn  H(Sn)® B C N o] F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
—0.261
SnH3CN 0.645 —0.046 —-0.216  —0.290
SnH3NC 0.746 —0.047 —0.068 —0.537
SnH3SCN 0.580 —0.026 0.200 —-0.511 —-0.189
SnH3NCS 0.750 —0.051 0.624 —1.116 —0.104
SnH3OCN 0.804 —0.030 0.233  —-0.551 —0.397
SnH3NCO 0.777 —0.059 0.346 —0.875 —0.071
SnH3SCH3 0.561 —0.062 —0.510 —0.382 0.172 (C)
SnH3CH,CHj3 0.570 —0.086 —0.607¢ 0.149 (O)
—0.460 0.153 (C)
SnH;3;CF3 0.425 —-0.047 —0.376 —0.220
SnH3CCH 0.676 —0.073 —0.5228 0.183 (O)
—0.118
SnH3ONO, 0.710 —0.039 —0.558 —0.359
0.237¢
0.086¢
SnH3F 0.961 —-0.075 —0.736
SnH3C(O)H 0.484 —0.068 —0.336 —0.049 0.106 (C)
SnH3NO 0.582 —0.064 —0.655 0.264
SnH3ON 0.715 —0.042 —0.463 —0.124
SnH3Br 0.503 —0.045 —0.368
SnH3SeCN 0.470 —-0.027 —0.017 —0.459 0.085
SnH3NCSe 0.762 —0.058 0.019 —0.828 0.223
SnH3SH 0.586 —0.063 —0.553 0.155 (S)
SnH3C(O)OH 0.486 —0.060 —0.327 —0.067¢
—0.201 0.288 (0)
SnH3C(O)F 0.489 —0.048 —0.103 0.024 —0.264
SnH3NH; 0.742 —0.092 —0.960 0.247 (N)
SnH3PH; 0.423 —-0.072 —0.306 0.049 (P)
SnH3BH; 0.384 —0.084 —0.002 —0.135 (B)
SnH3AlH, 0.589 —0.107 —0.104 —0.083 (Al)
SnH3C(O)NH, 0.445 —0.067 —0.257 —-0.366 —0.242 0.242 (N)
SnH3C(O)OCH3 0.494 —0.064 —0.313¢ —0.057¢
—0.329 —0.064 0.154 (C)
SnH30C(O)CH3 0.711 —0.053 —0.137¢ —0.504
—0.473 —0.226¢ 0.171 (C)
SnH3 PO 0.323 —0.066 0.254 —0.378
SnH3;0P 0.771 —0.050 0.141 —0.763
SnH3C(O)Cl 0.493 —0.036 —0.323 0.088 —0.149
SnH3C(O)CH3 0413 —0.066 —0.225¢ —0.036 0.165 (O)
—0.453
SnH3 PO, 0.385 —0.026 0.560 —0.432¢
SnH3OPO 0.714 —-0.044 —0.713  —0.749
—0.455¢
SnH3OF 0.762 —0.056 —0.399 —0.196
SnH30SiH3 0.835 —0.070 0.641 —0.968 —0.100 (Si)
SnH30S(O)OH  0.727 —0.046 —0.548
—0.347¢

—0.346¢
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TABLE 14. (continued)

Atom type
Sn H(Sn)? B C N (0] F H @A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
—0.360" 0.319 (0)
SnH30OPO, 0.771 —0.029 0.886 —0.7288
—0.404¢
—0.437¢¢
“From MP2 optimized geometries in the TZDP basis set.
b Average.
¢Doubly-bonded atom.
4 Sulfur.
¢Methylene.
fMiddle nitrogen atom.
8 Facing Sn.
h Hydroxyl.

TABLE 15. Mulliken atomic charges calculated at the MP2 level for lead compounds®

Atom type
Pb  H(Pb> B C N o F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
PbH30CH3 0.765 —0.089 —0.357 —0.547 0.135 (C)
PbH3NO, 0.652 —0.042 —0.861 0.165
0.171
PbH3;0NO 0.658 —0.058 —-0412  —-0.134
0.062¢
PbH3;0H 0.750 —0.094 —0.751 0.284 (O)
PbH;3Cl 0.708 —0.061 —0.524
PbH3CP 0.645 —0.079 —0.634 0.225
PbH3PC 0.537 —0.031 —0.574 0.129
PbH3CH3 0.660 —0.110 —0.838 0.169 (C)
PbH;3SiH3 0.404 —0.092
PbH3GeHj3 0.355 —0.087
PbH3SnHj3 0.162 —0.084
PbH3PbH3 0224 -0.075
PbH4 0.404 —0.101
PbH3;CHCH, 0.635 —0.100 —0.458 0.129 (C)
—0.267¢ 0.131 (C)
PbH3NNN 0.707 —0.053 —0.583
0.313
—0.277
PbH3CN 0.688 —0.053 —0.203 —0.326
PbH3NC 0.726  —0.049 —0.055 —0.524
PbH3SCN 0.665 —0.034 0.188 —-0.507  —0.246

(continued overleaf)
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TABLE 15. (continued)

Atom type
Pb  H(Pb) B C N (6] F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
PbH3NCS 0.744 —0.050 —0.350 —0.840 —0.103
PbH3;0CN 0.788 —0.030 —0.180 —0.545 —0.332
PbH3NCO 0.751 —0.061 —0.280 —0.811 —0.037
PbH3SCH3 0.652 —0.075 —-0.517 —0.426 0.175 (C)
PbH;CH,CH3 0.616 —0.107 —0.641¢ 0.164 (C)
—0.459 0.162 (C)
PbH;CF3; 0472 —0.062 —0.332 —0.206
PbH3CCH 0.693 —0.083 —0.425% 0.181 (C)
—0.201
PbH30NO; 0.728 —0.048 0.561 —0.267
—0.227¢
—0.016%¢
PbH3F 0.913 —0.081 —0.669
PbH3C(O)H 0.530 —0.085 —0.364 —0.034 0.124 (C)
PbH3;NO 0.577 —0.086 —-0.612 —0.294
PbH3;0N 0.663 —0.057 —0.498 0.005
PbH;3Br 0.614 —0.054 —0.452
PbH3SeCN 0.556 —0.035 —0.035 —0.455 0.037
PbH3NCSe 0.738 —0.058 —-0.024 —-0.735 —0.195
PbH3SH 0.681 —0.076 —0.607 0.152 (O)
PbH3C(O)OH 0.538 —0.075 —0.386 —0.039¢
—0.176 0.289 (O)
PbH3C(O)F 0.643 —0.071 —0.021 —0.091 —0.318
PbH3NH, 0.734 —0.104 —0.925 0.252 (N)
PbH3PH, 0.513 —0.090 —0.355 0.056 (P)
PbH3BH, 0.447 —-0.103 —-0.178 0.021 (B)
PbH3AIH, 0.498 —0.101 —-0.076 —0.059 (Al
PbH3C(O)NH,  0.481 —-0.097 —0.301 —-0.354 —0.054 0.256 (N)
PbH3C(O)OCH3 0.667 —0.097 —0.238¢ —0.174¢
—0.247 —0.152 0.145 (C)
PbH3;0C(O)CH3 0.722 —0.067 0.136° —0.420
—0.472 —0.279¢ 0.171 (C)
PbH3PO 0.362 —0.085 0.255 —0.361
PbH30P 0.758 —0.057 0.106 —0.693
PbH3C(O)Cl1 0.556 —0.050 —0.383 —0.099 —0.123
PbH3C(O)CH3  0.458 —0.086 —0.262¢ —0.008 0.172 (C)
—0.448
PbH3PO; 0.435 —0.037 0512 —-0.418
PbH30PO 0.718 —0.054 0.625 —0.665
—0.516¢
PbH30F 0.770 —0.067 —0.363 —0.207
PbH30SiH3 0.798 —0.072 0.622 —0.892 —0.104 (Si)
PbH30S(O)OH  0.748 —0.058 —0.474
—0.335¢
—0.396¢

—0.357" 0.317 (O)
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TABLE 15. (continued)
Atom type
Pb H(Pb)® B C N o F H (A)
Al Si P S Cl
Ge Se Br
Sn
Compound Pb
PbH30PO, 0.791 —0.035 0.875 —0.666%
—-0.417¢
—0.479¢¢

“From MP2 optimized geometries in the TZDP basis set.
bAverage.
“Doubly-bonded atom.
4 Sulfur.
¢Methylene.
I Middle nitrogen atoms.
8 Facing Pb.
thdroxyl.
TABLE 16. MP2/TZDP calculated dipole moments (in D) for RY*
Y\R = H CH;3 SiH3 GeHj3 SnHj3 PbH3
F 0. 1.843 1.908 1.374 2.157 2.590 3.433
AlH, 0.449 0. 0.552 0.390 0.587 0.725 1.321
BH, 0.470 0. 0.552 0.391 0.536 0.719 1.123
SH 0.907 1.173 1.605 1.188 1.515 1.738 2.029
Br 0. 0.854 1.845 1.466 2.088 2.456 3.030
H 0. 0. 0. 0. 0. 0. 0.
CCH 0.742 0. 0.730 0.328 0.119 0.287 0.649
PH» 0.631 0.656 1.142 0.716 0.733 0.742 0.644
NH» 1.939 1.673 1.435 1.283 1.176 1.127 1.350
SCH3 1.661 1.604 1.626 1.462 1.536 1.630 1.773
Cl 0. 1.234 1.990 1.501 2.241 2.693 3.359
NO 0.177 1.695 2.279 2.188 2.087 2.094 1.386
ON 0.177 2.700 3.326 b 3.680 3.961 4.017
C(O)H 1.551 2318 2.670 2.170 2.116 2.095 1.856
SeCN 3.755 3.743 4.264 4.146 4412 4.640 4.627
NCSe 3.755 1.980 3.730 1.817 3.102 3.745 5.052
C(O)F 0.675 2.047 2.854 2.752 2.860 3.092 2.993
C(O)NH; 3.552 3.851 3.651 3.430 3.377 3.257 3.152
ONO; 0. 2.125 2.933 2.401 3.344 3.685 4.216
NCS 2915 1.991 3.435 2.606 3.607 4.721 4.604
SCN 2915 3.478 4.129 4.031 4.456 4.835 4.944
CH,CH3 0.286 0. 0.086 0.775 0.748 0.748 1.007
C(O)OH 1.909 1.369 1.568 1.314 1.299 1.344 1.290
NO, 0.166 2.537 3.397 3.566 3.973 4.448 4.601
ONO 0.166 1.481 2.132 1.274 2.458 2.725 3.006
PC 1.020 3.537 5.104 5.491 5.974 6.494 6.912
CP 1.020 0.534 1.608 0.408 0.835 1.016 1.327
NCO 0.488 2.036 2.855 2.100 2.956 3.645 4.052
OCN 0.488 3.853 4.499 4.570 5.456 6.206 6.735
CN 2.186 3.013 3.892 3.512 3.964 4.279 4.736
NC 2.186 3.283 4.127 3.540 4.367 4.841 5.723

(continued overleaf’)
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TABLE 16. (continued)

Y\R = H CH3 SiH3 GeH3 SnHj3 PbH3
OCHj3 1.918 1.705 1.327 1.216 1.226 1.386 1.903
CHCH; 0.695 0. 0.332 0.662 0.525 0.470 0.603
NNN 0. 1.827 2.356 2.052 2.870 3.552 4.010
OH 1.699 1.948 1.705 1.353 1.507 1.670 2.177
CH3 0. 0. 0. 0.684 0.614 0.596 0.719
SiH3 0.040 0. 0.684 0. 0.144 0.187 0.622
GeHj3 0.078 0. 0.614 0.144 0. 0.067 0.491
SnHj3 0.286 0. 0.596 0.187 0.067 0. 0.480
PbH;3 0.543 0. 0.719 0.622 0.491 0.481 0.

CF3 0.361 1.615 2.285 2.316 2373 2.612 2.305
C(O)OCH3 2.618 1.764 1.708 1.605 1.556 1.524 1.642
OC(O)CH3 b 1.568 1.708 1.621 1.386 0.931 0.403
PO 1.903 2.239 2.796 2.165 2.041 1.970 1.754
(0)3 1.903 1.682 2222 1.502 2.449 2.999 3.730
c(O)Cl1 0.259 1.815 2.729 2.844 3.011 3.490 3.363
C(O)CH3 2.354 2.670 2.830 2410 2310 2.240 2.172
PO, 1.347 2.525 3.906 4.096 4.293 4.659 4.703
OPO 1.347 1.483 1.782 1.782 2232 2.185 1.685
OF 0.175 1.902 2.296 1.940 2.565 2.986 3.430
OSiH3 1.576 1.353 1.216 0.434 1.235 1.857 2.698
0OS(0)OH 2.610 1.550 2.009 1.474 2235 2.375 2.641
OPO, 0. 3.051 3.987 3.646 4.649 5.117 5.211

@ At the MP2/TZDP geometry optimized structures. Connectivity is to the leftmost atom in Y.
bNot calculated.

Another property calculated in the XH3—Y series is the X—Y bond dissociation energy.
For this purpose the MP2 optimized geometries for the XH3 and Y (doublet spin) radicals
were obtained using the unrestricted HF (UHF) method. For comparison to experiment,
the electronic energy differences for the reaction

XH3—Y —— XH3-+ Y- (1)

were converted to enthalpy changes by correcting the electronic energy differences for
vibrational, rotational and translational motions at 298 K and adding APV = RTAn =

+0.6 keal mol 1%, Unfortunately, the UHF method does not give an exact eigenfunction
of the spin-squared operator (S?) and the resultant wave function, upon which the MP2
method is based, is contaminated by higher spin states**. If the calculated (S?) value is
close to the formally exact 0.75 value for a spin doublet electronic state, then the properties
of the UMP2 wave functions (including energy) are not expected to be significantly
affected by higher-order corrections. However, where spin contamination is significant
(%) > 0.75) in the starting UHF wave function, the UMPn (n = 2,3, ...) series
converges slowly* and UMPn theory may give poor results for lower values of 7.
A question that arises in using calculated values of ZPE is that of scaling. Experience
has shown that HF calculated harmonic vibrational frequencies are usually too large, and
that scaling by an approximate factor of 0.89 generally brings them in good agreement
with experiment. For MP2 calculated frequencies the best fitted scale factor for ZPE is
about 0.96*”. For the thermodynamic quantities calculated here no scaling of the ZPE
was imposed. Firstly, a 4% change in a quantity that ranges from 1-6 kcalmol~! as
the difference between products and reactants in an enthalpy of reaction is negligible at
the level of accuracy in these calculations. Secondly, uniform scaling does not guarantee

2,46
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uniform accuracy and the possible errors introduced into the ZPE by scaling could be
larger than just using the unscaled values*® for this purpose.

Another consideration in calculating bond dissociation energies is basis set superposi-
tion error (BSSE). BSSE is defined as the energy resulting from basis functions on each
fragment contributing to the wave function of the other fragment at the equilibrium geom-
etry of the molecule in a situation of zero interaction. BSSE is due to incompleteness of
the Gaussian basis set for each fragment and will tend to enhance the calculated bind-
ing energy. A comprehensive discussion of BSSE has recently been given*®. One of the
advantages of using the CEP and RCEP methods to eliminate the core electrons is that it
simultaneously reduces the BSSE. It has been shown® in weakly bonding situations that
the core electron energy is a large part of the BSSE in all-electron calculations. It is not
entirely clear how to define or treat BSSE in a strong bonding situation as in the XH3;—Y
series. Therefore, BSSE has not been corrected for in this work.

In order to obtain more accurate and reliable values of the calculated bond dissoci-
ation energies®"52 a set of diffuse sp-type functions was added to every atom except
hydrogen, where only an additional s-type function was added. The exponents for these
diffuse single Gaussian basis functions were obtained by using the ratio of the small-
est two valence orbital exponents of each atom to calculate the diffuse member. The
resultant extended basis set is denoted as TZDP++, and the exponents themselves are
shown in Table 2. UMPn (n = 2-4) energies in the TZDP++ basis set were calculated
at the UMP2 geometries optimized in the TZDP basis set (MPrn/TZDP++//MP2/TZDP)
and these were used for all the thermodynamic quantities calculated here. The accu-
racy of the MP4 level calculations has recently been discussed®>. The HF and UMPn
energies in the extended basis set are tabulated in Tables 17-23. The HY systems were
included in these tabulations for completeness. They can be used to generate exchange
reaction energies, for example. Calculated zero point energies, without (Table 24) and
with (Table 25) temperature corrections for vibrational, rotational and translational motion,
are also listed. Finally, the calculated XH3—Y bond dissociation energies are shown in
Tables 26-30.

TABLE 17. Molecular energies (in au) using the extended basis set (TZDP++) for radical species Y

Y UHF UMP2 PUMP2 UMP3 UMP4(SDTQ)  (S2)°
F —23.799767 —23.963379  —23.964854  —23.973230 23.977973  0.7541
AlH, —3.024891  —3.081404  —3.081837  —3.094274 —3.098228  0.7541
BH, 3765041  —3.839410  —3.839922  —3.854314 —3.858453  0.7534
SH —10.671916  —10.803917 —10.805888 —10.824419  —10.829840  0.7626
Br —13.130021  —13.239777 —13.241001 —13.253485  —13.256107  0.7569
H —0499819  —0.499819  —0.499819  —0.499819 —0.499819  0.7500
CCH —11.404284  —11.628401 —11.645072 —11.644639  —11.661129  1.0367
PH, 7496066  —7.614740  —7.616986  —7.636813 —7.643479  0.7692
NH, —10.805899  —10.970744 —10.972941 —10.987004  —10.993379  0.7601
SCH; —17.332429  —17.622118 —17.624170 —17.653382  —17.666810  0.7633
cl —14.655493  —14.789473 —14.807147 —14.810726  —14.810726  0.7585
NO 25327962  —25.682713 —25.687133 —25.681919  —25.710639  0.7796
C(OH —21.718911  —22.050010 —22.052610 —22.051547  —22.078809  0.7665
SeCN —24303562 —24.705910 —24.713728 —24.719332  —24.750130  0.8465
C(O)F —45.013030 —45.546199  —45.549424 45539685  —45.579650  0.7758
C(O)NH,  —32.018545 —32.534551 —32.536739 —32.539828  —32.575860  0.7630
ONO; —56.520359  —57.391503  —57.399005 —57.340797  —57.437639  0.8009
NCS 25259021 —25.675797 —25.687509 —25.695076  —25.726215  0.8923

(continued overleaf)
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TABLE 17. (continued)

Y UHF UMP2 PUMP2 UMP3 UMP4(SDTQ)  ($2)®
CH,CHj —13.854792  —14.152235 —14.154466 —14.183008 ~ —14.195935  0.7637
C(0)OH —37.442483  —37.976993 —37.979141 —37.974615  —38.013598  0.7642
NO, —40.946624  —41.554124 41558246 —41.528762  —41.592847  0.7729
CP —11.728528 —11.918498 —11.950155 —11.941271  —11.958843  1.5150
NCO —30.834362 —31.305166 —31.313103 —31.311167  —31.347083  0.8245
CN —15.069386  —15.326086 —15343146 —15.334044  —15357188  1.0128
OCH3 —22.893201  —23.218905 —23.221254 —23.243824  —23.258934  0.7600
CHCH, —12.646539  —12.906259 —12915173 —12.930969  —12.945404  0.9056
NNN —28.958473  —29.449702 —29.465278 —29.453518  —29.496005  0.9056
OH —16.232659 —16.406306 —16.408227 —16.418653  —16.424830  0.7573
CH; —-7.91172  —7.333512 7335122 —7.352005 ~ —7.357752  0.7621
SiH; —5.453401  —5.552897  —5.553452  —5.573041 —5.578951  0.7545
GeHj —5.412748  —5.500628 5510117  —5528667  —5.534239  0.7537
SnHj —4982343  —5068931  —5.069256  —5.086815  —5.092287  0.7527
PbH; —5.026597  —5.114296  —5.114812  —5.131943  —5.137628  0.7541
CF3 —77.056795 —77.805102 —77.806004 —77.802113  —77.843933  0.7543
C(O)OCH; ~ —44.093096 —44.781817 —44.783954 —44790605  —44.839330  0.7638
OC(O)CH3¢  —44.132522 —44.815447 —44817479 —44.819523  —44.871642  0.7621
PO —22.038067 —22.361240 22363863 —22.359775 ~ —22.393254  0.7709
c)l —35.839677 —36.325336 —36.329559 —36.333762  —36.370096  0.7842
C(O)CH; —28.395781 —28.880609 —28.882872 —28.894038  —28.928588  0.7642
PO, —37.751002 —38.298398 —38301842 —38.281682  —38.335961  0.7739
OF —39.399257  —39.783029 —39.786408 —39.789509  —39.813737  0.7669
OSiH;3 —21.189909 —21.463675 —21.465636 —21.491555  —21.504921  0.7582
0S(0)OH —57.705906  —58.497428 58502017 —58.486883  —58.548781  0.7820
OPO, —53.422076  —54.186484 —54.199172 —54.164330  —54.236633  0.8577

4 Geometry optimized at the UMP2/TZDP level. Connectivity is to the leftmost atom in Y.
b

UHF.
“Dissociative to CO + CH3-.

TABLE 18. Molecular energies (in au) for HY using the extended basis set (TZDP++)*

Y RHF MP2 MP3 MP4(SDTQ)
F —24.452342 —24.683656 —24.683633 —24.693973
AlH, —3.631450 —3.709127 —3.725719 —3.730307
BH» —4.404355 —4.506177 —4.524671 —4.529558
SH —11.281142 —11.448032 —11.469406 —11.475702
Br —13.731209 —13.876241 —13.890675 —13.894456
H —1.132632 —1.160186 —1.165898 —1.167349
CCH —12.074921 —12.360204 —12.371830 —12.391149
PH» —8.096276 —8.243400 —8.267926 —8.275383
NH, —11.436526 —11.647833 —11.660319 —11.668954
SCH3 —17.937449 —18.260876 —18.292940 —18.307217
Cl —15.276903 —15.450150 —15.467284 —15.471667
NO —25.864064 —26.260593 —26.261086 —26.291134
ON —25.814715 —26.183972 —26.193043 —26.220124
C(OH —22.337551 —22.692569 —22.699191 —22.723399
SeCN —24.884498 —25.333407 —25.341429 —25.376956
NCSe —24.889023 —25.342992 —25.347509 —25.386392
C(O)F —45.649649 —46.210398 —46.207307 —46.245434
C(O)NH, —32.644192 —33.186720 —33.194996 —33.229560
ONO; —57.206448 —58.045643 —58.023827 —58.093632

NCS —25.862768 —26.336725 —26.345206 —26.382565
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TABLE 18. (continued)

Y RHF MP2 MP3 MP4(SDTQ)
SCN —25.851791 —26.322363 —26.333280 —26.368990
CH,CH3 —14.486156 —14.819477 —14.850783 —14.865143
C(O)OH —38.077587 —38.639665 —38.640536 —38.677945
NO; —41.538865 —42.168923 —42.150443 —42.205942
ONO —41.560793 —42.175124 —42.166270 —42.216989
PC —12.223216 —12.521366 —12.524252 —12.567352
CP —12.371599 —12.648760 —12.659575 —12.684360
NCO —31.470753 —31.994017 —31.988318 —32.030544
OCN —31.429772 —31.954280 —31.951994 —31.989896
CN —15.738360 —16.058196 —16.059274 —16.085141
NC —15.723541 —16.029383 —16.037105 —16.060007
OCHj3 —23.515024 —23.896613 —23.913906 —23.932469
CHCH; —13.290608 —13.594953 —13.619318 —13.634937
NNN —29.550298 —30.115785 —30.099699 —30.153583
OH —16.869632 —17.100831 —17.105463 —17.115725
CH3 —7.826270 —8.004758 —8.024477 —8.031724
SiH3 —6.073864 —6.196006 —6.219496 —6.226089
GeHj3 —6.021489 —6.140564 —6.162901 —6.169222
SnHj3 —5.579618 —5.686694 —5.707949 —5.714181
PbH;3 —5.611904 —5.720058 —5.740939 —5.747365
CF3 —77.698718 —78.478827 —78.478712 —78.520528
C(O)OCH3 —44.726582 —45.443233 —45.455270 —45.502296
OC(O)CH3 —44.752211 —45.469966 —45.482311 —45.527101
PO —22.615863 —22.959869 —22.963788 —22.994903
OP —22.574606 —22.902057 —22.915701 —22.938832
CcO)cl —36.460491 —36.973344 —36.984706 —37.018155
C(O)CH3 —29.103578 —29.524241 —29.541740 —29.573767
PO, —38.362980 —38.923978 —38.913273 —38.961713
OPO —38.390486 —38.945786 —38.942763 —38.986229
OF —40.009426 —40.450039 —40.451656 —40.477937
OSiH3 —21.831277 —22.161945 —22.181055 —22.198363
0OS(0)OH —58.333600 —59.142740 —59.140702 —59.196886
OPO, —54.109809 —54.874232 —54.861154 —54.918264

@ Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.

TABLE 19. Molecular energies (in au) for CH3Y using the extended basis set (TZDP++)*

Y RHF MP2 MP3 MP4(SDTQ)
F —31.102136 —31.479763 —31.493198 —31.512339
AlH; —10.307622 —10.547333 —10.576089 —10.587297
BH, —11.083433 —11.343741 —11.373706 —11.385160
SH —17.937457 —18.260877 —18.292942 —18.307218
Br —20.389256 —20.690675 —20.715658 —20.728147
H —7.826270 —8.004758 —8.024477 —8.031724
CCH —18.746487 —19.187546 —19.209267 —19.236538
PH, —14.760571 —15.066140 —15.101496 —15.116204
NH; —18.085132 —18.449212 —18.473690 —18.490041
SCH3 —24.595932 —25.078782 —25.120679 —25.143412
Cl —21.931749 —22.258545 —22.286633 —22.299372
NO —32.534153 —33.085066 —33.095955 —33.135141
ON —32.470626 —32.998533 —33.017031 —33.055332

(continued overleaf’)
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TABLE 19. (continued)

Y RHF MP2 MP3 MP4(SDTQ)
C(O)H —29.013578 —29.524241 —29.541740 —29.573767
SeCN —31.549486 —32.158505 —32.176142 —32.220448
NCSe —31.550323 —32.158950 —32.172993 —32.220456
C(O)F —52.326393 —53.042222 —53.050673 —53.096317
C(O)NH, —39.315755 —40.014819 —40.034510 —40.076645
ONO; —63.856981 —64.852183 —64.840424 —64.921090
NCS —32.520862 —33.150706 —33.168248 —33.214921
SCN —32.514375 —33.143262 —33.163681 —33.208164
CH,CH3 —21.147475 —21.638431 —21.680634 —21.702550
C(O)OH —44.752211 —45.469966 —45.482311 —45.527101
NO, —48.209065 —48.991726 —48.984840 —49.048667
ONO —48.210692 —48.982487 —48.983073 —49.045209
PC —18.899590 —19.354690 —19.366572 —19.418229
Cp —19.044620 —19.479720 —19.498530 —19.532936
NCO —38.122587 —38.801943 —38.805779 —38.857808
OCN —38.081630 —38.759085 —38.767520 —38.815308
CN —22.416723 —22.890389 —22.902143 —22.935771
NC —22.386037 —22.847818 —22.864830 —22.897071
OCHj3; —30.165088 —30.700900 —30.729734 —30.757240
CHCH; —19.956081 —20.418046 —20.452891 —20.476111
NNN —36.202626 —36.926761 —36.918342 —36.983907
OH —23.515024 —23.896613 —23.913906 —23.932469
CH3 —14.486156 —14.819477 —14.850783 —14.865143
CF3 —84.372937 —85.309760 b b
C(O)OCH3 —51.400251 —52.273122 b b
PO —29.292329 —29.785224 —29.801113 —29.838252
OP —29.223723 —29.707424 —29.731257 —29.764942
cO)cl —43.136427 —43.806820 —43.828254 —43.870107
C(O)CH3 —35.686116 —36.354343 —36.382632 —36.422531
PO, —45.045912 —45.762117 —45.763597 —45.818355
OPO —45.038256 —45.748534 —45.756221 —45.809836
OF —46.668017 —47.261734 —47.274542 —47.310633
OSiH3 —28.476222 —28.960014 —28.991128 —29.017370
OS(0)OH —64.982251 —65.948210 b b
OPO, —60.758359 —61.676477 —61.674685 —61.741609

“Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.
bNot calculated.

TABLE 20. Molecular energies (in au) for SiH3Y using the extended basis set (TZDP++)*

Y RHF MP2 MP3 MP4(SDTQ)
F —29.432804 —29.760775 —29.775655 —29.793391
AlH, —8.557795 —8.739108 —8.774057 —8.784599
BH, —9.320913 —9.526048 —9.562345 —9.573191
SH —16.227464 —16.496612 —16.532239 —16.544237
Br —18.692744 —18.937565 —18.966077 —18.975614
H —6.073864 —6.196006 —6.219496 —6.226089
CCH —17.015104 —17.405845 —17.431193 —17.458063
PH, —13.025926 —13.277783 —13.317770 —13.330959
NH, —16.379691 —16.692385 —16.719528 —16.734433
SCH3 —22.882167 —23.310796 —23.356339 —23.377029
cl —20.240451 —20.512604 —20.543812 —20.553745

NO —30.787257 —31.288095 —31.301806 —31.340743
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TABLE 20. (continued)

Y RHF MP2 MP3 MP4(SDTQ)
ON? — — — —

C(O)H —27.253486 —27.714118 —27.735983 —27.767984
SeCN —29.833023 —30.386955 —30.408119 —30.450546
NCSe —29.842248 —30.389342 —30.410438 —30.453330
C(O)F —50.569624 —51.238133 —51.249253 —51.296837
C(O)NH, —37.559678 —38.211053 —38.233531 —38.277125
ONO, —62.163538 —63.106634 —63.098272 —63.176470
NCS —30.829928 —31.404441 —31.426226 —31.470086
SCN —30.799662 —31.375590 —31.399119 —31.441843
CH,CHj3 —19.405420 —19.845506 —19.891746 —19.912650
C(0O)OH —42.994839 —43.664998 —43.680090 —43.726568
NO, —46.475089 —47.213208 —47.206376 —47.273278
ONO —46.512591 —47.234343 —47.237327 —47.298197
PC —17.185007 —17.578921 —17.597133 —17.644922
CP —17.309578 —17.693506 —17.716439 —17.749747
NCO —36.434480 —37.058257 —37.066295 —37.115175
OCN —36.394243 —37.020794 —37.031619 —37.077714
CN —20.680986 —21.104978 —21.120090 —21.153615
NC —20.687006 —21.093035 —21.114683 —21.144932
OCHj3 —28.476222 —28.960014 —28.991128 —29.017370
CHCH, —18.214761 —18.625192 —18.664217 —18.686568
NNN —34.497158 —35.175840 —35.165379 —35.232920
OH —21.831277 —22.161945 —22.181055 —22.198363
CHj3 —12.748670 —13.030880 —13.066205 —13.079386
SiH3 —10.996230 —11.222440 —11.263395 —11.275869
CF3 —82.608461 —83.496483 b b

C(0)OCH3 —49.643273 —50.469066 b b

OC(0)CH3 —49.710384 —50.531856 b b

PO —27.535564 —27.985573 —28.004413 —28.044063
oP —27.532023 —27.962471 —27.989389 —28.020756
c(o)Cl —41.383059 —42.004571 —42.029246 —42.072182
C(O)CHj3 —33.927071 —34.546407 —34.578269 —34.618996
PO, —43.295283 —43.963323 —43.966721 —44.024709
OPO —43.353735 —44.011521 —44.022179 —44.073746
OF —44.966072 —45.509394 —45.524418 —45.559754
OSiH3 —26.800078 —27.230809 —27.264568 —27.288834
0S(0)OH —63.295310 —64.208432 b b

OPO, —59.073836 —59.940106 —59.941078 —60.005981

@ Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.
bNot calculated.

TABLE 21. Molecular energies (in au) for GeH3Y using the extended basis set (TZDP++)*

Y RHF MP2 MP3 MP4(SDTQ)
F —29.356140 —29.684927 —29.697422 —29.716587
AlH, —8.514675 —8.692881 —8.726467 —8.736584
BH, —9.271984 —9.474020 —9.508929 —9.519472
SH —16.172332 —16.438877 —16.473597 —16.485361
Br —18.639589 —18.881428 —18.909168 —18.918329
H —6.021489 —6.140564 —6.162901 —6.169222
CCH —16.956116 —17.344637 —17.368614 —17.395614
PH; —12.976427 —13.225345 —13.264276 —13.277175

(continued overleaf’)
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Y RHF MP2 MP3 MP4(SDTQ)
NH; —16.310955 —16.623291 —16.648699 —16.664280
SCH3 —22.826554 —23.252782 —23.297381 —23.3178%4
Cl —20.183179 —20.452735 —20.483087 —20.492782
NO —30.730505 —31.230540 —31.242720 —31.282523
ON —30.697271 —31.174105 —31.192457 —31.230844
C(OH —27.199835 —27.658364 —27.678757 —27.710879
SeCN —29.782990 —30.334271 —30.354384 —30.396551
NCSe —29.776623 —30.322580 —30.341820 —30.385219
C(O)F —50.515196 —51.181665 —51.19139%4 —51.238927
C(O)NH; —37.505485 —38.154829 —38.175882 —38.219438
ONO, —62.098583 —63.040332 —63.030085 —63.108855
NCS —30.762845 —31.337221 —31.356741 —31.401722
SCN —30.746660 —31.320278 —31.342667 —31.385241
CH,CH3 —19.349288 —19.787040 —19.831870 —19.852839
C(O)OH —42.940779 —43.608752 —43.622564 —43.668833
NO; —46.419174 —47.154524 —47.146470 —47.213272
ONO —46.448386 —47.168224 —47.169076 —47.230738
PC —17.135924 —17.527616 —17.544334 —17.592212
CpP —17.251197 —17.633532 —17.654294 —17.688590
NCO —36.366633 —36.990375 —36.996285 —37.046218
OCN —36.327052 —36.953888 —36.962215 —37.009554
CN —20.624170 —21.045604 —21.059451 —21.093026
NC —20.621989 —21.028374 —21.047696 —21.078737
OCHj3 —28.400217 —28.885723 —28.914258 —28.941960
CHCH, —18.157337 —18.565821 —18.603366 —18.625823
NNN —34.431592 —35.110314 —35.097379 —35.166464
OH —21.755991 —22.087839 —22.104520 —22.123121
CH3 —12.692173 —12.971848 —13.005848 —13.019034
SiH3 —10.949936 —11.173113 —11.212732 —11.224821
GeHj3 —10.904062 —11.124099 —11.162458 —11.174173
CF3 —82.553290 —83.439525 b b
C(0O)OCH3 —49.589230 —50.413075 b b
OC(O)CH3 —49.641112 —50.463876 b b
OP —27.489299 —27.936728 —27.954406 —27.993740
PO —27.461778 —27.894651 —27.918023 —27.951789
)l —41.328916 —41.948311 —41.971528 —42.014476
C(O)CH3 —33.873938 —34.491195 —34.521729 —34.562303
PO, —43.246632 —43.912669 —43.914698 —43.972560
OPO —43.284384 —43.943897 —43.951453 —44.004826
OF —44.897923 —45.440591 —45.453521 —45.490016
OSiH3 —26.723224 —27.155763 —27.186823 —27.212760
OS(0)OH —63.226566 —64.140728 b b
OPO, —59.006204 —59.873498 —59.871896 —59.938114

“Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.

’Not calculated.

TABLE 22. Molecular energies (in au) for SnH3Y using the extended basis set (TZDP++)?

Y RHF MP2 MP3 MP4(SDTQ)
F —28.915420 —29.235862 —29.246727 —29.266458
AlH, —8.079296 —8.287355 —8.277375 —8.287355
BH, —8.830512 —9.020757 —9.054971 —9.065432
SH —15.737039 —15.992544 —16.026451 —16.037881
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TABLE 22. (continued)

Y RHF MP2 MP3 MP4(SDTQ)
Br —18.208313 —18.438547 —18.465586 —18.474291
H —5.579618 —5.686694 —5.707949 —5.714181
CCH —16.516372 —16.894853 —16.918006 —16.945038
PH, —12.540065 —12.777637 —12.815756 —12.828408
NH, —15.866167 —16.169784 —16.193719 —16.209661
SCH3 —22.389596 —22.804701 —22.848855 —22.868784
Cl —19.750111 —20.008631 —20.038209 —20.047508
NO —30.286501 —30.777414 —30.788482 —30.828918
ON —30.255720 —30.726074 —30.741954 —30.781693
C(O)H —26.755777 —27.204207 —27.223628 —27.255935
SeCN —29.349766 —29.890006 —29.909258 —29.951194
NCSe —29.339093 —29.875108 —29.893312 —29.936757
C(O)F —50.073056 —50.730186 —50.738674 —50.786690
C(O)NH, —37.062170 —37.701866 —37.721783 —37.765667
ONO, —61.663641 —62.594532 —62.583748 —62.661932
NCS —30.327054 —30.890518 —30.909566 —30.953808
SCN —30.312082 —30.875157 —30.896640 —30.939013
CH,CH3 —18.904445 —19.332091 —19.375915 —19.396974
C(O)OH —42.498257 —43.156684 —43.169336 —43.215951
NO, —45.980564 —46.705720 —46.696670 —46.763679
ONO —46.011782 —46.722862 —46.721580 —46.784380
PC —16.706605 —17.085393 —17.102024 —17.148787
CP —16.811147 —17.183318 —17.202974 —17.237560
NCO —35.929449 —36.542944 —36.548026 —36.597668
OCN —35.889668 —36.507173 —36.514153 —36.561790
CN —20.185779 —20.596873 —20.609945 —20.643467
NC —20.184892 —20.581832 —20.600081 —20.631164
OCHj3 —27.955095 —28.432078 —28.458946 —28.487292
CHCH; —17.713381 —18.111929 —18.148439 —18.171006
NNN —33.990819 —34.661954 —34.646348 —34.716872
OH —21.312147 —21.635888 —21.650718 —21.670010
CH3 —12.248533 —12.518040 —12.551031 —12.564247
SiH3 —10.512254 —10.723470 —10.762314 —10.774290
GeHj3 —10.467883 —10.675836 —10.713397 —10.724955
SnHj3 —10.033955 —10.229195 —10.265896 —10.277263
CF3 —82.108501 —82.985369 b b
C(0O)OCH3 —49.146485 —49.960790 b b
OC(O)CH3 —49.203044 —50.018014 b b
PO —27.050478 —27.486726 —27.503527 —27.543011
OP —27.020497 —27.445767 —27.466835 —27.501915
c(O)Cl —40.887215 —41.496118 —41.518216 —41.561450
C(O)CH3 —33.430322 —34.037762 —34.067173 —34.108098
PO, —42.810244 —43.466357 —43.467091 —43.525434
OPO —42.846820 —43.498354 —43.503998 —43.558227
OF —44.456829 —44.989524 —45.001159 —45.038356
OSiH3 —26.281097 —26.705125 —26.734506 —26.761026
OS(0)OH —62.790477 —63.695560 b b
OPO, —58.569587 —59.428197 —59.425197 —59.491728

“Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.
b Not calculated.
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TABLE 23. Molecular energies (in au) for PbH3Y using the extended basis set (TZDP++)*

Y RHF MP2 MP3 MP4(SDTQ)
F —28.946194 —29.271594 —29.280468 —29.302517
AlH, —8.120860 —8.287194 —8.319228 —8.329319
BH, —8.871541 —9.062798 —9.096179 —9.106839
SH —15.778830 —16.036015 —16.069366 —16.081067
Br —18.251266 —18.482858 —18.509454 —18.518381
H —5.611904 —5.720058 —5.740939 —5.747365
CCH —16.550182 —16.930863 —16.952990 —16.980737
PH, —12.583323 —12.822338 —12.859813 —12.872684
NH; —15.902605 —16.209877 —16.232593 —16.249642
SCH3 —22.432404 —22.850735 —22.893841 —22.914543
Cl —19.792129 —20.052228 —20.081310 —20.090889
NO —30.332622 —30.827351 —30.837145 —30.879106
ON —30.299724 —30.775465 —30.789501 —30.831002
C(OH —26.798393 —27.248988 —27.267366 —27.300283
SeCN —29.393775 —29.936798 —29.955010 —29.997406
NCSe —29.371515 —29.910167 —29.926960 —29.971475
C(O)F —50.114529 —50.773947 —50.781384 —50.829899
C(O)NH, —37.105979 —37.748110 —37.766816 —37.811270
ONO; —61.712422 —62.646053 —62.633967 —62.713353
NCS —30.361080 —30.929144 —30.946131 —30.992518
SCN —30.356374 —30.922148 —30.942556 —30.985427
CH,CH3 —18.949860 —19.378828 —19.421484 —19.443000
C(O)OH —42.540771 —43.201669 —43.213157 —43.260338
NO; —46.026770 —46.753308 —46.743393 —46.810900
ONO —46.060805 —46.776545 —46.772398 —46.838238
PC —16.747734 —17.128456 —17.144179 —17.191732
CP —16.846265 —17.221353 —17.239188 —17.275320
NCO —35.963542 —36.581524 —36.584789 —36.636289
OCN —35.929686 —36.551827 —36.556744 —36.606234
CN —20.220929 —20.633977 —20.646198 —20.680377
NC —20.218708 —20.619394 —20.635947 —20.668257
OCHj3 —27.989262 —28.472786 —28.497269 —28.527863
CHCH, —17.754297 —18.154924 —18.190315 —18.213444
NNN —34.029168 —34.704924 —34.687224 —34.759679
OH —21.344308 —21.673462 —21.686261 —21.707504
CH3 —12.291486 —12.562206 —12.594321 —12.607939
SiH3 —10.553930 —10.766274 —10.804353 —10.816448
GeHj3 —10.509746 —10.718762 —10.755611 —10.767293
SnHj3 —10.075357 —10.271694 —10.307739 —10.319226
PbH;3 —10.117001 —10.314322 —10.349714 —10.361316
CF3 —82.153154 —83.032061 b b
C(0)OCH3 —49.189408 —50.006217 b b
OC(O)CH3 —49.248926 —50.069376 b b
PO —27.095101 —27.533461 —27.549447 —27.589318
OP —27.059241 —27.490253 —27.508513 —27.546471
c(O)Cl —40.929707 —41.541389 —41.562422 —41.606165
C(O)CH3 —33.474947 —34.084845 —34.112902 —34.154540
PO, —42.851645 —43.510268 —43.509948 —43.568893
OPO —42.891059 —43.549001 —43.551985 —43.609000
OF —44.498977 —45.034707 —45.044930 —45.083967
OSiH3 —26.313248 —26.743205 —26.770285 —26.799071
OS(0)OH —62.837510 —63.747596 b b
OPO, —58.613526 —59.477789 —59.472739 —59.541243

“Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.
b Not calculated.
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TABLE 24. MP2 level zero point energies (ZPE, in kcal mol~') for RY*

R

Y H CH3 SiH3 GCH3 San PbH3
F 0 59 25.1 17.7 16.4 143 13.6
AlH, 6.5 11.7 30.5 23.1 22.8 21.1 20.4
BH» 9.3 16.9 35.6 28.1 27.1 25.2 24.6
SH 4.0 9.9 29.6 22.1 20.9 18.9 18.2
Br 0 3.9 23.8 16.7 15.5 13.6 13.0
H 0 6.5 28.6 20.2 19.1 16.8 16.1
CCH 10.9 16.4 349 27.3 26.2 242 235
PH, 8.8 15.6 349 27.3 26.3 243 23.6
NH; 12.2 21.8 40.7 323 31.2 28.9 28.3
SCH3 235 29.6 484 41.1 39.9 37.9 373
Cl 0 44 242 17.0 15.8 139 13.3
NO 52 8.6 27.3 19.4 18.1 16.0 15.2
ON 52 8.7 27.4 b 18.4 16.3 15.2
C(O)H 8.2 16.8 35.1 27.0 25.8 23.7 23.1
SeCN 6.1 9.4 28.7 21.4 20.3 18.4 17.8
NCSe 6.1 11.1 29.9 227 21.4 19.4 18.7
C(O)F 5.1 13.0 30.9 22.8 21.6 19.5 18.9
C(O)NH, 20.4 28.7 46.5 38.4 37.2 35.1 345
ONO; 11.3 16.5 34.5 26.8 25.5 235 229
NCS 5.7 11.8 30.5 23.0 21.8 19.7 19.0
SCN 5.7 10.5 29.6 222 21.0 19.1 18.5
CH,CH3 37.9 47.6 65.8 57.5 56.3 54.2 53.6
C(O)OH 12.9 21.2 39.0 30.9 29.6 27.5 26.9
NO, 5.6 13.8 31.7 23.4 222 20.0 19.3
ONO 5.6 12.4 30.5 22.1 21.6 19.7 19.3
PC 1.8 5.5 25.1 18.1 17.0 15.2 14.6
Cp 1.8 8.3 26.7 19.3 18.1 16.1 15.5
NCO 7.0 13.2 32.0 24.6 23.3 21.2 20.5
OCN 7.0 13.1 31.6 239 22.6 20.5 19.9
CN 4.1 9.9 28.5 20.9 17.7 17.0 19.7
NC 4.1 9.5 28.5 20.8 19.6 17.5 16.7
OCHj3 23.8 32.6 50.8 43.0 41.6 39.4 38.7
CHCH; 24.0 322 50.3 425 413 39.2 38.5
NNN 59 132 31.8 24.1 22.8 20.7 20.0
OH 54 13.5 32.6 24.7 23.4 21.1 20.4
CH;3 18.9 28.6 47.6 39.2 38.1 359 353
SiH3 13.8 20.2 39.2 31.7 30.6 28.8 28.1
GeH3 13.0 19.1 38.1 30.6 29.6 277 27.1
SnHj3 11.5 16.8 359 28.8 277 25.9 25.2
PbH;3 10.8 16.1 353 28.1 27.1 25.2 24.6
CF3 7.6 16.0 332 24.8 23.6 21.5 20.9
C(0)OCH3 31.2 39.3 56.8 48.8 47.6 455 449
OC(O)CH;3 26.1¢ 39.0 56.8 49.1 47.8 45.7 45.1
PO 1.5 6.2 24.8 17.8 16.7 14.9 14.2
OP 1.5 8.2 26.8 19.1 18.0 15.7 15.0
c(o)cl1 4.1 11.9 29.9 21.9 20.7 18.6 17.9
C(O)CH3 27.4 35.1 529 44.9 437 41.6 41.0
PO, 42 10.2 28.6 21.2 20.1 18.2 17.6
OPO 42 11.0 29.3 21.6 20.3 18.3 17.8
OF 2.1 8.7 27.1 19.4 18.1 16.0 15.4
OSiH3 16.9 24.7 43.0 354 34.1 319 31.2
OS(0)OH 14.1 20.3 38.7 31.0 29.7 27.7 27.0
OPO, 9.2 144 324 24.8 235 214 20.9

“Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y.

>Not calculated.
¢Dissociated to COy and CHz-.



42 Harold Basch and Tova Hoz
TABLE 25. MP2 level zero point energies and temperature corrections to 298 K (in kcalmol~!)
for RY*
R

Y H CH3 SiH3 GeHj3 SnHj3 PbH;3
F 0. 7.4 26.9 19.7 18.5 16.6 16.0
AlH, 8.3 13.7 335 27.1 26.2 24.7 24.1
BH, 11.1 18.7 38.0 31.0 30.1 28.4 27.8
SH 5.5 11.7 31.8 24.7 23.7 21.9 21.3
Br 0. 54 25.7 18.9 17.9 16.1 15.6
H 0. 8.0 30.4 22.1 21.0 18.9 18.2
CCH 12.4 18.2 37.4 30.3 29.3 27.4 26.9
PH, 10.6 17.5 37.3 30.1 29.2 27.4 26.9
NH, 14.0 23.6 429 349 33.8 31.8 31.2
SCH3 254 31.8 514 44.6 435 41.8 41.2
Cl 0. 59 26.1 19.1 18.1 16.3 15.8
NO 6.7 10.4 29.7 223 21.1 19.3 18.6
ON 6.7 10.5 29.8 b 213 19.5 18.6
C(O)H 10.0 18.6 37.5 29.9 28.9 27.1 25.0
SeCN 8.1 11.9 32.0 25.2 242 22.5 22.0
NCSe 8.1 134 332 26.2 25.1 233 22.7
C(O)F 7.0 14.9 33.6 26.1 25.1 232 227
C(O)NH, 22.4 30.7 49.6 42.1 41.0 39.2 38.7
ONO, 13.3 18.8 37.6 30.2 29.1 273 26.8
NCS 7.6 13.9 33.7 26.5 25.4 23.6 229
SCN 7.6 12.8 327 25.7 24.7 23.0 225
CH,CH3 404 49.7 68.6 60.9 59.8 57.9 57.4
C(O)OH 14.9 232 41.8 343 332 313 30.8
NO; 74 15.6 344 26.7 25.6 23.7 23.1
ONO 7.4 14.4 333 25.6 24.8 232 22.8
PC 32 7.4 279 21.4 20.4 18.8 18.3
CP 32 10.0 29.2 222 212 194 18.8
NCO 8.7 15.3 35.0 27.8 26.6 24.8 24.1
OCN 8.7 153 345 27.2 26.0 24.1 23.6
CN 5.5 11.5 30.8 23.6 22.6 20.7 20.2
NC 5.5 11.4 30.9 23.6 22.5 20.7 20.1
OCH3 25.7 34.7 535 46.3 449 43.0 42.3
CHCH, 26.0 34.1 529 45.6 44.5 42.6 42.0
NNN 7.6 15.3 34.6 273 26.1 243 23.6
OH 6.9 15.2 34.7 27.1 26.0 239 233
CH3 20.9 30.4 49.7 41.8 40.8 38.8 38.4
SiH3 15.7 22.1 41.8 34.8 339 322 31.7
GeHj3 14.9 21.0 40.8 339 33.0 313 30.7
SnHj3 134 18.9 38.8 322 31.3 29.7 29.1
PbH3 12.8 18.2 38.4 31.7 30.7 29.1 28.6
CF; 9.8 18.2 36.2 28.5 27.5 25.6 25.2
C(0)OCH3 34.1 42.1 60.7 53.2 52.1 50.3 49.8
OC(O)CH;3 29.4¢ 41.8 60.7 533 52.1 50.3 49.7
PO 3.0 8.1 27.6 21.0 20.1 18.5 17.9
OoP 3.0 10.0 29.3 22.0 20.9 18.9 18.3
c(o)cl1 6.2 14.0 32.8 25.4 24.3 22.5 22.0
C(O)CH3 29.9 37.5 56.3 48.8 47.8 46.0 454
PO, 6.2 12.3 31.8 24.9 24.0 22.3 21.8
OPO 6.2 132 325 25.1 24.0 22.1 21.6
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TABLE 25. (continued)
Y H CH; SiHj GeH; SnH; PbH;
OF 3.6 10.5 29.4 22.1 21.0 19.1 18.6
OSiH3 19.1 27.1 46.3 39.2 379 36.0 35.4
OS(O)OH 16.7 234 42.6 353 34.1 323 31.7
OPO;, 11.5 17.0 36.1 28.8 27.6 25.7 25.2

@Geometry optimized at the MP2/TZDP level. Connectivity is to the leftmost atom in Y. The complete term is

AEyi5 28 4 AE;0 2% 4+ AE2%.

bNot calculated.

“Dissociated to CO, + CH3-.

TABLE 26. Bond dissociation energies (in kcalmol~!) for CH3—Y — CH3- + Y-¢

Y HF MP2 PMP2 MP3 MP4 Experimental
F 64.4 109.4 107.7 100.0 105.4 112.8%, 109.9¢
AlH, 53.8 79.4 78.1 77.8 78.7
BH, 744 101.8 100.5 99.6 100.6
SH 419 72.7 70.4 68.3 70.3 74.6°
Br 38.5 69.5 67.7 64.9 67.5 70.6°
H 76.0 98.7 97.7 99.4 100.4 104.7%
CCH 91.3 138.1 126.6 129.9 133.1 125.3%
PH, 40.8 68.8 66.4 71.3 66.9 72.1b
NH, 479 83.6 81.2 77.1 79.8 84.7°
SCH3 40.9 72.8 70.2 67.8 70.1 73.7%, 77.6°
Cl 48.8 80.5 78.4 754 71.5 83.5°
NO 7.9 41.7 37.9 374 40.4 39.6°
ON —32.0 —12.7 —16.5 —122 -9.8
C(O)H 58.9 82.3 79.7 80.7 80.1 83.4°
SeCN 32.0 72.3 66.4 63.4 68.2
NCSe 31.3 71.4 65.5 64.4 67.0
C(O)F 71.6 96.9 93.8 94.7 94.6 98.9%
C(O)NH, 60.8 86.4 84.0 83.8 84.1
ONO, 88.7 77.0 71.3 89.8 76.1 79.3b
NCS 39.7 84.1 75.8 71.4 77.6
SCN 36.7 80.5 76.3 69.6 743
CH,CHj3 57.0 89.1 86.7 84.7 86.7 87.8°
C(O)OH 69.0 94.7 9.3 9.3 9223 84.9°
NO, 39.0 59.6 56.0 59.6 55.8 60.6"
ONO 413 55.1 51.5 59.8 55.0 58.6", 60.8¢
PC -12.0 61.2 40.4 428 60.6
CP 73.9 138.4 1175 1243 131.3
NCO 56.1 97.6 91.7 84.7 91.2 103.9%
OCN 30.9 71.3 65.3 61.2 65.0
CN 94.2 141.0 129.3 131.8 134.8 121.8%
NC 74.8 1142 102.5 108.3 110.4 97.8°
OCH3 443 86.9 84.4 71.7 81.9 83.1°
CHCH, 68.9 106.5 99.9 101.2 103.1 101.8%, 98.1/

(continued overleaf)
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TABLE 26. (continued)

Y HF MP2 PMP2 MP3 MP4 Experimental
NNN 27.7 84.6 73.8 65.3 76.2 80.0°

OH 50.9 92.1 89.9 83.6 87.8 92.5°

CH; 57.8 88.4 86.3 84.8 86.6 80.87, 85.8"
CF;3 73.5 102.5 100.9 d d 102.2°
C(0)OCH3 67.7 94.1 91.7 d d 92.5%
OC(0)CH3 38.2 68.1 65.8 d d 83.30

PO 36.5 53.7 52.0 53.0 51.6

OoP -83 32 0.5 7.4 3.9

c(o)cl 61.2 87.8 84.1 84.3 84.2

C(0O)CH;3 57.3 83.1 80.1 80.8 80.6 84.4>, 81.8¢
PO, 60.9 77.6 74.4 77.4 74.1

OPO 55.4 68.4 65.2 72.1 68.1

OF 444 86.8 83.7 79.2 83.0 81.978
OSiH3 54.0 95.9 94.2 86.9 90.8

0SO,H 49.0 69.2 65.3 d d

OPO, 88.0 95.1 86.1 96.3 89.3

@ All results are at the MP2/TZDP++//MP2/TZDP level, corrected for vibration, rotation and translation at 298 K from
Table 25. An additional correction of APV = RT An = 0.6 kcalmol™! is made for the reaction itself. Connectivity

is to the leftmost atom in Y.

b Calculated from enthalpies of formation tabulated in References 13 and 224.
“From Reference 225.

4Not calculated.

¢From Reference 232.

fEmhalpy of formation for CoH3- from References 226 and 227.

8 Calculated AHy (CH30F) from Reference 230.

" From Reference 231.

TABLE 27. Bond dissociation energies (in kcal mol~!) for SiH;—Y — SiH3- + Y-¢

Y HF MP2 PMP2 MP3 MP4 Experimental
F 109.3 150.0 148.7 140.5 145.0 155.97, 150.1¢/
AlH, 474 63.3 62.6 64.5 64.9
BH, 61.7 81.3 80.7 85.3 85.8 57.90
SH 61.2 84.8 83.2 81.7 82.1 70(2)4
Br 66.0 88.6 87.2 85.0 85.6 92.17, 88.4¢
H 69.9 84.1 83.8 86.2 86.6 90.5-¢
CCH 97.2 139.3 128.5 132.4 135.2 128.707
PH, 44.8 65.9 64.2 64.5 64.9
NH, 70.9 101.3 99.6 95.5 97.1 1004, 103.2
SCH; 57.6 82.3 80.7 78.6 79.5
Cl 79.8 104.0 102.7 99.9 100.2 107.8¢
NO 44 33.6 30.5 30.1 32.8
ON¢ — — — — —
C(O)H 473 66.2 64.2 66.3 65.6
SeCN 46.9 79.6 744 71.8 75.4
NCSe 51.7 30.1 74.9 72.0 76.2
C(O)F 62.0 84.4 82.1 82.9 83.9
C(O)NH, 51.7 74.2 72.4 72.3 73.4
ONO, 1185 101.2 96.1 115.1 99.7
NCS 71.1 107.7 100.0 96.6 100.9
SCN 52.9 90.4 82.7 80.4 84.0
CH,CHj3 56.8 83.9 82.1 85.7 82.2 4745 82.6/

C(O)OH 59.0 81.7 79.6 80.0 81.0
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TABLE 27. (continued)
Y HF MP2 PMP2 MP3 MP4 Experimental
NO, 44.1 63.6 60.7 62.6 60.7
ONO 68.7 78.0 75.0 83.2 774
PC 0. 65.6 454 50.1 65.3
CP 774 136.7 116.5 124.1 130.3
NCO 89.3 122.8 122.5 111.5 115.9
OCN 64.6 99.9 94.6 64.1 93.0
CN 97.5 140.0 129.0 131.9 134.7
NC 101.2 1325 1215 128.5 129.2
OCH3 77.0 113.8 112.0 105.1 108.3
CHCH, 68.8 100.9 94.9 97.2 98.5 117.17, 113.48
96.0¢
NNN 50.1 105.3 952 83.7 95.7
OH 87.2 123.3 121.8 114.9 118.2 1284, 122.4
124.8", 121.9°
CH3 60.7 86.1 84.7 84.0 84.9 88.2b-c
SiH; 53.3 70.4 69.7 74.2 71.2 73.8b-c
CF;3 62.3 87.5 83.6 e e
C(0)OCH3; 57.9 81.5 79.8 e e
OC(0)CH3 70.5 95.0 93.3 e e
PO 26.0 43.1 41.1 432 434
OoP 22.7 27.6 25.6 32.8 27.8
C(0)Cl 53.6 76.4 76.3 73.9 74.4
C(0O)CH; 46.3 68.2 66.5 67.2 67.3 69.8°
PO, 54.6 67.9 65.4 67.9 66.5
OPO 93.5 97.9 98.0 102.5 97.1
OF 69.0 106.7 104.2 99.4 102.6
OSiH; 94.6 130.6 129.1 121.7 124.8
0S(0)OH 83.0 96.9 93.7 e e
OPO, 123.5 125.0 117.3 126.8 1185

@ All results are at the MP2/TZDP++//MP2/TZDP level, corrected for vibration, rotation and translation at 298 K from
Table 25. An additional correction of APV = RT An = 0.6 kcalmol™! is made for the reaction itself. Connectivity
is to the leftmost atom in Y.

Calculated from the enthalpies of formation tabulated in References 13 and 224.

“From Reference 234.
dFrom Reference 21.
¢Not calculated.

/From enthalpy of formation calculated in Reference 229.

8 Enthalpy of formation of CyH3 from References 226 and 227.

}_’Calculated value from Reference 228.

' Calculated value from Reference 92.

J Calculated enthalpy of formation from Reference 219.
k Calculated value from Reference 233.

TABLE 28. Bond dissociation energies (in kcalmol~') for GeH;—Y — GeHs- + Y-¢

Y HF MP2 PMP2 MP3 MP4

F 87.1 130.0 128.7 119.7 125.2
AlH, 45.9 61.5 60.9 65.0 65.3
BH, 55.6 74.9 78.4 75.5 76.1
SH 523 759 74.4 72.9 73.4
Br 58.4 80.4 79.4 713 719

(continued overleaf)
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TABLE 28. (continued)

Y HF MP2 PMP2 MP3 MP4
H 62.8 76.8 76.5 78.8 79.3
CCH 85.9 128.2 117.5 121.2 124.3
PH, 41.1 62.1 60.3 60.7 61.1
NH, 53.6 854 83.7 79.2 81.5
SCH3 48.5 73.4 71.8 69.8 70.7
Cl 69.5 93.8 91.8 89.8 90.2
NO —5.3 25.1 22.0 21.3 24.7
ON —26.2 —10.3 —134 —10.3 =71
C(OH 394 58.6 56.6 58.4 58.0
SeCN 41.2 73.9 69.9 66.2 71.0
NCSe 36.3 65.7 60.5 57.4 61.8
C(O)F 53.5 76.4 74.0 74.6 75.9
C(O)NH; 43.5 66.3 64.7 64.3 65.5
ONO, 103.5 87.0 82.0 100.5 83.8
NCS 54.9 93.0 85.3 81.2 86.3
SCN 454 83.0 75.4 73.0 76.7
CH,CH3 474 74.6 72.9 71.5 73.1
C(O)OH 50.9 73.8 71.8 72.0 73.1
NO, 34.8 54.3 54.7 56.5 51.4
ONO 54.0 63.7 60.8 68.2 63.1
PC -5.1 60.7 40.6 45.0 62.8
CP 66.5 126.4 106.2 113.2 120.2
NCO 72.6 107.8 102.5 95.8 101.1
OCN 48.4 85.6 80.2 75.0 78.7
CN 87.5 130.1 119.1 121.9 1249
NC 60.7 119.4 108.4 116.7 116.0
OCHj3 55.5 94.9 93.2 85.3 89.7
CHCH; 58.5 91.1 85.2 87.2 88.7
NNN 349 91.7 81.7 72.9 82.5
OH 65.8 104.3 102.8 95.0 99.3
CH3 51.0 76.4 75.0 74.2 75.3
SiH3 499 66.7 66.0 67.0 67.3
GeHj3 46.7 63.2 62.6 63.4 63.7
CF; 50.4 76.1 75.2 b b
C(O)OCH3 49.8 73.8 722 b b
OC(O)CH3 52.9 80.0 78.3 b b
PO 22.5 39.7 37.8 39.8 40.0
OoP 4.5 12.5 10.6 16.2 12.8
C(O)Cl1 454 68.5 65.6 65.9 66.5
C(O)CH3 38.6 61.0 52.2 59.7 60.0
PO, 49.7 63.4 60.9 65.5 61.9
OPO 73.3 85.3 80.5 86.2 82.2
OF 52.0 90.9 88.5 83.0 87.2
OSiH3 72.4 111.2 110.0 101.2 108.9
0OS(O)OH 65.8 82.0 78.8 b b
OPO;, 106.9 110.7 102.4 111.7 104.3

@ All results are at the MP2/TZDP++//MP2/TZDP level, corrected for vibration, rotation and translation at 298 K from
Table 28. An additional correction of APV = RT An = 0.6 kcalmol™! is made for the reaction itself. Connectivity
is to the leftmost atom in Y.
>Not calculated.
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TABLE 29. Bond separation energies (in kcal mol~') for SnH;—Y — SnHj- + Y-¢

Y HF MP2 PMP2 MP3 MP4
F 81.1 125.1 124.1 114.5 120.5
AlH, 42.8 56.7 56.3 58.0 584
BH, 489 67.2 66.7 68.1 68.7
SH 495 727 713 69.9 70.2
Br 58.1 79.4 78.4 76.5 76.9
H 56.3 69.1 68.9 712 717
CCH 80.4 122.9 1123 116.1 119.2
PH, 359 56.2 54.6 55.0 553
NH» 45.1 77.8 76.3 75.8 74.0
SCH3 44.6 68.9 674 65.8 66.4
cl 68.2 92.0 90.8 88.2 88.4
NO —135 17.6 14.6 13.8 17.7
ON -33.1 —148 —17.8 —15.6 —12.1
C(O)H 31.1 50.4 48.6 50.4 50.1
SeCN 39.7 719 66.8 64.3 67.9
NCSe 322 61.7 56.6 53.5 58.0
C(O)F 46.5 70.0 67.8 68.2 69.8
C(O)NH, 357 589 574 56.9 584
ONO, 101.0 84.1 79.2 98.0 82.8
NCS 51.8 89.5 81.9 78.1 82.9
SCN 43.0 80.4 72.9 70.6 732
CH,CH; 38.7 66.1 64.5 63.1 64.7
C(O)OH 437 67.1 65.1 65.3 66.7
NO» 30.1 49.6 46.8 48.6 47.0
ONO 50.2 60.8 58.0 64.7 60.5
PC —4.1 59.9 39.8 44.8 59.7
CP 60.7 120.7 100.7 107.5 114.8
NCO 68.6 103.9 98.7 92.1 97.2
OCN 44.4 82.1 76.9 71.5 754
CN 82.9 125.6 114.6 117.5 120.5
NC 82.4 116.0 105.1 1113 112.8
OCHj3 46.6 87.2 85.5 772 82.1
CHCH, 50.4 832 774 79.4 81.1
NNN 287 87.2 713 63.8 78.0
OH 58.0 97.8 96.4 88.1 92.9
CH; 432 68.6 674 66.5 67.8
SiH3 455 61.3 60.7 61.8 62.2
Gel; 433 58.6 58.1 59.0 59.4
SnHj 412 55.0 54.6 55.6 559
CF3 417 68.1 673 b b

C(O)OCH3 429 67.4 65.8 b b

OC(0)CH; 48.4 77.0 75.5 b b

PO 17.4 34.0 32.1 357 34.6
oP -19 78 6.0 10.7 8.3
c)Cl 38.6 61.6 58.8 59.0 60.0
C(O)CH3 30.7 533 516 52.1 526
PO, 46.1 62.1 60.0 60.4 61.0
OPO 69.2 80.3 78.0 83.1 80.0
OF 457 84.8 82.5 76.8 81.5
OSiH; 68.3 105.4 103.9 95.1 99.9
0S(0)OH 62.5 793 76.4 b b

OPO, 103.4 108.2 100.1 109.0 102.0

@ All results are at the MP2/TZDP++//MP2/TZDP level, corrected for vibration, rotation and translation at 298 K from
Table 28. An additional correction of APV = RT An = 0.6 kcalmol~! is made for the reaction itself. Connectivity
is to the leftmost atom in Y.

b Not calculated.
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TABLE 30. Bond dissociation energies (in kcal mol ') for PbH;—Y — PbHj3- + Y-¢

Y HF MP2 PMP2 MP3 MP4
F 72.6 119.1 118.2 107.4 114.7
AlH, 41.1 55.0 54.4 56.0 56.2
BH, 46.8 65.2 64.8 65.7 66.2
SH 48.0 715 70.3 68.5 68.9
Br 572 78.6 71.5 75.6 76.0
H 48.8 61.7 61.4 63.7 64.2
CCH 73.8 117.0 104.5 109.6 113.1
PH» 37.0 55.6 539 54.2 54.6
NH; 40.2 74.5 72.8 67.5 70.6
SCH3 43.6 69.3 67.7 65.7 66.7
Cl 66.6 90.8 92.4 86.8 87.0
NO —14.1 18.7 15.6 14.3 19.1
ON -32.9 —12.0 —15.1 —13.8 -93
C(O)H 31.6 51.5 51.8 51.0 51.0
SeCN 39.4 72.7 68.5 64.6 68.3
NCSe 24.8 553 50.0 46.3 513
C(O)F 44.7 68.9 66.5 66.6 68.4
C(O)NH, 353 59.4 57.7 56.7 585
ONO; 103.7 87.9 82.9 101.1 86.5
NCS 73.2 85.4 71.7 72.8 78.8
SCN 70.7 81.4 73.7 71.0 74.8
CH,CH3 39.4 66.9 65.1 63.2 65.0
C(O)OH 42.5 66.8 67.8 64.4 66.0
NO; 31.3 51.0 48.1 494 48.0
ONO 53.0 65.8 62.9 68.1 65.6
PC —6.3 58.3 38.1 42.8 58.1
CP 54.8 116.1 95.9 101.9 110.0
NCO 62.4 99.7 94.4 86.9 93.1
OCN 41.6 81.6 76.3 69.8 74.8
CN 71.1 120.2 109.2 111.8 115.1
NC 75.8 111.1 100.1 105.4 107.6
OCHj3 68.2 84.4 82.6 73.0 79.2
CHCH; 48.3 81.7 75.8 71.3 79.2
NNN 25.1 85.8 75.7 61.3 76.5
OH 50.4 92.9 91.4 82.1 88.0
CH3 422 67.7 66.4 65.2 66.5
SiH3 43.8 59.6 589 59.8 60.1
GeHj3 41.8 57.1 56.5 57.2 57.5
SnHj3 39.4 532 81.3 535 53.7
PbH;3 37.6 514 50.7 51.5 51.6
CF3 41.8 68.7 67.8 b b

C(0)OCH3 414 66.8 65.1 b b

OC(O)CH3 49.5 80.7 79.1 b b

PO 17.0 338 31.9 34.1 36.7
OP -5.9 6.7 4.8 8.0 73
c(O)cl 37.4 61.5 585 583 59.4
C(O)CH3 30.9 543 52.6 524 533
PO, 442 59.0 56.5 58.2 57.6
OPO 69.1 85.5 81.0 84.8 83.0
OF 443 84.6 82.2 759 81.6
OSiH3 57.8 100.8 99.2 89.2 95.3
OS(0O)OH 64.3 83.7 80.5 b b

OPO, 103.1 110.8 102.5 110.4 104.5

@ All results are at the MP2/TZDP++//MP2/TZDP level, corrected for vibration, rotation and translation at 298 K from
Table 28. An additional correction of APV = RT An = 0.6 kcal mol™! is made for the reaction itself. Connectivity
is to the leftmost atom in Y.

b Not calculated.
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IV. STRUCTURES
A. XH,4

The XHy series, with X = C,Si,Ge,Sn and Pb, has been studied extensively
both theoretically>*™° and experimentally>”-38. These simplest hydrocarbon analogies
have served as benchmarks for the newest, relativistic ab initio methods>* =50, The
calculated (experimental) values are 1.089 (1.084-1.087), 1.472 (1.471-1.473), 1.518
(1.514-1.516), 1.689 (1.691-1.694) and 1.735 (1.75409), for methane, silane, germane,
stannane and plumbane, respectively, in Tables 4-8. The ‘experimental’ PbH4 value is
extrapolated from a combination of theoretical and observed bond lengths®. Both the
calculated and experimental sets of bond lengths are for equilibrium structures so that a
direct comparison of calculated and experimental is valid.

The range of gas phase experimental values comes from different fitting procedures of
the raw spectroscopic numbers. The combination of different distance parameter def-
initions (equilibrium, ground vibrational state, thermal averaging, effective positions,
etc.), different experimental methods of structure determination (microwave, infrared and
Raman spectroscopies, electron diffraction) and different model fitting procedures for each
method or combinations of them, can result in differences of several hundredths of an
Angstrom among the experimental values themselves for bond lengths. For comparison
between theory and experiment we would like to have the experimental r. values which
correspond to the potential energy minimum and are the quantities actually calculated.
Unfortunately, r. values are generally not available experimentally. Other definitions relate
to the zero-point vibrational levels and thermal averaging which, because of vibrational
anharmonicity, are usually larger than 7.°’. Because of the shorter amplitudes of vibra-
tion in a particular X—A bond as the atoms get heavier, the difference between r. and
the other definitions should get smaller in going down the Periodic Table. On the other
hand, the X—A force constant may decrease in magnitude as the atoms get heavier, which
will increase the amplitude of vibration and cancel the mass effect. A detailed analysis
of every comparison between calculated and experimental bond distance is not possible
here. Comparisons between theory and measured will therefore be carried out indiscrim-
inately. However, it should always be kept in mind that, often, the same, exactly defined
quantities are not being compared®.

It is interesting to see if any definite conclusions can be derived about the accu-
racy of the calculated bond lengths from the comparison for the XHy series between
theoretical and experimental. Generally, differences or errors can arise from inadequa-
cies in the CEP, basis set, theoretical level (MP2) or treatment of relativistic effects.
In general, bond lengths calculated at the MP2 level are expected to be longer than
experimental distances>®!. This effect should decrease with increasing atomic number, as
the importance of correlation diminishes as one goes down the Periodic Table. The one-
component, quasi-relativistic method used here is known to give shorter X—H equilibrium
bond lengths than the full four-component Fock-Dirac methods>>7%62, This effect should
increase with atom size. The frozen core approximation inherent to the CEP method>-220
is expected to give calculated r. values that are too long compared to all-electron results
at the same basis set and theoretical level. Since core polarization® % is expected to
increase with core size, this relaxation effect may cause the geometry errors to increase
with atomic number. The effect of basis set size is more difficult to judge, but even
smaller basis sets have been shown to be sufficiently large to give reasonably accurate
equilibrium geometric structures>%!:%3 at the MP2 level for singly bonded atoms. There
is also a synergistic interaction between the basis set size and correlation treatment, and
a larger basis set is sometimes needed for the correlation calculation. The general con-
clusion obtained is that the calculated equilibrium bond lengths should be larger than the
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experimental 7, values for singly-bonded atoms not involving hydrogen. Different degrees
of error cancellation in specific cases, however, may give other results. For example, in
electron-deficient or strongly polar (ionic) bonds, where there are low-lying bonding or
empty orbitals, the MP2 method could exaggerate the degree of bonding or back charge-
transfer. In this case the equilibrium bond lengths could be calculated short, or at least
cancel part of the expected overestimation. For X-hydrogen atom bonds the CEP and
correlation effects are expected to be smaller, but the relativistic trend is the same as
for X—atom (not hydrogen) single bonds, so that the X—H bond length may, by error
cancellation, be calculated with reasonably good accuracy for re.

Table 9 shows the MP2/TZDP calculated Mulliken charges on the XH3 groups in the
series of XH3—Y compounds. For Y = H the four ligands around X are, of course,
equivalent. For X = C the charge on the methyl group is negative, showing the usual
Mulliken population result that the methyl group is more electronegative than the hydrogen
atom. Bader’s Atoms in Molecules atomic charges**% show reversed polarity. In any
event, the net charge on XHj increases with Z except for a dip at the X = Ge atom®”.
This behavior pattern does not follow any simple trend in atomic properties shown in
Table 2, although the equivalence of the four hydrogen atom ligands may level such
trends. The ns ionization energies and orbital radii in Table 2 show dips at X = Ge
(n = 4) and X = Pb (n = 6) which has been termed the ‘inert pair effect’®®%°, and
attributed to relativistic contraction and stabilization®. However, this effect is predicted
to be stronger for Pb, whereas the XH3 group charges in Table 9 show no decrease for
X =Pb.

The distribution of electrons in the X atoms among the s-, p- and (five components) d-
type basis functions is shown in Table 10. For Y = H the switch in polarity between XHj3
and Y at X = Si is reflected in the depletion of electrons in the p-type atomic orbitals of
X with increasing size. At the same time, the s-type population does not vary very much
so that the p/s ratio decreases steadily from carbon (p/s = 2.69) to lead (p/s = 1.60). This
steady decrease in s—p hybridization ratio going down a column of the Periodic Table
of the main group elements has been noted and explained previously>’%7! based on
decreased overlap between the ns and np atomic orbitals with increasing atomic number.
The numbers in Table 10 seem to indicate that the decreasing hybridization ratio with
increasing atom size is mainly due to a steady depletion of electron density from the np
atomic orbitals in going down the Group 14 column of the Periodic Table.

Other interesting aspects of Table 10 are the trends in s-type, p-type and (five com-
ponent) d-type orbital populations of the central X atom. The d-orbital occupancies are
expected to represent the degree of angular polarization of the X—H and X—Y bonds>2.
These will certainly be affected by the relative d-orbital energies in the atom X, which are
hard to define from the isolated atom data because of the arbitrary charge, spin and occu-
pancy choices that need to be made. The results in Table 10 show that, after the usual jump
from carbon to silicon, the d-orbital populations generally decrease steadily from silicon
to lead. The reduced importance of the d-type functions with increased atomic number
may represent a decreased need for angular polarization about the central atom X as the
X—H and X—R bond distances increase. The Mulliken atomic charges in Tables 12-15
(using six d-type orbitals) on X alternate from silicon to lead, with the above-noted dips
for Ge and Pb. The s-orbital populations also follow the alternating pattern shown by the
ns atomic orbital ionization energies in Table 1. This combination of trends results in the
largest s-orbital population being calculated for the X = Pb atom.

B. XH3A

The XH3—A (A = F, Cl and Br) systems have been studied and analyzed exten-
sively experimentally’>~84. In this series of molecules, gas-phase geometric structures



1. The nature of the C—M bond (M = Ge, Sn, Pb) 51

are known for all the members except SnH3F and all the plumbyl halides (PbH3—A).
The MP2/TZDP calculated bond distances are shown in Tables 4-8. Comparison with
the experimental gas-phase geometries (r. where available) shows the difference between
theory and measurement for the X—A(halide) bond lengths generally increasing with both
the sizes of X and A. This result is not completely straightforward because the compar-
isons are not always uniform with corresponding levels of structure information. The
largest error is for SnH;—Br (0.027 A)33. The error in the X—H bond length is typically
smaller and there is a discernible trend of the X—H bond length being underestimated
as X gets heavier. The X—F bond distances for X = Si’” and Ge’® are particularly well
described, with the CH3F’?> C—F bond length having a larger error (0.017 A). CH3F has
the shortest X—A bond distance in this group and the fluorine atom lone-pair electrons
crowding the C—H bonding electron pairs possibly contribute to the larger error for the
C—F bond.

After a large positive jump in value from carbon to silicon, the Mulliken charges
on the XHj3 groups show uniform increases for the bromide series (Table 9), a sharp
zigzag pattern for the fluorides and intermediate behavior for the chlorides, in going from
X = C to X = Pb. The alternating pattern would agree with such corresponding trends in
atomic properties (Table 1), which are, apparently, emphasized by more electronegative
ligands and more ionic bonds. The calculated dipole moments (Table 16) decrease from
carbon to silicon for all the halides and then increase almost uniformly in going to lead.
The dipole moments, therefore, show no correlation with the Mulliken group charges on
XHs3, as might have been expected for such simple systems. The trend in the calculated
HXA bond angles (not shown) is generally for them to decrease uniformly from about
108-109° for X = C to 104-105° for X = Pb. The experimental values generally
agree with these trends. Since after carbon the charge on the hydrogen atoms in the
XH3 group is negative (Tables 12-15), reducing the HXA angle would tend to increase
the dipole moment. A reduced HXA angle can also be interpreted as increasing ionicity
of the XH3—A bond as the XH3 group tends to the planar cation structure’®. This,
again, is not completely consistent with all the calculated trends in XHj3 group charges
(Table 9), although, except for the peak at germanium, it does approximately correlate
with the X atom np populations (Table 10). An alternative explanation is that the Mulliken
populations become increasingly unreliable as the bond becomes more ionic®>.

The ns, np and nd orbital occupancies in Table 10 for the halides behave as expected.
The ns populations vary as their atomic ionization energies (Table 1), the np populations
decrease uniformly (C — Pb) except for the inflection at Ge, and the nd populations
decrease from Si — Pb and stay relatively constant and insensitive to the net atomic
charge on X (Tables 10-15). The p/s ratios computed from the numbers in Table 10
decrease smoothly for X increasing in size, and the halogen decreasing in size. These latter
results are consistent with Kutzelnigg’s and von Schleyer’s analyses>’%7! regarding the
relative importance of the ns and np atomic orbitals in the Group 14 column compounds
as a function of substituent.

C. XHzAH

The two representatives of this grouping studied here are AH = OH and SH. Of
this set, gas-phase molecular structures are available only for methanol®®37 and methyl
mercaptan®®, although both silanol (SiH;OH) and silyl mercaptan (SiH3SH) have been
studied theoretically3®~°2. All the XH3AH molecules here have staggered equilibrium
geometries with an X—H bond trans to A—H across X—A. While the calculated C—O
distance (Table 4) is 0.012 A longer than the measured rg value$®, which should be close
to 7%, the MP2/TZDP r. C—S bond length is 0.013 A less than the observed r%8. The
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experimental 7. value must then be within several thousandths of an A of the calculated
C—S r, value in CH3SH.

The outstanding difference between XH3OH and XH3SH in geometric characteristic
is in the /XAH. For X(O, S)H the calculated angles are C(107.2°, 96.9°), Si(116.6°,
95.5%), Ge(112.4°, 94.9°), Sn(113.6°, 94.8°) and Pb(107.8°, 92.6°). Recent stu-
dies’®?3 have shown that bond angles in such systems are determined primarily
by a subtle balance between ionicity, hybridization effects and stabilizing
bonding-antibonding/nonbonding-antibonding interactions between electron pairs, or
bonds located trans across an intervening bond. The trans HXA angles are C(106.4°,
106.0°), Si(105.5°, 104.8°), Ge(104.3°, 104.5°), Sn(103.5°, 104.4°) and Pb(102.7°,
104.6°). The hyperconjugative effects are less important when the intervening bond
involves one or both atoms beyond the first row of the Periodic Table. Thus, /XAH
for A = sulfur and X = silicon or heavier is mainly determined by other effects. The
large increase in /ZXOH from carbon to silicon, whereas the corresponding change for
/XSH is actually a 1.4° decrease, signals a change in mechanism involving ionicity and
dependence on the X—A bond length. From Si — Pb the /XAH generally decreases. The
trans and cis HXA angles differ by 4-6° in each molecule. This leads to the ca 3° tilt
angle observed for CH3;OH®’. Both cis and rrans HXA angles decrease with increasing
atomic number of X as the XH3z —AH bond apparently becomes more ionic and XH3 more
planar.

The group charges for XH3OH (X = C — Pb) show the same zigzag pattern (Table 9)
as in XH3F, while XH3SH behaves as the other halides discussed. Analogously, the
calculated dipole moments (Table 16) for both XH30OH and XH3SH decrease uniformly
with increasing atomic number of X, after the initial decrease in going from X = carbon
to silicon. In this latter case, the increased equilibrium bond length apparently dominates
the increase in ionicity and more subtle bond angle change effects. Table 11 shows the
same type of s, p and d orbital distributions and trends commented upon already for the
previous Y substituents in the XH3Y compounds.

An interesting question is the influence of the remote atom X on the ionicity of the A—H
bond®'. This effect can be reflected in the atomic charge on the hydrogen atom, the A—H
bond length and the A—H stretch frequency. Table 3 shows a slight increase in the O—H
bond length with increased size of X starting from X = Si. The H(O) atomic charges,
however, from Tables 11-15 show no systematic changes. The MP2/TZDP calculated
O—H harmonic stretch frequencies cluster about 3854 (fca 40) cm~! with PbH;0H
lowest at 3820 cm~!. Thus, at least the bond lengths and vibrational frequencies show
PbH30—H to be more ionic than the other XH3O—H members of the series. The XH3SH
series shows no such trends for any of these properties.

D. XH3AH,

The four members of this series have A = N,P,B and Al. The silyl compounds have
been discussed by Apeloig?!. Only for CH3NH,%%*, CH3PH,%>% and SiH3;PH,°7-%8
are there experimental gas-phase geometric structures. These molecules have staggered
conformations, as expected, in an ethane-type geometry where a lone pair of electrons
on N and P replace the C—H bonding pair of electrons in the hydrocarbons. For these
systems the calculated r. (Tables 3-5) and experimental average zero-point bond dis-
tances (rg) typically agree to within a few hundredths of an dngstrom, and the bond
angles are very close. For example, the measured Si—P bond length is 2.249 A%’ com-
pared to the calculated (Table 5) value of 2.266 A. The P—H distance is underestimated
by 0.007°8-0.025 A%7. The observed dipole moment (Table 16) of 1.142D for CH3PH,
agrees nicely with the experimental 1.100D%. All the members of the XH3NH, and
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XH3;PH, (X = C, Si, Ge, Sn and Pb) set were calculated in the staggered geometric
configuration and all the optimized structures were found to have real harmonic vibra-
tional frequencies, indicative of equilibrium geometries. The major difference between
the A = N and A = P structures is in the HAX angle which, characteristically, has a
smaller (by 12-15°) value for A = P than for A = N. These results, of course, parallel
the geometric structures of NH3z and PH;32.

The XH3BH; series, however, was (MP2/TZDP) found to have a quasi-staggered con-
formation, where the XBH, moiety is very nearly planar and perpendicular to one HXB
plane. This staggered-planar geometric structure was not considered previously for the
X = C and Si members®. CH3AIH; also shows the staggered-planar structure. How-
ever, the other XH3AIH; molecules with X = Si — Pb all have the eclipsed-planar
(where a X—H eclipses an Al—H) equilibrium geometry, which was found previously®’
to be a transition state in the rotational barrier profile. The results here actually show the
staggered-planar structure to be a transition state (one imaginary frequency) in the rotation
profile for the heavier XH3AlH, species. However, the (MP2/TZDP optimized) calculated
energy differences are all found to be less than 0.1 kcal mol™!, so that bending-rotation
motion in these systems is essentially unhindered by a barrier, as was also concluded
previously®®. The calculated harmonic rotation frequency is below 37 cm™! for the whole
XH3AlH; series. Both BH3 and AlH3 have planar equilibrium geometriesz.

Table 3 shows some interesting trends in the A—H bond lengths as a function of X.
For the amines, the N—H bond length first decreases in going from carbon to silicon, but
then increases steadily from Si — Pb. This behavior exactly parallels the calculated N—H
harmonic stretch frequencies which first increase from the pair of values (3507 cm™! and
3595 cm™!) for X = C in going to Si (3572 cm~! and 3667 cm™!) and then decrease
steadily from Si to Pb (3474 cm™! and 3572 cm™!). It thus seems that the N—H bond
becomes weaker in going from Si — Pb. Another correlation is with the ZHNH, which
increases from 105.2° (C) to 108.7° (Si) and then decreases steadily to 104.6° (Pb). The
trends from Si — Pb can, perhaps, be explained by the increased charge localization
on the NH, group as the X—N bond distance increases with higher atomic number.
Table 9 shows the general charge increase on NH; as the X atom gets longer, but with a
superimposed zigzag pattern. The ZHNH bond angle in NH;, ™ is calculated to be 99.4°.
The jump in ZHNH bond angle from carbon to silicon could be related to the increased
charge density in the valence p shell of the nitrogen atom. This electron transfer increases
its 2p/2s hybridization ratio which favors a more tetrahedral angle. In going Si — Pb,
the p/s ratio on nitrogen decreases as the 2s atomic orbital is increasingly populated and
the bonding involves more atomic 2p character. The result is a weaker N—H bond and a
closing ZHNH.

The P—H bond lengths in the phosphines, on the other hand, in Table 3 show no
clear trend with increasing atomic number of the X atom. The P—H harmonic stretch
frequencies are found to hardly change from their values in X = C (2475 cm™! and
2482 cm™!). The corresponding P—H vibrational energies for X = Pb are 2472 cm™!
and 2482 cm™!. The /HPH angle does increase from 93.6° to 93.9° in going from carbon
to silicon and then decreases steadily to 92.9° for lead, but these are much smaller changes
than for the amine series.

For the boranes the two B—H harmonic stretch frequencies increase monotonically
from methyl (2629 cm™!, 2707 cm™!) to plumbyl (2664 cm~' and 2773 cm™!). The
B—H bond length (Table 4) decreases steadily from methylborane to plumbylborane but
the HBH angle shows no consistent change with atom size (X). The calculated /BH; angle
ranges from 117.4° (Si) to 120.1° (Pb) while the corresponding angle in BH, ™ is 100.3°.
Clearly, as can also be seen from the group charges in Table 9, BH, in the XH3BH,
compounds is not very negative. From the trends in bond length and B—H vibrational
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frequency it seems that the B—H bond strengthens with increasing atomic number of the
X atom.

In the alanes the Al—H bond length (Table 4) decreases steadily from 1.584 AX=0)
to 1.579 A (X = Pb), the ZHAIH angle remains at about 120°, but like in the XH3BH;
series, the largest value is for X = Pb (121.0°). The (MP2/TZDP) calculated equilibrium
/HAIH in AIH;~ is 93.1°, which is much smaller than in the XH3 alanes. The harmonic
stretch frequencies for Al—H stay within a narrow range, varying from 1927 cm~! and
1939 cm™! for carbon, to 1929 cm™! and 1951 cm™! for lead. In general, the group
charges on BH; and AlH; in Table 9 and the dipole moments in Table 16 indicate that in
the XH3AH; series, A = boron and aluminum look much the same from an electronic-
structure point of view. Thus, for example, the charge density about the B and Al atoms
is very anisotropic due to the electron-deficient nature of these atoms, where the ‘hole’ is
found perpendicular to the XAH; plane.

E. XH3AH3

The members of this group include A = X' = C, Si, Ge, Sn and Pb so that all
combinations of the group 14 binary hydrides are treated. Experimentally determined
gas-phase geometries are available for CH3CH3% 7101 SiH;CH3 192103 §iH;SiH;60-104,
GeH3CH;3'%, GeH3SiH3'%, GeH3GeH3 'Y and SnH3CH;3!'%. A number of the XH3X'H3
systems have also been studied theoretically®21:8%109=112 " A]] the XH3X'H; molecules
were calculated in the staggered conformation. The microwave 7, values of Harmony!?!
for C;Hg are slightly smaller (by 0.008 A for C—C and 0.003 A for C—H) than the
calculated r. bond distances in Table 4. The Si—C and Si—Si equilibrium bond lengths
in SiH3CHj3 and Si;Hg, respectively, are both calculated, at most, ca 0.022 A larger than
experiment® 1027104 " wwhile the error in the Si—H distance (Table 5) is much smaller
and in the other direction. For the GeH3X'H3 group, with X’ = C, Si and Ge, the
calculated Ge—C bond length is 0.01 A too large'®®, Ge—Si is ca 0.03 A too large!°
and the Ge—Ge distance is 0.024 A greater than experiment!?’. The comparisons with
experimental r. values, which are not available, could somewhat increase these differences
for the X—X' bond lengths. The calculated Si—H, Ge—H and Sn—H bond distances are
consistently smaller than the experimental lengths, which are also not r. values. Thus
the calculated and experimental r. bond distances for X—H are probably closer. The
largest difference with r0 is for Ge,Hg at 0.017 A. The calculated (Table 16) dipole
moment of 0.614 A for methylgermane agrees very well with the 0.635 A experimental
value!%.

The calculated C—H equilibrium bond distances in XH3zCH3 as a function of X (Table 3)
show decreasing values as X becomes heavier. This would seem to indicate an increasingly
stronger C—H bond. The same picture emerges from the calculated harmonic vibrational
frequencies for the C—H mode, which increase steadily from X = Si to X = Pb. The
C—H bond length, as well as all the X—H bond lengths, should be affected by sev-
eral factors simultaneously. Schleyer and coworkers'!! have emphasized the importance
of both vicinal and geminal interactions between bonding X—H and antibonding X—H
molecular orbitals in determining the rotational barriers in these ethane-type structures.
Such interactions are expected to both stabilize the bond but also increase its equilibrium
bond length. Both effects will decrease with increased C—X distance as X gets heavier.
This mechanism, therefore, seems to explain satisfactorily the calculated decrease in the
C—H bond length with increased size of X' in CH3X'Hj3.

However, in the PbH3X'H3 series, for example, where the hyperconjugative effect
must be smallest because of the large Pb—X’ distances, a different trend is found. Here,
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the Pb—H equilibrium bond length (Table 8) increases from X' = C to X’ = Sn, and
then decreases for X’ = Pb. The Pb—H harmonic stretch frequency also decreases from
X' = Cto X’ = Sn, and then increases for X = Pb. The increased Pb—H bond length and
decreased vibrational frequency, indicative of a weakened Pb—H bond, may be due to the
decrease in charge on PbH3 (Table 9) in going from X’ = C to X’ = Pb. The greater the
charge, the more contracted the valence shell about the lead atom, if because of the lower
p/s ratio (Table 10) or because of a purely electrostatic affect’® on the atomic radius. The
decreasing charge on PbHj3 with increasing size of X’ in PbH3X'H3 will increase the Pb
np character of the Pb—H bond, which increases both its length and strength due to the
longer range and enhanced overlap with the hydrogen atom 1s orbital. The consistent
shortening of the X’—H bond in PbH3X'H3 compared to the other XH3X'H3 members of
these series for each X atom may be related to the nature of the Pb—X’ bond in a way
that is not obvious here.

F. XH;AB

The molecules in this category include AB = CN, NC, CP, PC, NO, ON, PO, OP and
OF, where connectivity to the XHj3 group is to the leftmost atom in AB. This grouping
spans a range of internal ligand bonding types: A=B (CN and CP), A=B (NC, NO,
PC and PO), A—B (OF) and some indeterminate types (ON and OP). The possibility of
linkage isomerism in binding to XHj3 also probes the fate of the unpaired spin which,
in the electronic ground state of the dissociated XH3 - +AB- radicals, may actually be
located on the B atom. In such a case, the migration of the spin to the A atom to form
a covalent bond with the XHj3 radical requires a reorganization of the charge and spin
densities in AB during the bond-formation process which may require energy and give
rise to a barrier. By examining both linkage isomers of AB we are certain to find the spin
migration phenomenon in one of them.

In the XH3AB series, experimental gas-phase geometries are available for
CH5CP!!13:114 CH;CN!15:116 ) CH3;NC!'!7, CH3NO!'8, SiH;CN!'!® and GeH3CN'?. The
AB = CN, NC, CP and PC members of this group are (XAB) linear while the AB = NO,
ON, PO, OP and OF members are (XAB) bent. If we compare the experimental'!*120 and
calculated (Tables 5 and 6) bond lengths for SiH;CN and GeH3CN, then we find the usual
results: the MP2/TZDP optimized Si—C and C=N bond lengths are too long (by 0.010 A
and 0.017 A, respectively) while the Si—H bond length is calculated slightly short (by
0.020 A and 0.004 A, respectively). Similar results are found for CH3CN (References
115 and 116 and Table 4). Triple bonds are not described completely accurately at the
MP2 levelP! 121122 even with the most extended basis sets. The bond length errors
for the triply-bonded species are therefore expected to be larger than for singly-bonded
atoms, and that is what is generally found in these comparisons. The C=N bond length
is overestimated by ca 0.02 A in all three XH3CN compounds (X = C, Si and Ge).
The calculated dipole moment in Table 16 for GeH3CN (3.964D) and for acetonitrile
(3.892D), however, agrees well with the respective 3.99D'20 and 3.94D'?? experimental
values. Analogously, good agreement is obtained for CH3NO where the (Table 16)
calculated value of 2.279D is very close to the measured 2.320D'!8, and for CH3CP
(calculated[Table 16] = 1.608D, observed!!® = 1.499D).

The C=N bond length in XH3C=N (Table 4) increases as X gets heavier. The C=N
harmonic stretch frequency decreases correspondingly. A reasonable explanation of these
calculated results is increased charge transfer from XH3 to CN as X increases in size.
The XHj3 group charges in Table 9, however, show an alternating, zigzag pattern of group
charges with X, as is usually found with the more electronegative ligands (like F) in all
the XH3—Y molecules.



56 Harold Basch and Tova Hoz

A corresponding comparison can be made for the X—C bond length, where the nitriles
are compared to the H3X—CH3 species. The interesting result is that the X—C bond length
is significantly smaller in XH3z—CN than in XH3—CH3 (Tables 4-8), with the differences
starting at 0.067 A for X = C and decreasing with increasing size of X until for X = Pb
(Table 8) the difference in calculated bond lengths is only 0.001 A. The shorter X—C
bond length in XH3—CN can be interpreted in terms of back-bonding from CN) to the
XH;3 ™ unit which gives the X—C bond in H;X—CN a degree of double-bond character.
Since double-bond character is sensitive to bond length in these systems!?*12 the degree
of X—C double-bond character will decrease with increasing size of X and concomitant
X—C distance.

Comparing the X—H bond length between the XH3CH3 and XH3CN systems (Tables
4-8) shows the latter consistently shorter, with the difference increasing from 0.002 A
for X = C t0 0.018 A for X = Pb. The correlation here seems to be with increased charge
on XHj3 in going down the Group 14 column which ‘tightens’ the X—H bond. The X—H
harmonic stretch frequencies are also consistently larger for the XH3CN group compared
to the XH3CHj3 series for the given X, with the difference roughly increasing with the
size of X. Thus, the back-bonding that shortens the X—C bond does not seem to have a
weakening effect on the X—H bond.

The C—N bond length in the isomeric XH3NC series is slightly longer than the C—N
bond length in the corresponding members of XH3;CN (Table 4), but only by about 0.01 A.
Since the C—N double bond length is generally found® to be some 0.05-0.06 A longer
than the triple bond length, the C—N bond in the XH3N—C series must have close to triple-
bond character. The calculated harmonic C—N stretch frequencies in XH3N—C are cal-
culated to be only some 1.5-3.0% smaller than for XH3C—N (frequency ca 2100 cm™!),
with the difference roughly decreasing with increasing size of X. The corresponding H—X
equilibrium bond length in XH3NC is uniformly shorter than in XH3NH;, as was found
for CH3CN, with the same dependence on increasing size of X.

The X—N bond lengths in XH3—NC (Tables 4-8) can be compared with the corre-
sponding XH3—NH, species for each atom X. When this is done, it is found that only
for the X = C member is the X—C bond length calculated smaller in the isocyanide
than in the amine. For X = Si — Pb the X—N equilibrium distance is predicted to
be larger in the isocyanide compared to the amine, with the difference decreasing with
increasing size of X. The XH3—NC harmonic stretch frequencies show the same behavior
as the XH3—CN vibrational modes, decreasing in energy with increasing size of X, as
expected. However, the XH3 —NC frequencies are uniformly larger than the corresponding
XH3—CN frequencies. However, as will be seen later in this chapter, the XH3—NC bond
dissociation energies are uniformly lower than the corresponding values for XH3;—CN,
but larger than for XH3—NH; (Tables 26-30). The XH3 group charges (Table 9) in the
isocyanide compounds are uniformly larger than for the corresponding cyanide moieties,
as are also the calculated dipole moments (Table 16). The conclusion from all these num-
bers seems to be that the CN — XHj3 back-bonding mechanism active in CH3CN is
weaker in CH3NC with a strong X—N distance dependence. The XH3z —NC bond distance
for X = Si — Pb is longer than would be expected based on electrostatics (large negative
charges on N; see Tables 12-15) and hybridization arguments.

In XH3CP the X—C bond is, again, consistently shorter than for XH3z —CH3s, with the
difference decreasing with increasing size of X. Comparing the XH3—PC bond length
with XH3—PH, shows a marginally shorter C—P bond in 2-phosphapropyne relative to
methyl phosphine. However, for X = Si — Pb, the X—P bond in XH3PC is longer than
the corresponding bond in XH3z—PHj;. The behavior of the XH3 —NC and XH3—PC bond
lengths as a function of atom X should be investigated further.
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The XH3C—P and XH3P—C bond lengths in Table 4 differ by about 0.07 A con-
sistently, showing that in XH3PC the P—C bond is probably very close to double-bond
character. The calculated C—P harmonic vibrational frequencies are substantially larger for
CH;3CP relative to CH3PC. The difference ranges from 461 cem™~! for X = C (1532 cm™!
in 1-phosphapropyne) to 246 cm™' for X = Pb (1344 cm™! in PbH3CP). The dipole
moments (Table 16) for XH3PC are substantially larger than for XH3CP, contrary to
the same comparison for the cyanides where XH3CN and XH3NC have similar dipole
moments for a given atom X. All these results reflect the different C—P bonding in the
isomeric 1-phospha- and 2-phosphapropynes and their heavier Group 14 analogs. The
H—X bond lengths are consistently shorter (within 0.002 A) in the phospha compounds
(—CP and —PC) compared to the phosphines, just as in the cyanides (—CN and —NC).
Again, the difference increases with the size of the X atom.

In the nitroso series (XH3NO) the corresponding X—N bonds are longer than for either
XH3NH; or XH3NC, and increase with the size of X until, for Pb, the difference is
0.14 A (Tables 4-8). The nitroso radical has a doublet-pi ground state'2° with the radical
electron localized mainly on the nitrogen atom. The XNO angle in XH3NO is calculated
to be between 112° and 113° in the whole series, except for X = Pb which is about 4°
smaller; reflecting the tendency in the whole series for homolytic dissociation to an NO
7 radical. This also formally leaves a lone pair of electrons in-plane on the nitrogen atom
which may exert a repulsive interaction on the XH3 group. Table 9 shows that XH; —
NO charge transfer is not large compared even to XH3NH;. Free NO, with its radical
electron in an antibonding pi molecular orbital, should tend to donate electron density.
The individual nitrogen atom atomic charges in Tables 11-15 seem to be unusually
large and may be unreliable. They are typically more negative than the oxygen atoms,
which is counterintuitive, and their large values may reflect a highly asymmetric charge
distribution about the nitrogen atom*’. The XH3 and Y fragment group charges should be
more reliable, especially as the X—A distance increases. Thus, NO — XH3 backbonding
should be expected to both relieve charge separation and strengthen the NO bond.

The N=O equilibrium bond length in XH3NO (Table 3) is short for the methyl com-
pound and then jumps to its largest value for nitrosilane. For X = Si — Pb the NO
bond length decreases steadily. The N=O harmonic stretch frequency is relatively con-
stant (15 cm™!) at about 1412 cm™! for the silane to plumbane members of the series.
The C—N distance in CH3NO is only 0.007 A larger than in CH3NH;. Together, these
numbers indicate a weakening of the X—N bond and a slight strengthening of the N=0O
bond as the X atom gets larger. The average X—H bond length in XH3NO is calculated to
fall between the corresponding values in XH3NC and XH3NH>, except for X = Pb where
it has the largest value of all three plumbane molecules. XH3z adopts a Cs skeletal struc-
ture with a X—H bond eclipsed with the N=O group. This results in inequivalent HXN
angles. Interestingly enough, the out-of-plane HXN angles are consistently smaller than
the in-plane HXN angle except for X = Pb, where the ordering is reversed. This correlates
with the small PbNO bond angle (103.0°). Clearly, in PbH3NO there is a special inter-
action between the in-plane hydrogen and oxygen atoms. The atomic charges (Table 15)
and drop in dipole moment (Table 16) in going to the nitrosoplumbane compound are
consistent with this conclusion.

The X—P distance (Tables 4-8) in XH3PO is shortest for X = C and longest for
X = Si — Pb compared to XH3PC and XH3PH;. As for the nitroso series, this shows
that different (covalent vs ionic) bonding mechanisms are operative in these cases. The
P=O0 distance is also shortest for X = C, jumps to largest for X = Si and decreases
steadily to X = Pb in the XH3PO series. The X—H bond length is also consistently larger
for XH3PO compared with XH3PC and XH3PH;. The XPO angle is consistently smaller
in XH3PO compared to XH3NO, as expected, and is 107.5° for X = C and 101.0° +0.9°
for X = Si — Pb. The in-plane HXP angle is significantly smaller for X = Pb, indicating
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a H...O interaction, as in the PbH3NO case. The amount of valence p character in X
for XH3PO is larger than in XH3NO (Table 10), especially for X = C. This should
selectively enhance the bonding interactions involving the X atom in the XH3PO series,
and especially for CH3PO where covalent bonding is the dominant mechanism.

The XH30N, XH3OP and XH3OF series will be compared with XH30H. The X—O
bond length (Tables 4-9) is shortest in CH3OF and longest in CH30P. For X = Si — Pb
the shortest X—O distance is found consistently in XH3OH. An equilibrium geometric
structure could not be MP2/TZDP calculated for SnH3ON. The longest X—O bond lengths
among these molecular groups are in the OP series for X = Si and Ge, and in ON for
X = Sn and Pb. In the free OF and OH radicals, the unpaired spin resides mainly on the
oxygen atom and their covalent interaction and bond formation with CHj3 is unhindered
electronically. For NO and PO the nitrogen atom is the major home of the radical electron
and the oxygen atom localized radical is a spin-migrated excited state, which could even
lead to metastable XH3—OP and XH3—ON species relative to the ground-state asymptotic
dissociation radicals. As the bonding mechanism becomes more ionic, the original location
of the spin in AB is less relevant. The P=0O and N=O harmonic stretch frequencies are
consistently lower in the —OP and —ON sets compared to the corresponding numbers in
the —NO and —PO groups, where these can be identified in the harmonic vibrational ana-
lysis. The equilibrium XOP angle is consistently larger than XON by 9°+4°. A larger bond
angle is usually interpreted as indicating a smaller np/ns ratio in the oxygen atom binding.

The bond angle observation can be related to a comparison of the NO and PO bond
lengths in the respective linkage isomers. In XH3ON the NO distance is only some
0.02-0.05 A longer than in the corresponding member of XH3NO. In XH;OP, how-
ever, the increase spans 0.08-0.11 A, making the OP bond of essentially single bond
order. Looking ahead at XH3—O—N=0 and XH3—O—P=0 we can see the difference
between single- and double-bond character in the N—O and P—O bonds (Table 3). Thus,
the N—O equilibrium distance in XH30—N is 0.03-0.06 A larger than in XH30N=0
and XH3N=0, while XH30—NO is 0.25-0.30 A longer than XH3ON=0. Thus, both
XH3N—O and XH30—N qualify as being stretched double bonds. However, XH3P=0 is
0.02-0.04 A longer than XH30P=0 while XH30—P spans the same bond length range
as XH30—PO and is 0.11-0.15 A longer than XH30P=0. The P—O bond in XH;0—P
is therefore of single-bond character.

G. XH3ABH

There are two groups of this generic type: XH3C=CH and XH3;C(O)H.
Experimental gas-phase geometries have been reported for CH;CCH!?7-128 | SiH;CCH!'??,
GeH3;CCH', CH3C(O)H!*!"132 and a theoretical structure for SiH3C(O)H!*3. The
gas-phase structure of the permethyl-substituted (CH3)3SnCCH3!3* and photoelectron
spectrum of (CH3)3PbCCH3135 have also been reported and analyzed. The most relevant
comparison between measured and calculated values here is for the germylacetylene
compound. For this molecule, the Ge—C and C=C bond lengths are both calculated
ca 0.02 A larger than experiment!3? and the equilibrium Ge—H bond distance is calculated
0.004 A short. These results are consistent with previous such comparisons above.
The calculated dipole moment of GeH3CCH (Table 16) is 0.119D, compared to the
measured'3? 0.136D. Analogously, CH3;C(O)H has a reported dipole moment of 2.75D 1
compared to the Table 16 calculated value of 2.670D. The corresponding theoretical
(experimental) dipole moments of the silyl and methyl acetylenes are 0.328D (0.316D)
and 0.730D (0.780D), respectively. The corresponding comparison for methyl, silyl
and germyl chlorides is 1.990D (1.871D), 1.501D (1.303D) and 2.241D (2.124D),
respectively. For CH3GeHs, CH3SiH3 and GeH3SiH3 the numbers are 0.614D (0.635D),
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0.684D (0.735D) and 0.144D (ca 0.1D). The measured values are all collected in
Reference 130. These comparisons show that the MP2/TZDP optimized wave functions
follow the electronic structure changes in the Group 14 series with different substituents
rather accurately.

The acetylinic C—H bond length in the XH3CCH series (Table 4) is found to be essen-
tially independent of the Group 14 atom X. The C=C equilibrium bond distance is also
calculated to be independent of X for X = Si — Pb. The group charges in Table 9
also show the charge on XHj3 to be essentially constant for the four heavier atoms and
somewhat different from methylacetylene. All the members of the XH3CCH group are
linear (C3, symmetry) and therefore the cylindrical symmetry of the C=C triple bond
is preserved. The calculated C=C harmonic bond stretch frequency is predicted to drop
from 2130 cm™! for X = C to ca 2023 cm™~! (10 cm™") for the Si, Ge, Sn and Pb com-
pounds. The acetylinic C—H vibrational frequency changes even less from 3482 cm™~! for
the methyl compound to an average ca 3460 cm™! (£5 cm™!) for the heavier atoms. The
C—H stretch frequencies of the methyl group are much lower at 3159 cm™! (e symmetry)
and 3078 cm™! (a; symmetry).

For the XH3C(O)H series, Table 9 shows almost no difference in the amount of charge
transferred from XH3 to C(O)H in going from formylsilane to formylplumbane. Consistent
with these results, the calculated dipole moments in Table 16 show gradually decreasing
values from X = Si — Pb, as the X—C equilibrium bond length increases. However,
contrary to the XH3CCH group, in XH3C(O)H the C—H and C=O0 equilibrium distances
do depend on the atom X even in the X = Si — Pb group (Table 4). Complicating factors
in rationalizing these differences are the additional degrees of freedom afforded by the
HCX and OCX angles and the rotational conformation about the X—C single bond in the
formyl set. The equilibrium conformation found here for all the XH3C(O)H structures
have the C=0 bond eclipsed with one of the X—H bonds. The HXC(O)H skeleton is
planar and the molecules have C, symmetry. These conformations have been properly
characterized as having only real harmonic vibrational frequencies for all X (C — Pb).
For X = C this is also the experimental result®®131:132_although a different theoretical
equilibrium conformation has been reported for SiH;C(O)H!33.

In any event, using the consistent Cg structure, the formyl C—H bond in XH3C(O)H
(Table 4) is shortest for acetaldehyde (1.109 A), is 0.005-0.006 A longer for X = Si —
Sn and then decreases to 1.112 A for the lead compound. Analogously, the equilibrium
C=O0 bond length is calculated at 1.221 A for X = C, increases by 0.006-0.010 A for
X = Si — Sn and decreases back to 1.221 A in formylplumbane. The formyl C—H
and carbonyl harmonic stretch frequencies show the same trends as their respective bond
lengths. For C—H (C=O0) the vibrational energies are: X = C, 2942 cm~! (1745 cm™1y;
X = Si, 2868 em~! (1643 cm~!); X = Ge, 2870 cm™! (1657 cm™!); X = Sn, 2853 cm™!
(1640 cm™1); X = Pb, 2882 cm~! (1660 cm™!). The conclusion seems to be that the
C—H and C=0 bonds are stronger in the plumbane compound than in the formyl-silane,
-germane or -stannane compounds. A hyperconjugative effect strengthening the in-plane
X—H bond in the planar trans H—X—C—H dihedral conformation’® can be found both in
its shorter equilibrium bond length and higher harmonic vibrational frequency, relative to
the corresponding property values of the other two out-of-plane X—H bonds. Presumably,
there is a mutual effect on the formyl C—H bond along the series which is strongest for
X = C because of the short C—C bond distance. The C=0 bond is also expected to be
strongest in the acetaldehyde member of the series due to electroneutrality between the
CHj3 and C(O)H fragments.

The increased strength of the C—H and C=0 bonds in PbH3C(O)H relative to the X =
Si — Sn compounds could be related to the nature of the X—C bond in these compounds.
Examining Tables 4-8 for both the XH3CCH and XH3C(O)H shows that, relative to
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XH3CHj3, XH3CN and XH3CP, the X—C bond length is shortest in the acetylene series
(within 0.001 A for X = C) and longest in the formyl series (except for acetaldehyde).
The negative charge on the proximate carbon atom in the more polarizable CCH group is
larger than in CN (Tables 11-15). Therefore, in the more ionic X = Si — Pb members of
their respective XH3z—Y series, the attractive X—C ionic interaction should be stronger,
although this argument does not work well for Y = CP. For X = C, the dominant
covalent bonding dictates that the C—C bond length in CH3—Y is mainly determined by
the hybridization ratio on the Y group carbon atom, where the smaller the ratio the shorter
the C—C distance. Hence, Y = CH3 > C(O)H > CCH is the order for the equilibrium
C—C bond length in CH3—Y. In these respects, there seems to be nothing unusual about
PbH3C(O)H relative to the X = Si — Sn members of this series, except the smaller np/ns
ratio for X = Pb (Table 10), which is true for all the XH3Y series. Roughly speaking, the
average value equilibrium H(formyl)CX angle increases (from 115.4° for X = C), and
LOCX decreases (from 124.5° in X = C) with increasing size of X. Again, there seems
to be no strong difference in these trends for X = Pb.

H. XH3ABH3

The only member of the XH3; AHBH, generic grouping reviewed here is XH;CH=CH,.
Experimental gas-phase geometries have been reported for propene!3%137, vinylsilane!3®
and vinylgermane'3®. All members of this series are found to be planar (Cy symmetry)
where an X—H of the XH3 group eclipses a C—H of the terminal CH; group and is
staggered to the C—H bond of the central carbon atom. These are also the experimen-
tal conformations, where reported!3~13°. The measured (calculated— Table 16) dipole
moments are 0.366D 3¢ (0.332D), 0.657D '3 (0.662D) and 0.50D'3° (0.525D), respec-
tively, for X = C, Si and Ge in XH3CH=CH,. Agreement here is seen to be very good.
Comparison of the geometric structural parameters for the germyl compound shows the
Ge—C equilibrium bond length is calculated (Table 6) to be too large (ca 0.024), as in
previous cases. The calculated Si—C distance in vinylsilane is also calculated (Table 5)
longer than experiment by about the same amount. The C=C distances in all three vinyl
compounds, as well as the C—C distance in propene, are very close to their experimen-
tally measured values. The small ‘tilt’ of the methyl group, defined as the angle between
the approximate C3 axis of the methyl group and the line of the C—C bond, is also well
represented in these calculations. Although Tables 4-8 report only average X—H bond
lengths, these actually have slightly different values for the in-plane and out-of-plane
bonds which are accompanied by different HXC angles and X—H bond lengths for the
two types of X—H bonds. This results in the approximate ‘tilt’ angle described above.

The MP2/TZDP optimized C=C equilibrium bond length in ethylene is 1.337 A. Going
to propene, the methyl group increases this distance to 1.339 A (Table 4) and the Si — Sn
atoms increase it even more to almost 0.01 A longer than in ethylene. In PbH;CH=CH,
the double bond length is only 0.004 A longer than in ethylene. The terminal methylene
C—H bond length is insensitive to the nature of X in XH3CH=CH,. However, the middle
carbon C—H bond distance shows the same decrease from the Si, Ge and Sn group
to Pb as was calculated in the XH3C(O)H series. The equilibrium C—H distance in
ethylene is calculated to be 1.084 A, which is close to the terminal methylene C—H
distances in propene, where the middle carbon C—H bond length is a larger 1.088 A.
In going to X = Pb from propene in the XH3CH=CH, set, the two types of C—H
distances converge to essentially a common value. This shows the decreased influence
of the XHj3 group as the X—C distance increases. This effect is found also in the C—H
harmonic vibrational frequencies of the middle and end carbon methylene groups. For
X = C, the two terminal carbon C—H frequencies are 3165 cm~! and 3266 cm™!, and the
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middle C—H is 3177 cm™!. For X = Pb, the respective stretch energies are 3140 cmfl,
3231 ecm~! and 3190 cm~!. Clearly, in going from X = carbon to X = lead the middle
C—H vibrational frequency migrates to become the average of the two terminal values.
This trend is not linear, however, and for the intermediate Si, Ge and Sn compounds the
central carbon C—H stretch energy decreases to 316544 cm™!, keeping within 20 cm™!
of the lower energy terminal C—H frequency.

The C=C harmonic vibrational frequency is calculated at 1671 cm™' in free ethylene
and is infrared (IR) forbidden. Its IR intensity is therefore expected to remain low in
the vinyl series of compounds. The C=C stretch energy is calculated to be 1687 cm™!
in propene and then decline to 1629 + 4 cm™' for X = Si — Pb. As in the equilib-
rium bond distance, there is also a very small counter-trend change in the vibrational
frequency going from X = Sn to X = Pb that indicates a slight strengthening of the
C=C bond.

The X—C bond lengths in the XH3CH=CH, series are consistently somewhat shorter
than in the corresponding XH3CHj3 set (Tables 4-8). This difference is expected just
on the basis of the lower s-type character in the sp? hybrid of the vinyl carbon group
compared to the sp> hybrid in the methyl substituent. In this regard, the X—C bond
length in XH3—Y for Y = CHCH, lies somewhere between Y = CCH (sp hybridization)
and Y = C(O)H, where the gap between CH=CH; and C=CH is largest for X = C,
diminishes with increasing size of X and is smallest for X = Pb. An examination of the
internal in-plane angles of the XH3CH=CH series shows the major change being a swing
of the XH3 group towards the terminal carbon atom, as X gets larger, with the cis-HCC
angle increasing slightly in an accommodating fashion to the motion of the XHj3 group.
The picture here is not completely uniform and, in places, the PbH3;CH=CH; molecule
shows counter-trend values of the geometric parameters. These bond angle changes may,
in part, be driven by an attempt to minimize energetically unfavorable dipole moments
which, in simple terms, represent the separation of charge. Thus, although the group
charges (Table 9) do not change much or uniformly with the size of X (from Si), the
dipole moments (Table 16) do not increase uniformly as would be expected from the
steady increase in XH3z—CyHj3 bond length with increasing size of X. This could indicate
the effect of the bond angle changes.

The other groups of XH3ABH3; molecules reviewed here include XH3OCHs3,
XH30SiH3z (X = Si — Pb) and XH3SCHj3. In these sets, experimental gas-phase
geometries have been reported for dimethyl ether'4%-14! methyl silyl ether!4?, dimethyl
sulfide!43, methyl silyl sulfide!** and disiloxane (SiH3;0SiH3)!*%. The Si—O bond and
the Si—O—X bond angle have aroused considerable interest in relation to the catalytic
properties of zeolites and their structural analogs. The result has been a large number
of theoretical studies on these type systems'#07152. The most common geometric
conformation for all the XH3AX H3 molecules (where X’ = C or Si) is Cay (for X = X')
or quasi-Cay (for X # X') symmetry, where each XH3 or X'H}; group is staggered with
respect to the opposite A—X’ or A—X bond. This conformation is called staggered-
staggered (ss) and has a planar H-X—A—X'—H’ skeleton in a zigzag conformation.
Rotation by 180° about either the X—A or X'—A bonds gives the se (¢ = eclipsed)
conformation. The same rotation about both the X—A and X'—A bonds of 180° each
from ss gives the ee conformation. All the XH3OCH3 molecules reviewed here were
optimized in the ss structure and found to have all real harmonic vibrational frequencies
and, therefore, to be equilibrium geometries. The se structure for CH3OCH3 was found
to be a transition state at 2.5 kcalmol~! higher energy. The calculated dipole moment
of 1.327D (Table 16) of dimethyl ether in the ss conformation agrees very well with
the 1.302D experimental value!30. In the XH3OSiHj3 set, for disiloxane the ss conformer
was found to be a transition state and the equilibrium geometry was calculated to have
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the ee structure. As also found by others!>?, the energies of these two conformers are
essentially the same. The calculated dipole moment for CH3OSiH3 (1.216D) also agrees
well with the experimental 1.38D value'**. GeH3OSiH3 and SnH30SiH3 have equilibrium
ss configurations, although, again, the ss and ee structures are essentially energetically
degenerate. The PbH3OSiH3 molecule optimized to a slightly twisted ss structure, where
a set of terminal Pb—H and Si—H bonds are not aligned with the PbOSi plane or with
each other. All the XH3SCH3 molecules have the ss conformation.

For SiH30SiH3, comparing the calculated structural parameters in Table 5 with
experiment!® shows the usual result that the MP2/TZDP optimized Si—O bond is too
long (by ca 0.02 A) and the Si—H bond length is too short (by ca 0.01 A). The SiOSi
angle is underestimated by 5.5° (calculated = 138.6° and measured = 144.1°). The
combination of a larger Si—O distance and a smaller SiOSi angle gives a Si. . .Si distance
of 3.097 A, which is almost the same as the electron diffraction value of 3.107 A%,
A similar comparison between theory and experiment for SiH;OCH;3'4? again shows
the Si—C and Si—O bond lengths too large (by 0.005 A and 0.02 A, respectively), but
the SiOC angle in good agreement (observed = 120.6°, calculated = 120.1°). A recent
calculation of the GeH3OSiH; geometric structure'>! using density functional theory
shows similar structural parameters to those obtained here, although the methods and basis
sets are very different. The Ge—O, Si—O distances and GeOSi angle calculated here (best
published'>!) are 1.779 A (1.786 A), 1.660 A (1.655 A) and 123.9° (131.6°). The major
discrepancy is in the latter angle, which is also the most difficult to calculate accurately.
For SiH3SCHj3 the experimental (1.819 A'**) and calculated (1.817 A, Table 4) C—S
bond lengths agree. Similarly, in dimethyl sulfide the C—S bond distances agree to
0.007 A, with the experimental'®® value being larger. The Si—C distance in methyl
silyl sulfide is measured at 2.134 A% and calculated at 2.116 A. It thus appears that
MP2/TZDP slightly underestimates the C—S and Si—S bond length values. The CSC and
SiSC angles are observed at 98.8° and 98.3°. The corresponding computed values are
98.3° and 98.7°, respectively. To summarize, the XAX' angle situation, the X = C, Si,
A =0, S and X' = C cases show excellent agreement between theory and experiment.
As X and X’ become heavier, we can expect the bending potential to become flatter and
the exact determination of the bending angle more difficult.

The two major geometric parameters of interest in these systems are the X—A bond
length and XAX’ bond angle. Examining Tables 4-8 shows that the X—O bond in the
XH3OCH3 and XH30OSiHj3 series have the shortest X—O bond lengths in the Tables for
all X. This removes the claim of an unusually large Si—O bond distance in disiloxane?!.
The calculated equilibrium geometries show the XH3SCH3 series members also have the
shortest X—S bond lengths compared to XH3SH and (looking ahead) XH3SCN, which
are the only X—S bearing entries in Tables 4-8. The S—C bond distance in the XH3SCH3
(X = Si — Pb) set are, however, longer than in CH3SCN, probably because of back-
bonding in the latter.

It has long been noted'? that the XHj3 group in almost all the XH3—Y systems,
where Y is a nonlinear substituent, has its local C3 rotation axis tilted a few degrees
away from the X—A bond axis, where A is the attached atom in Y. The XHj3 group
hydrogen atoms divide into two categories, Hg (in-plane) and H; (out-of-plane). In the
XH3OCH3, XH30SiH3; and XH3SCHj3 sets the H, XA (A = O, S) angle is always larger
than the HXA angle by 3-4° for X = C, decreasing to 2-3° for X = Pb. At the same
time, both HXA angles are decreasing steadily as X gets larger. The larger H,XA angles
are explained by steric repulsion effects between the XH3 and X'Hj groups in the ss
conformation. The flattening of the XHj3 group as X gets heavier is probably due to a
combination of the increasingly cationic nature of the XHj3 group and its tendency to be
flatter due to the decreasing np/ns hybridization ratio on X (Table 10). The X—H, and
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X—Hj distances are also calculated (and observed)!40-143:144 4 pe different, with X—H,
slightly longer than X—Hs, consistent with the H,XA angle being larger than /H XA.
This differential in the H—X bond lengths and corresponding HXA angles involving the
XHj3 group almost always decreases and almost disappears by PbH3Y.

The most striking feature of the XH3AX'H} group of molecules is the variation in the
XAX' angle as a function of the three atoms X, A and X6, The calculated trends here
are as follows. In the XH30CHj3 series /XOC has the values (X) 110.4° (C), 120.1° (Si),
116.5° (Ge), 118.9° (Sn) and 110.0° (Pb). For XH3OSiH3 the corresponding angles are
120.1° (C), 138.6° (Si), 131.6° (Ge), 134.6° (Sn) and 123.2° (Pb). The calculated XSC
angles in XH3SCH3 are 98.2° (C), 98.7° (Si), 98.3° (Ge), 99.3° (Sn) and 93.4° (Pb). A
commonly used argument to explain the variation of the XOX’ bond angle in these systems
has been the involvement of back-bonding from the oxygen atom lone-pair electrons to
the XH3 groups to give the X—O bond a certain degree of double-bond character. A
concomitant result of this back-donation is a widening of the XOX’ angle to enhance
the interaction through better alignment of the lone-pair electrons with the XH3 group. A
tendency to linearize the XOX’' angle will also cause the X—O sigma bond to take on a
more valence s-type character, which reinforces the shortening of the X—O bond length
to enhance the partial 7 bond. Clearly, because of the more ionic (XH3 — O) nature
of the X—O bond for X = Si — Pb, this mechanism will be stronger for the heavier X
atoms. Thus, the XOC angle in XH3OCHj3 jumps from 110.4° in dimethyl ether to 120.1°
in methyl silyl ether. For the heavier X atoms the degree of partial double-bond character
in the X—O bond should decrease due to the increasing X—O bond distance. The result is
a drift of the XOC angle to lower values as X increases in size from Si. In the XH30OSiH3
series, the calculated XOSi angle jumps from 120.1° to 138.6°, with an accompanying
decrease in the Si—O bond length from 1.660 A to 1.656 A (Table 5). As the X atom
gets larger (from X = Si) the XOSi angle again drifts lower, but does not approach the
X = C values (as in the XOC case) for the X = Pb compound because of electrostatic
repulsion between the XH3 (X>Si) and SiH3 groups. In PbH30SiH3 the Pb—O bond
length is 0.11 A longer than in PbH3OCH3. In the XH3SCH3 series, hybridization at
the central sulfur atom is a dominant effect and the XSC angle is in the characteristic
90°-100° range for all X. Partial double-bond character, steric and electrostatic effects
seem to be less important here (compared to the ethers) due to the larger X—C and C—S
bond distances. The X—S bond for Y = SCH3 is still somewhat shorter (Tables 4-8) and
the XSA bond a bit wider than for Y = SH. It would be interesting to extend the orbital
interaction analysis arguments recently described!*® to these heavier atom systems.

. XH3ABHs

The only member of this group is the XH3CHoCH3 set. Experimental gas-phase
geometries have been reported for propane®®!33, ethylsilane®®, ethylgermane'>* and
ethylstannanelss. The calculated dipole moments (Table 16) for both GeH3zC;Hs and
SnH3CyHs of 0.748D agree closely with the experimental values of 0.76D"* and
0.99D155 respectively. The equilibrium Ge—C bond length (Table 6) is larger than
observed by 0.012 A, the C—C bond is underestimated by 0.009 A and Ge—H is calculated
too large by 0.003 A. The measured structural parameters refer to microwave ry values!>*.
For ethylstannane!>>, the Sn—C bond length is overestimated (Table 7) by 0.005 A
and the C—C distance is calculated too short by 0.016 A, although the experimental
uncertainty for this structural parameter is +0.025 A. The geometric structure of the
XH3C,Hs set has the conformation described for the XH3OCH3 series, but with the central
methylene hydrogen atoms also simultaneously staggered with the in-plane X—H and
C—H bonds. Thus, the XH3CH;C and XCH,CH3 fragment units both have the staggered
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ethane-like conformation. For the silane member, the Si—C bond length (Table 5) is too
large compared with experiment®, C—C agrees exactly and Si—H is underestimated by
0.003-0.006 A. In propane, the calculated and experimental C—C bond lengths are very
close®0: 153,

The reported vibrational spectra and normal coordinate analysis!'>* of GeH3zC,Hj also
allows a comparison of the calculated harmonic frequencies with experiment. The three
methyl C—H stretch frequencies are calculated to have an average value of 3114 cm™!
with a spread of 86 cm~!. The corresponding measured energies average to 2936 cm™
with a (highest-lowest) splitting of 82 cm™'. Thus, the MP2/TZDP vibrational energies
for this mode have to be scaled by 94.3% to coincide with experiment. This scaling
is similar to other reported experimental/calculated ratios for MP2 frequencies in an
extended basis set*’. For the central methylene group the calculated C—H stretch average
is 3096 cm~! with a spread of 47 cm~!. The experimental values are 2950 cm~! (95.3%)
with a 39 cm™! splitting. Finally, for Ge—H the calculated stretch vibration energies
average to 2172 cm~! with an 8 cm™! distribution, while the measured quantities are
2081 cm™! (95.8%) spanning 6 cm~'. The C—C stretch is calculated at 1059 cm~' and
observed at 1030 cm™! (97.3%). For ethylstannane'>> the analogous comparison between
experiment and theory shows the CHj stretch modes spanning 2960-2884 cm™! vs
3146-3059 cm™! (94.2%), CH is found at 2967 and 2934 cm™~! vs 3123 and 3076 cm™!
calculated (95.2%) and the C—C stretch is observed at 1018 cm™! and calculated at
1045 cm™! (97.4%). The Sn—H stretch mode is measured at ca 1870 cm™! compared to
the average theoretical energy of 1958 cm™! (95.5%). The respective scaling factors for
the two compounds are virtually identical.

We may note several trends in the geometric parameters of the XH3CyHs set and
in comparison with other CH3Y groups. As expected, the X—C bond length (Table 4)
increases steadily in the series Y = CCH, CHCH; and CH,CH3 as the hybridization
on the attached carbon atom increases its 2p/2s hybridization ratio, for all X. The C—C
bond in Y = CoHs jumps by 0.09 A in going from X = C to X = Si because of the
XH3z — Y charge transfer and then decreases to the propane value for X = Pb. The trend
is not uniform with increasing size of X since part of these changes are due to steric
effects which decrease as the X—C bond lengthens. Thus, increasing charge transfer in
going from X = C — Pb lengthens the C—C bond in Y = C,Hs while decreasing steric
repulsion due to the increasing X—C bond distance allows the C—C bond to shorten. The
calculated C—C stretch frequency shows little variation with X. Starting at 1075 cm~! for
X = C this vibrational energy remains at 1052 7 cm~! for the four heavier Group 14
atoms. The X—C bond lengths in XH3CH,CH3 (Tables 4-8) are about the same as in
XH3CH3, showing the loss of the back-bonding effect noted in the XH3OCHj3 series due
to the substitution of the methylene group for the oxygen atom.

The XCC angle in the XH3CH,CH3 set shows none of the widening effects found
in the corresponding ethers. The angle values are 112.0°, 113.2°, 112.8°, 114.3° and
110.8°, respectively, for X = C, Si, Ge, Sn and Pb. Their magnitudes are somewhat
larger than tetrahedral, as expected. It is not clear whether the small zigzag variations in
these calculated equilibrium angles, which result in ethylstannane having the largest XCC
angle, are significant because of the soft bending potential. For very soft bending modes,
as will be found in the coming set (XH3 ABC) of compounds, the equilibrium bend angle
can be strongly coupled to other geometric parameters so that small variations in the
relevant bond distance/angles can influence the value of the bend angle significantly. This
point was not investigated further here. Ethylplumbane is calculated to have the smallest
XCC angle. This interesting result appears not infrequently for the XAB angle in these
type systems.

1
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J. XH3ABC

There are thirteen sets of this XH3Y grouping reviewed here, where A, B and C are
nonhydrogen atoms from the first three rows of the Periodic Table. The XH3ABC category
divides into three subgroups: (1) Y = N3, OCN, NCO, SCN, NCS, SeCN and NCSe (the
pseudohalides) having either a linear (/ABC = 180°) or quasilinear (/ABC > 170°)
chain structure, (2) ONO and OPO having a strongly bent ABC geometry and (3) NO,
PO,, C(O)F and C(O)Cl with a forked configuration and the attachment to X being
through the middle atom of the triatomic Y substituent. The XH3ABC general group
offers a rich variety of attaching atoms, linkage isomerism, rearrangement isomerism and
a wide range of bending angles for comparing structural properties. The Y groups also
have different internal bonding characteristics in terms of combinations of single-, double-
and triply-bonded atoms which can affect their interactions with the XHj3 group.

In the quasi-linear grouping a serious structural feature revolves about the question of
how statically linear is the ABC chain in the equilibrium geometry. Certainly, even where
the ZABC lies between 170° and 180°, any barrier height at the linear configuration must
be only in the tens of cm~! range?3. Experimental gas-phase geometries for the XHj -azide
set have been reported for CH;3N3156) SiH3N3157 and GeH3N3'98:1% and discussed
comparatively with other like systems both experimentally!®® and theoretically'®!. The
prototypical hydrazoic acid (HN3) and similar systems have been discussed previously?.
All the members of the XH3NNN set are calculated to have the same C structure, inde-
pendent of X. The in-plane HiXNyNgN,, atoms are calculated to form a zigzag, trans
structure with /NgNgN,, = 172.4° (X = C), 173.6° (X = Si), 173.6° (X = Ge), 174.1°
(X = Sn) and 174.4° (X = Pb). The XH3-N,, and NgN,, bonds are trans to each other
across the NgN,, bond. Experimentally, the NyNgN,, angle has been estimated at 173.1°
(X = O and 171.5° (X = Ge)'*. The measured dipole moment of GeH3N3 is
2.579D'%, which is to be compared with the calculated 2.870D in Table 16. Looking
at the observed r, parameters60, the MP2 calculated Ge—N,, distance (Table 6) is too
large by 0.021 A and the average Ge—H bond length is too small by 0.017 A. The C3
(pseudo-)rotation axis of the XH3 group is predicted to be tilted relative to the Ge—Ny
bond axis by a few degrees for all X. Thus, the difference between the HiXN, and H, XN,
(Hy = out-of-plane hydrogen atoms) angles runs from 4.9° in the methyl compound to
3.0° in plumbyl azide, and reaching 5.4° and 5.6°, respectively, for X = Ge and Sn.
Experimentally, these two angles have been found to differ by 4.2° in CH3N3'%%0. The
Si—N, distance is calculated too long (Table 5) by 0.044 A compared to an electron
diffraction study'#’. This difference is larger than expected based on previous compar-
isons. Considering that a comparison with a measured r. value is expected to widen the
gap suggests that the observed structure needs to be refined.

The XNyNg angle in the azides has been commented upon'®’ as being smaller than
is usually found in comparable chain XH3;ABC molecules, where A is a first-row atom.
The measured (calculated) angle values for X = C, Si and Ge, respectively, are 113.8°"
(113.6%), 123.8°" (113.6°) and 116°~119°" (119.0°). Finally, the central nitrogen atom
(Np) in the azides is formally hypervalent, —N,=Ng=N,,. This predicts different N—N
bond lengths for the two nitrogen—nitrogen bonds. The measured structural parameters
give (double-bond minus triple-bond) differences of 0.086 A'392-0.094 A1560 0.179 A7
and 0.11 A8-0.12 A5 for the methyl, silyl and germyl azides, respectively. The cor-
responding calculated values (Tables 4-6) are 0.086 A, 0.065 A and 0.068 A. The dis-
crepancy here is large for the SiH3 and GeH3 compounds.

The OCN ligand can attach to the XH3 group to form either the cyanate (—OCN)
or isocyanate (—NCO) species. Experimental gas-phase geometric structures have been



66 Harold Basch and Tova Hoz

published for CH3;0CN'%2, CH3NCO!562.163 " §iH;NCO!947 106 and GeH3;NCOQ'07-168 A
number of papers have also analyzed the chain XH3; ABC systems theoretically'6!-169~172,
Both XH30CN and XH3NCO have the trans Cs structure, except for PbH30OCN
which adopts the cis configuration (by 0.2°). The calculated OCN (NCO) angles are
178.2° (171.9%), 177.9° (175.8°), 178.4° (174.8°), 178.8° (176.0°) and 179.8° (174.8°)
for the respective methyl, silyl, germyl, stannyl and plumbyl compounds. The known
or assumed experimental values are 177° (CH30CN)!92 170.3° (CH3NCO)!63 and
173.8° (GeH3NCO)'73, the latter from an X-ray analysis of the solid phase. The MP2
optimized geometry of GeH3NCO overestimates the Ge—N bond length by 0.018 A'%8 or
0.013 A7 and underestimates the (average) Ge—H equilibrium distance by 0.005 A!67
or 0.017 A1%*, The average HGeN and GeNC angles are observed at 108.3° and 142.2°,
respectively, compared to the corresponding 107.2° and 138.2° calculated values. Recent
all-electron (AE) calculations of germyl isocyanate at the MP2 level using valence
double-'79 or triple-1o! zeta + single polarization basis sets obtained equilibrium NCO

bend angles of 176.7°"" and 180°"*', GeNC angles of 153.4° "

HGeN angles of 108.6°""" and 108.2°"'. The largest discrepancy between the calculated
angles is for the GeNC angle where the experimental value is significantly closer to the
RCERP results reported here. Analogously, the experimental, AE and CEP values for the

equilibrium SiNC angle in the isocyanate are 159.6°' ", 180°"" and 156.3°"', and 146.6°,
respectively. The MP2/CEP-TZDP calculated Si—N bond length (Table 5) is greater than
experiment!%~1% by 0.033 A and the calculated average Si—H bond length is too small
by 0.02 A. For CH3NCO the experimental, AE and MP2/CEP-TZDP values for the

CNC angle are 135.6°'”, 138°"*"""* and 134.0°, respectively. In CH;OCN the analogous

comparison for the COC angle gives 113.3"]62, 113.5°™ and 113.0°, respectively. The
larger basis set used in the CEP calculations for both X atoms and the relativistic effects
included in the effective core potential (RCEP) for germanium seem to contribute to a
better description of the equilibrium XAB angle for X = Si and Ge. However, although
the geometric parameters in Table 4 agree well with the experimental structures, the
calculated dipole moment for CH3OCN (Table 16) of 4.499D is somewhat larger than
the measured 4.26D 162,

The calculated XH3SCN and XH3NCS equilibrium bond distances are shown in
Tables 4-8. Experimental gas-phase geometric structures are available for CH3SCN!7>,
CH3NCS!1362.176.177 " GiH;NCS'%5 and GeH3NCS!78. The analogous AE study was also
carried out on the methyl, silyl and germyl thiocyanates and isothiocyanates!6-109~171
contrast to the above comparison of the dipole moment for CH3;0CN, the corresponding
comparison between the calculated (Table 16) and observed!” dipole moment of CH3SCN
shows their agreeing to 0.001D. The calculated SCN (NCS) angles for the XH3SCN
and XH3NCS compounds are 178.5° (174.8%), 178.7° (178.7°), 179.1° (176.7°), 179.4°
(179.8°) and 178.9° (176.5°), for X = C, Si, Ge, Sn and Pb, respectively. CH3NCS is
predicted to have the largest bend angle away from 180° and this has been estimated
experimentally at 6.2°. In general, the —N=N=N, —Z—C=N and —N=C=Z (Z = O,
S and Se) substituents are expected to be linear because of the combinations of internal
double and triple bonds which give optimum interatom bonding for the linear structure.
The bent XNC, XZC and XNN angles are consistent with the single-bond attachment to X.
Thus, the calculated XSC (XNC) bond angles in the thio- and isothio-cyanates are 98.3°
(144.4°), 95.6° (166.8°), 95.3° (149.4°), 94.3° (178.9°) and 89.0° (123.7°) for X = C, Si,
Ge, Sn and Pb, respectively. The XSC angle is characteristically in the 90°-100° range.

The experimental value for CH3SCN is 99.0"175, which is 0.7° within the calculated value.
However, the XH3NCS set shows alternating XNC angle values with X = Si near-linear

and 180°"*" and average
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(within 13°), stannyl isothiocyanate actually linear (within 1.1°), while PbH3NCS shows
the smallest XNC angle. The observed XNC bond angle values are 141 6% or 147.7°"°

for X = C, and 163.8°"*" or 180°"" for X = Si. The microwave spectrum of GeH3NCS is
considered to be consistent with a C3, point group symmetry!”®, having a linear GeNCS
chain structure. Both AE studies at the MP2 level!®1:170 predict a linear geometry, but a

previous infrared spectroscopy study suggested a GeNC angle of 156°" 0, which is more
consistent with the results reported here. This system warrants further study.

The calculated Ge—N bond length (Table 6) in GeNCS is 0.03 longer than
experiment (r5)'’® and Ge—H is calculated 0.007 A shorter than assumed in the
microwave+spectroscopy analysis of the structure!’®. The N=C bond length is
underestimated by 0.062 A (Table 4) relative to the measured value. This very large
discrepancy is consistent with the calculated—measured difference in GeNC bond angles
noted above. The C=S bond distance is calculated too small by only 0.027 A. In
SiH3NCS the calculated (Table 5) Si—N distance is large by 0.024 A1%*-0.066 A7,
N=C is short by 0.007 A!%*-0.016 A!'”® and C=S is long by 0.006 A'%* or short by
0.008 A!78 relative to the observed value. The MP2 level AE calculation!”! also shows
a 0.06 A discrepancy with experiment for the Si—N bond distance. On the other hand,
the calculated dipole moment (Table 16) of 2.606D is not far from the 2.38D value'8,
despite the 16.2° difference in SiNC angles and 0.066 A discrepancy in Si—N bond
distance. These two discrepancies may be related and a re-evaluation of the SiH3NCS
microwave + infrared spectra to take into account quasi-linearity with a small barrier to
inversion should be undertaken. For methyl isothiocyanate, all the calculated (Table 4)
and experimental!>> 170177 bond-length values are within 0.025 A of each other for the
microwave studies.

For the XH3SeCN and XH3NCSe sets, experimental gas-phase geometries are available
only for CH3SeCN'8! and CH3NCSe!#% 183, The calculated XSeC (XNC) angles are 95.0°
(148.9%), 91.7° (179.7°), 91.8° (179.8°), 90.4° (179.9°) and 84.9° (179.2°) for X = C, Si,
Ge, Sn and Pb, respectively. The selenocyanates are predicted to have SeCN angles >
178.8°, where the equal sign is for the methyl compound. The NCSe angle is calculated to
be 175.5° for X = C and 180° for all the heavier Group 14 atoms. Experimentally'8!, the

CSeC angle in methyl selenocyanate is found to be 96.0°, within 1° of calculated, and the
183

SeCN angle is 179.4°. For CH3NCSe the CNC angle is measured at 157.0"1827161.7o ,
for an assumed linear NCSe chain. In the XH3SeCN set the AE calculational survey gives
a XSeC bend angle of 97.9° for methyl'®, 95.7° for silyl'’! and 99.6° for germyl'7,
while for XH3NCSe the corresponding XNC angles were found to be 160°, 180° and
180°, respectively.

We can summarize the situation with respect to the structural parameters in the pseu-
dohalides as follows. The XH3—ZCN molecules, where Z is one of the chalconides (O,
S, Se), are very bent at the Z atom, with the bend angle XZC being progressively smaller
with increasing size of Z. The barrier to inversion through the linear structure is very
high (thousands of cm™!) and increases with the size of the chalconide!®. PbH3SCN
and PbH3SeCN are calculated to have PbZN angles that are smaller than 90°, possibly
due to an attractive interaction between the lead and end nitrogen atoms. In this regard
it should be noted that, contrary to all the others, both PbH3SCN and PbH3SeCN have
the cis conformation relative to the Z—C bond, which is conducive to such an attractive
interaction.

The C—N bond in the XH3ZCN molecules (Table 4) are all about 1.181-1.185 A,
which is only several thousands A larger than in CH3CN. Thus, the triple-bond character

= +
of the CN group here is well preserved and other bond structures, such as XH3 —Z=C=N,
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do not contribute to any significant degree. The calculated C=N vibrational frequency is
calculated at 2198 cm™! in CH30CN, increases by 8 cm~! in the Si compound and then
decreases steadily through Ge and Sn to 2167 cm~! in PbH3;OCN. In the XH3SCN and
XH3SeCN sets the C=N energy decreases from 2102 cm~! for X = C to 2068 cm~' for
X = Pb, and from 2079 cm~! for X = C to 2054 cm™! for X = Pb, respectively. The
C=N vibrational frequencies in CH3OCN are very similar to those in CH3CN.

The CZ—CN bond lengths, however, are calculated to be significantly shorter than
the C—ZCN distances, by 0.11-0.16 A (Table 4), with the difference being in the order
0>5>Se!'%_ Inspection of Tables 4-8 shows that the Z—CN bond length is intermediate
between single- and double-bond length. The XZ—CN distance also drifts to shorter
values as X gets larger. Presumably, this trend approximately correlates with the extent
of XH3 — ZCN charge transfer. The shortening of the Z—CN bond therefore arises from
Z — CN back-bonding!8!, which is expected to have the Z dependence shown above.
The X—O and X—S bond lengths behave alike. The X—Z bond length in XH3ZCN is
0.01-0.07 A longer than in the XH3ZH and XH3ZCHj3 reference compounds, for both
Z = oxygen and sulfur, where the difference is smallest for X = carbon and roughly
increases with the size of the X atom. This trend possibly reflects the increased relative
p-character contribution of the X atom in going down the Periodic Table. As expected,
the HXZ angle decreases with increasing size of X and decreasing size of Z, as these
trends approximately correlate with increasing ionicity of the X—Z bond.

The XH3NCZ (Z = O, S, Se) series of molecules have received much more attention
than their XH3ZCN linkage isomeric counterparts. The XH3NNN set will be included here
in the comparisons. The XNN/XNC angles are calculated to be generally bent, where the
bending angle has a zigzag dependence on the size of the atom X. The smallest angles are
found for carbon and lead. The XNN/XNC angles increase in the order Se > S > O > N.
Thus, for Se, all the XNC angles are above 179°, except for CH3NCSe (148.9°), and
in the XH3NCS set only the Sn compound has a near-180° SnCS angle. The greater
bending angle in the azides has been explained!> 137 based on the all-bent valence bond
structures,

M M M
N N
N=N=N N—N=N and N=N=—7=N with M = XH;
(a) (b) (©)

In contrast, for structures XH3NCZ, two of the possible structures are linear

X e - : 169,178
H3X=N=C=Z, H3X—N=C—-Z and only one is bent (H3X—-N=C=Z)"'*"
(@ (e ®

All the NNN and NCZ bond angles are near-linear, with the former being the most bent
in the 172° to 174° range. The smaller XNN angles probably induce a larger distortion
in the NNN chain through interaction with the XHj3 group hydrogen atoms. It should
be noted that in the XH3NCZ series the lowest-energy vibrational frequencies involve
low-energy (<67 cm™! for all cases) coupled CH3 rotation and XNCZ bending modes.
The N—C bond length in the XH3NCZ sets is seen in Table 4 to be in the 1.20-1.23 A
range, where the dependence on Z is O>S>Se. Firstly, the bond distance size is somewhat
larger than triple-bond length which indicates a possible contribution from structure d
above. The calculated dependence of the equilibrium C—N bond distance on Z is consistent
with the importance of e, where of all the chalconides the oxygen atom is best able to
accommodate the negative charge. The C—N harmonic stretch frequencies in XH;N—CZ
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generally decrease in going from X = C to X = Pb, except for Ge — Sn when Z = O or
S. The vibrational energy decrease is particularly large at X = Pb, a change of —63 cm™!
relative to Sn for Z = O or S, for example. An outstanding characteristic of the C—N
harmonic motion in the XH3NCZ series is the predicted large infrared intensity for all X
and Z.

The C—O distance in the XH3NCO set is calculated to be shorter than other for-
mally doubly-bonded C=O atom pairs (Table 4), which is not consistent with the single
bond C—O structure in e. The C=0 distances in XH3C(O)H, for example, are in the
1.22-1.23 A range, while in XH;NC=0 they are in the 1.18-1.19 A range. Analo-
gously, the S—C distances in XH3S—CN are all about 1.68 A, much shorter already
than the single-bond 1.81 A S—C bond length in CH3—SH and CH3—SCN, for example.
The S—C distance in the XH3NC—S set is an even shorter 1.57 A for all X. A C=0
triple-bonded structure is expected from a

- +
H; X=N-C=0
(2

type structure, which does not affect the XNC angle (relative to f above) and does give
both a slightly elongated C—N bond length and reduced O—C distance. Clearly, no single
valence bond structure is adequate to describe the XH3NCZ series of molecules!®”. The
Z—CN harmonic stretch frequencies decrease strongly in going from X = C — Pb. These
seem to be moderately mixed with the corresponding X—NCZ mode, which explains the
strong X dependence.

The X—N bond distances (Tables 4-8) in XH3NNN and XH3NCZ show the azide
being consistently the larger. This is probably because of the smaller XNN bend angle
which can introduce steric repulsion effects, and shows that structures with X=N double

bonds like the linear Hj X=§EN=N are not important. An analogous conclusion has
been drawn about the XH3;NCZ series'®’. In the NCZ series the X—N bond lengths are
generally comparable to those in XH3—NH>, so that structures like d above probably are
not very important. A contrary conclusion has been reached for SiH3NCS'7® based on
the measured dipole moment.

The XH3C(O)F and XH3C(O)Cl series have Cs geometries, where the in-plane X—Hg
bond eclipses the carbonyl bond across X—C. Experimental gas-phase geometries are
available only for the carbon member of each series!®* 185, In the comparison between
calculated and experimental values both the C—F and C—ClI bonds are overestimated
by ca 0.02 A, C=0 is calculated too large by ca 0.01 A and ca 0.005 A, respectively,
and both C—C bonds are within 0.007 A of experiment. The calculated angles all agree
within 1°.

The FCO and CICO angles are all within less than 1° of 120°, independent of X, with
no obvious trends with regard to the nature of the X atom. The HXC angles are relatively
isotropic and therefore the tilt angles are very small and, naturally, decrease in magnitude
as X gets larger and the X—C distance widens. The WCX (W = halogen) angle is largest
for X = C (109.9° for F and 111.2° for Cl) and decreases irregularly to 106.2° and 107.7°
for X = Pb, respectively. The complementary OCX angle increases from 129.9° (F) and
128.3° (Cl) for X = C to 133.3° (F) and 131.4° (Cl) in the PbH3C(O)W molecules.
The larger OCX angle may be due to an optimum orientation of the unpaired electron
molecular orbital in the C(O)W radical. This point requires further investigation.

The C=0 bond length in both XH3C(O)F and XH3C(O)CI (Table 4) decreases steadily
in going from X = carbon to X = lead. At the same time, the C—F and C—ClI distances
increase irregularly from X = C to X = Sn and then decrease in going to X = Pb. The
calculated harmonic stretch frequencies for the C=0 mode also show a mild decrease
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from carbon to germanium, but then the vibrational energies increase somewhat in going
to the Pb compounds. Although the carbonyl bond lengths in the chlorides are generally
shorter than in the fluorides, the opposite trend is found in the vibrational frequencies,
which are higher in the fluorides. These mixed trends indicate that a combination of
steric and electronic factors govern these bond-length changes. By comparison with other
carbonyl systems (Tables 4-8) the X—C bond distances in the XH3C(O)W series here
show no unusual characteristics.

The last group in this series contains XH3zNO, and XH3PO, (forked), and their respec-
tive linkage isomers, XH3ONO and XH3OPO (chain-bent). CH3NO; and CH3ONO have
been characterized experimentally in the gas phase'$%-187. Both CH3NO,/CH30NO and
SiH3NO,/SiH30ONO have been discussed theoretically'®3~ 190 The chain-bent structure
of both XH3ONO and XH30PO can, in principle, have four isomers for a geometry of
Cs symmetry, according to the conformation of the in-plane H.—X—0O—N—O chain. In
practice, two main isomer types (using NO,, for example) are identified:

(0]
H ;2 H, o a
a\ // / a\ // /N
trans X—0 and cis X—O0
H/ H;

which differ in the ONO orientation. Both structural isomers have the staggered conforma-
tion of the XH3 group with the terminal NO groups. For CH;ONO!88 and SiH;0ONO'® it
has been found that the cis conformation is marginally more stable. The results obtained
here at the optimized MP2/TZDP level are as follows. XH3ONO adopts the cis con-
formation for X = C, Ge, Sn and Pb. However, for X = Si the trans conformation is
lower in energy (by 0.25 kcalmol™!) at this level. The properties corresponding to the
lowest-energy structure in each case are listed in the Tables. Thus, for example, there is
a clear discontinuity in the values of the dipole moments in Table 16 for the XH30NO
set for X = Si. An interesting feature of the cis structure for the XH3ONO set (except
SiH30NO) is the gradual swing of the ONO group as X gets larger to bring the ter-
minal oxygen atom towards the X atom. In cis-PbH30ONO the bound Pb—O distance is
2.21 A while the ‘nonbonded’ Pb...O distance is 2.49 A, to approximately form a four-
membered ring. This motion is accomplished by a gradual reduction of the OXH; angle
from 104.3° for X = C to 90.6° for X = Pb, and the XON angle from 113.9° (X = C)
to 102.8° (X = Pb). Simultaneously, the XO—N distance decreases from 1.411 A to
1.306 A, N=0 increases from 1.203 A to 1.245 A (Table 3) and the N=0 harmonic
stretch frequency decreases from 1547 cm™! to 1428 cm~!. The preferred stability of
the cis XH3ONO conformation is clearly driven by the X...O interaction as X increases
in size. For PbH3ONO the optimized MP2/TZDP energy difference between the cis and
trans conformations is 9.4 kcalmol~!. Actually, for CH30NO the results here predict
the trans-eclipsed equilibrium conformation to be next highest in energy after the trans-
staggered structure, where staggered and eclipsed refer to the relative orientations of the
C—Hg and O—N bonds.

For XH3OPO a slightly different result is obtained. CH3OPO is MP2/TZDP optimized
to have the cis-eclipsed conformation as most stable, while the other XH3OPO members
adopt the ordinary cis-staggered equilibrium geometry. Here, again, from Si — Pb the
H XO angle decreases (from 104.6° to 91.4°), /XOP decreases from 125.8° to 104.1° and
the Pb. ..O distance is 2.62 A compared to the Pb—O bond length of 2.19 A (Table 8). The
P=0 harmonic vibrational energy decreases from 1199 cm~! in SiH;0PO to 1132 cm™!
in PbH30PO.



1. The nature of the C—M bond (M = Ge, Sn, Pb) 71

The XH3NO, and XH3PO, series all have the planar Cs symmetry structure where one
N=0/P=0 bond eclipses a X—Hy and the other N=0/P=0 bond is staggered with the
pair of X—H, bonds. The resultant asymmetry induced in the ONX and OPX angles is just
a few degrees, on the average, for all the X atoms. The two N=0 bond distances differ at
most by 0.003 A and the two P=0 bond lengths by even less for a given atom. The NO,
and PO, symmetric and antisymmetric stretch frequencies decrease uniformly from X = C
to X = Sn. For example, the two vibrational energies are 1397 cm~! and 1738 cm™' for
CH3NO», and 1120 cm™! and 1407 cm~! in CH3PO,. These pairs of stretch modes are
calculated to be 1326 cm~! and 1638 cm~! in PbH3NO,, and 1077 cm™! and 1369 cm™!
in PbH3PO;. The values for X = Pb are very similar to those for X = Sn, sometimes a
bit larger and sometimes smaller. The calculated ONO angle hovers about 125° for all X,
while the OPO angle is centered about 133°. The P=0 bonds are expected to be more
ionic (or semipolar) than the N=0O bonds (Tables 11-15) and this could account for the
larger OPO angle.

K. XHzABCH

The only member of this group reviewed here is the XH3C(O)OH set. An experi-
mental gas-phase geometric structure is available only for CH3C(O)OH!®!. The most
stable conformer has the in-plane C—Hg and O—H bonds eclipsing the C=0 bond in Cs
symmetry. The C(O)OH fragment always has the syn conformation'®? and the methyl
group can adopt two rotameric configurations of the C—H; relative to C=0, eclipsed
and staggered. In XH3C(O)OH, X = C, Ge, Sn and Pb adopts the eclipsed (e) confor-
mation and SiH3C(O)OH favors the staggered (s) conformation. The calculated energy
difference between the e and s forms for CH3C(O)OH is 0.4 kcalmol~! (140 cm™")
in favor of s. For SiH3C(O)OH the s form is more stable by only ca 0.1 kcal mol !
(32 cm™!) and the s conformer is predicted to be a transition state in the methyl rota-
tion mode rotating the e conformation back into itself. The energy differences refer to
MP2/TZDP optimized geometries for each conformer. In GeH3C(O)OH, SnH3C(O)OH
and PbH3C(O)OH the s conformer is more stable by 18 em~!, 25 em™! and 63 em™!,
respectively. The relative stability of the e conformation in these last three molecules
cannot be due to (C=)0O...H(X) interaction since both participating atoms have negative
atomic charges (Tables 12-15).

It is interesting to compare experimental and theoretical geometric structural param-
eters for the CH3C(O)OH case to demonstrate the methyl group asymmetry in these
type systems. The calculated (measured!!) bond lengths are: C—C, 1.506 A (1.503 A);
C-0, 1.368 A (1.352 A), C=0, 1.216 A (1.205 A); O—H, 0.976 A (0.971 A); C—Hj,
1.087 A (1.088 A); C—H,, 1.091 A (1.094 A). The angles are: C—C—0, 110.9° (111.7°);
C—C=0, 126.5° (125.4°); COH, 105.1° (105.4°), CCHs, 109.5° (109.7°); CCHj, (out-of-
plane), 109.6° (109.5°); H,CH,, 107.7° (107.6°); HsCH,, 110.3° (110.3°). The theoretical
description of the asymmetry of the methyl group due to interactions with the Y substituent
is seen here to agree closely with experiment.

The COH angle in the XH3C(O)OH starts at 105.1° in CH3C(O)OH, increases to 105.6°
for X = Si, Ge and Sn (to within 0.1°) and then increases to 106.3° for PbH3C(O)OH. The
general trends for changes in the X—C=0 and X—C—O angles in going down the Group
14 column is mixed. The former tends to increase (Ge — Pb) and the latter decreases
(except for Si) with increasing size of X. The different equilibrium conformation for
SiH3C(O)OH makes it difficult to interpret the initial large decrease in /X—C=0 (from
126.5° to 123.0°) and increase in X—C—O (from 110.9° to 114.7°) in going from X = C
to X = Si. The narrowest range of angles is for O—C=0 which is in the 122.0°-122.6°
range for C to Sn and jumps to 123.7° for Pb. The almost constant value of the calculated
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dipole moment in Table 16 seems to indicate that the gradual swing of the C(O)OH group
away from C—Hjg resultant from the above angle changes acts to moderate the magnitude
of the usual dipole moment increase as X gets heavier. Rehybridization at the carbon
atom should also be a factor. The degree of charge transfer (Table 9) also does not seem
to depend strongly on the nature of X in these systems beyond methyl.

The C=O0 bond length in the XH3C(O)OH (Table 4) set is consistently larger
(by ca 0.02-0.03 A) than in XH3C(O)F and XH3C(O)Cl and slightly smaller (by
ca 0.005-0.01 A) than in XH3C(O)H for each X. The calculated C=0 harmonic stretch
frequencies follow the same trends. The differences are significant. For example, in the
lead compounds, the calculated C=O vibrational energies in PbH3C(O)Z are: Z = H,
1660 cm~!; OH, 1746 cm~!; F, 1828 cm~! and Cl, 1812 cm~!. These, of course,
have to be multiplied by ca 0.95 for comparison with experiment*’. The O—H bond
length (Table 3) in XH3C(O)OH is consistently somewhat longer than in XH3OH (by
ca 0.006-0.015 A). The difference is smallest for X = C, largest for X = Si and decreases
steadily to X = Pb. The calculated O—H stretch frequencies are correspondingly lower in
XH3C(O)OH compared to XH3;OH by an almost uniform 200 cm™!. The C—O(H) bond
length in XH3C(O)OH is consistently and significantly shorter than in normal singly-
bonded C—O (Table 4). The reason for these trends in the O—H and C—O(H) bonds
is certainly connected to possible additional valence bond structures for the C(O)OH
group!2193 that involve its enhanced acidity.

The X—C bond lengths in the XH3C(O)OH set are slightly shorter than in the
XH3C(O)H series (Tables 4-8), with the decrease ranging from 0.001 AX=0)to
0.021 A (X = Pb) in a relatively uniform manner. In this sense, the corresponding
X—C distances in XH3C(O)OH are very similar to those in XH3C(O)F, and probably
for the same reasons. The X—H equilibrium bond distances (Tables 4-8) span a narrow
range of values for a given X. These, however, consistently show the ordering of X—H
bond lengths to be XH3C(O)H > XH3C(O)OH > XH3C(O)Cl, XH3C(O)F. All three
calculated harmonic stretch frequencies for the X—H mode show the same ordering,
where the Z = OH, Cl and F compounds are relatively close at higher energies, and
separate from the formyl set. The difference between the two sets revolves about the
20 cm~! to 30 cm™! range.

L. XH;ABCH,

The only set in this grouping reviewed here is XH3C(O)NH,. An experimental gas-
phase geometry, determined by electron diffraction, is available for CH3C(O)NH,%0:194,
The agreement between calculation (Table 4) and experiment for the bond lengths is
within 0.007 A for the C—C, C—N and C—O bond lengths. The bond angles agree to
within 0.6°. The equilibrium conformation of acetamide has the eclipsed (e) structure,
where the C=0 bond is cis to the in-plane C—Hg bond. The H{C(O)N skeleton has
approximate Cs symmetry and the NH» group is slightly pyramidal. The H,NCO dihedral
angle is calculated to be 15.8° and the HsNCO angle is 160.7°. The alternate staggered (s)
conformation, with the methyl C—Hjg bond located trans to the C=0 bond, is a transition
state, at only 29 cm~! higher energy. The s configuration has a possible steric repulsion
interaction between the H atom and an amine hydrogen (Hg). For X = Si — Pb in
XH3C(O)NH,, however, the s conformation is calculated to be the equilibrium geometry
at 388 cm™!, 253 cm™!, 227 cm™! and 186 cm™! lower energies than the e conformation
for X = Si, Ge, Sn and Pb, respectively. In all these latter cases, the e conformation is
a transition state. The lowest-energy vibrational mode for the XH3C(O)NH; series has
frequencies of 52 em™ !, 98 em™!, 79 em™!, 69 cm™! and 63 cm™!, respectively, for
X = C — Pb, each in its own MP2/TZDP optimized equilibrium structure. This motion
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involves principally methyl group rotation. The particular conformational preference of a
given X atom member of this set must be a combination of steric and electronic factors.
The former favors the e conformation and the latter stabilizes the s geometry, while both
decrease in importance as the X—C bond lengthens.

The trends in the XCO and XCN angles in XH3C(O)NH; are similar to those found
in XH3C(O)OH. Comparing the acids and the amides, the XC=O0 angle increases slowly
with X and XCN decreases with X (Si — Pb). The XC=O0 angle in the amide is 3-7°
smaller than in the acid, XC—N is 5-6° larger in the amide than XC—O is in the acid
and the O—C=0 and N—C=O0 angles are very similar, including the increase in going
Sn — Pb. Except for the C and Si compounds, the amide and the acid adopt different
conformations. Also, apparently, because of the different structure and the different mode
of binding, CH3C(O)NH; does not conform to the general trends and has the largest
XC=0 (123.2°) and smallest XCN (114.7°) angles of the XH3C(O)NH, set. The cal-
culated dipole moments in the XH3C(O)NH; set (Table 16) drift to lower values as X
increases in size.

The C=O0 bond length in XH3C(O)NH, is uniformly slightly larger than in the
XH3C(O)OH and XH3C(O)H sets (Table 4). The harmonic stretch frequencies in the
amines, however, are still calculated to be somewhat larger than in the aldehydes. For
example, the C=0 vibrational frequency in PbH3C(O)NH; is 1717 cm™!, which is larger
than in PbH3C(O)H. It should be noted that all the C=0 modes are predicted to have
high infrared intensities. Wiberg and coworkers!®> have discussed the nature of substituent
effects in aliphatic carbonyls and this will be used to summarize trends in the properties
of the C=0 group in the coming section. The N—H bond length in the XH3C(O)NH, set
is calculated to be uniformly shorter than in the corresponding XH3NH, set. The N—H
harmonic stretch frequencies are larger in XH3C(O)NH; than in XH3NH, by variable
amounts. The differences are smallest for Si (9 cm™! and 54 cm~') and largest for C
(78 ecm~! and 126 cm™!) and Pb (64 cm™! and 132 cm™!). These trends are opposite
to those found for the O—H bond in comparing XH3C(O)OH and XH3OH. The HNH
angle is 11-13° wider in the XH3C(O)NH; set compared to XH3NH;. A clue to the
behavior of the NH bond must lie in the short C—N distance found for all the members
of the XH3C(O)NH; set, which is reduced by ca 0.1 A relative to a normal C—N single
bond distance, as in CH3NH>, for example (Table 4). The corresponding reduction in the
C—O(H) length in the acid relative to ethanol is only ca 0.06 A.

The X—C distances in XH3C(O)NH, are larger than in the previous carbonyl sets
(formyl, fluoroformyl, chloroformyl and carboxyl) discussed above (Tables 4-8). The
X—H distances in the carboxamides are also generally larger than in the previous car-
bonyl sets, although the X—H harmonic stretch frequencies are very similar between
XH3C(O)NH; and XH3C(O)H. The Mulliken group charges for XHj3 (Table 9) show
lower values for both the carboxamides and the aldehydes relative to the acids, fluoro-
formyl and chloroformyl compounds, for a given X. The X atom charges in Tables 11-15
show the same general trends. The higher the charge on the X atom, the shorter the X—H
and X—C bond lengths, probably due to a radial contraction effect of the central atom.

M. XH;ABCH,

The members of this set all have the XH3C(O)CH3 formula. Only for dimethyl ketone
has a gas-phase geometry been reported!”. There are two important conformations
relevant to this acetyl series within the planar HXC(O)C'H] skeleton structure (Cs).
CH3C(O)CHj is reported'®® and calculated here to have both in-plane methyl hydrogen
atoms (C—H; and C'—H}) eclipsed (e) with the carbonyl oxygen atom. The molecules
with X = Ge, Sn and Pb also adopt this e-e’ conformation as their lowest-energy
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equilibrium structure. Acetylsilane (SiH3C(O)CH3) prefers the s—e’ (s = staggered)
conformation where Si—Hg is frans to the C=0O bond across the Si—C bond and
C—Hjs is eclipsed with the C=0 bond. The alternate e-e¢’ configuration in the silane
is calculated to be a transition state (one imaginary frequency) only 42 cm™!' above
s—e’, where all conformations are MP2 geometry optimized in the TZDP basis set.
The lowest-energy harmonic vibrational frequency in the normal-mode analysis of the
s—¢’ silane structure is 45 cm~! involving essentially rotation of the SH3 group towards
the e-e’ conformation. There is also an e-s’ conformation possible, where Si—Hjg is
eclipsed and C—Hj is staggered with the C=0 bond. Its geometry-optimized energy
is 367 cm™! (1 kcalmol~!) above s—e’. Given the small energy difference calculated
between the e—e’ and s-e’ conformations and previous experience'®3, the true ground-
state geometry for the silane remains to be definitively determined. In this review the
lowest energy (s—e’) structure is adopted. In X = C, the e-s’ (= s-¢’) structure is
247 cm™! (0.7 kealmol~!) above e-e’, compared to the experimental estimate'®’ of
0.8 kcalmol~!. The lowest-energy harmonic frequency in the equilibrium e—e’ geometry
is 41 cm~!. This latter motion is comprised of the synchronous rotation of the two
methyl groups in opposite-sense directions. Acetylgermane also has a higher energy e—e’
configuration at 356 cm™! (1 kcalmol™!) above e—s’. The equilibrium e -e’ structure has
a lowest-energy harmonic frequency of 31 cm™! involving principally a rotation of the
GeHj; group to give the s'—e geometry. The corresponding methyl rotation towards e—s’
has a frequency of 135 cm™~!. For SnH3C(O)CHj3 the e—s’ conformation is 420 cm™!
(1.2 kcalmol™!) above e-¢’. In the latter geometry the SnHj rotation frequency is
calculated to be 22 cm~! going towards the s—e’ configuration, which is found to be
a transition state in the e—e’ <> e—¢’ interconversion. The methyl rotation frequency
in the stannane towards e—s’ is at 142 cm~!. Finally, for X = Pb, the lowest-energy
vibrational frequency in the equilibrium e—e’ structure is calculated to be 39 cm™!, for
essentially PbH3 rotation. The s—e¢’ conformation is 483 em~! (1.4 kcalmol~!) above
e—¢’ and the methyl rotation frequency in the e-e¢’ ground equilibrium structure towards
e-s'is at 153 ecm™!.

If we focus just on the electronic energy differences between the e-s’ and e—¢’ station-
ary states in the XH3C(O)CHj3 set, then there is a gradual increase in the energy gap as X
get heavier. The difference between these two conformations is in the rotation of a methyl
group by 60°, and the energy difference is the rotation barrier. It has been shown'!!' in
the ethane-like XH3CH3 series that the dominant interactions that determine the preferred
stability of the staggered conformations are hyperconjugative. In the RC(O)R’ carbonyl
compounds the stability of the structure is determined by the electrostatic interaction of
the R and R’ substituents with the carbonyl group. The preferred relative stability of the
e—-e’ geometry could be a combination of electrostatics, hyperconjugation, hybridization
and induced dipole stabilization'®~2%_ Most interaction mechanisms favor e—e’ over
e-s'. As X gets larger, and the X—C(O) bond distance increases, the negative charge on
oxygen gets smaller while the positive charge on the methyl hydrogen atoms does not
change much (Tables 12-15). This would actually indicate a decreased preferred elec-
trostatic stability for e-e’ with increasing size of X. Thus, the other mechanisms!%8~200
must determine the ground state e—e’ equilibrium geometry conformation. An indication
that the electronic structure is well described comes from the calculated dipole moment of
CH3C(O)CH3 of 2.830D (Table 16), which agrees very well with the experimental value
of 2.90D %!,

The C=O0O bond lengths in XH3C(O)CH3 follow the general pattern found for the
carbonyl compounds (Table 4): an increase in distance in going from X = C to X = Si
and then a gradual decrease with increasing size X until X = Pb which has the shortest
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C=O0 bond length in the set. The C=0 distances themselves for a given X conform to
the general rule'® that the more electronegative the substituent Z in XH3C(O)Z, the
shorter the C=0 bond length. Both the C=0 distances and harmonic stretch vibrational
frequencies are similar for Z = H and Z = CH3. The C=0 vibrational energies for
Z = CH3, like those for Z = H, are lower than for Z = F, Cl, OH and NH>, decreasing
in that order.

The CC=O0 bond angle oscillates between 121.8° and 121.5° for X = C — Sn and
jumps to 124.0° for X = Pb. /XC=O0 decreases from 121.8° for X = C to 118.4° for
X = Pb, except for the X = Si which is 116.3°. The smaller XC=O0 angle for the silicon
compound could be related to the methyl group being staggered with the C=0 bond.
The XCC bond angle is in the 116° to 119° range, except for Si where it complements
£XC=0 and is calculated to be 122.2°.

The C—C single bond in XH3C(O)CH3 (Table 4) generally decreases in length as X
increases in size. This is generally interpreted as indicating a degree of increased bond
character between the atoms, which in simple valence bond language would simultane-
ously involve a structure with reduced bond order in C=0. Since the C=0 bond length
also shortens as X increases, changes in bond orders cannot explain both trends simultane-
ously. Two other possible explanations involve increased positive charge on the carbonyl
carbon atom or its rehybridization to include more s character in the sigma framework.
The former is not supported by the atomic charges shown in Tables 11-15. Therefore,
the hybridization argument'®>'% should be further examined for its ability to rationalize
the bond length trends involving the carbonyl carbon atom as a function of X. In general,
the C—C bond length in XH3C(O)CH3 is longer than in the previous members of the
XH3C(O)Z sets (Table 4), probably because of steric repulsion effects. The equilibrium
X—C bond length in the acetyl series is also the longest of the other XH3C(O)Z members
for a given X atom, presumably for the same reason.

N. XH3ABCD

There are two series of molecules in this category: the XH3CF3 set and the XH30ONO,,
XH3O0PO; sets. For the trifluoromethyl group there are experimental gas-phase geometries
for 1,1,1-triﬂuoroethanezoz’Z(B, triﬂuoromethylsilanezo4 and triﬂuoromethylgermanezos. In
the XH3CF3 set all the members were calculated in the staggered conformation and these
were found to be equilibrium geometries. Comparing calculation (Tables 4-6) with exper-
iment for CH3CF32927205 we find the C—C distance overestimated by ca 0.01 A. The
CCF angle is calculated (observed) at 112.1° (112.3°) and ZCCH is 109.0° (109.2°). In
these comparisons the latest analysis of the microwave, infrared and electron diffrac-
tion results have been quoted2%>. For SiH3CF; the Si—F distance is overestimated by
0.006 A and the C—F bond length is in error by 0.013 A relative to average zero-
point level geometric parameters”’*. In the germane compound the MP2/TZDP calculated
Ge—C bond distance is 0.003 A larger than experiment?®, C—F is 0.009 A too long
and the average Ge—H distance is overestimated by 0.015 A. The bond angles agree
closely.

In spite of fluorine being a very electronegative atom, the XHj3 group is increasingly
electropositive as X gets larger, and the XH3CF3; geometry stays relatively constant in the
staggered ethane-like conformation. Thus the group charges in Table 9 and the calculated
dipole moments in Table 16 show no striking increases in going down the Group 14
column of the Periodic Table, especially from X = Si. The HXC and FCX angles also
do not show much variation as a function of X. Their calculated values are (/HXC)
107.0° +0.2° for Si — Pb and 109.0° for X = C, and (/FCX) 112.1° £0.6° for C — Pb,
with no clear trends. However, the individual atomic charges in Tables 11-15 show that
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their distribution does not lead to reinforcing dipoles and that the local X—H, C—F and
X—C moments can combine to partially cancel each other out.

The C—F bond distance in the XH3CF;3 series is shorter than in both CH3F and the
XH3C(O)F set (Table 4). The C—F harmonic stretch frequencies are also uniformly larger
in the trifluoro than in the fluoromethyl series for corresponding X atoms. The FCF
angles in the trifluoro series are a relatively small 106.7° +0.4° (compared to tetrahedral)
for all X. The C—F bond shortening could be attributed to a radial contraction of the
carbon atom and electrostatic attraction between C*t and F*~. In the bond angles the
opposite effect is found for the HXH angles which are larger than tetrahedral, especially
for X = Si — Pb. Here, the larger angle can be explained by the tendency of the
XH3 ™ group to be planar. One possible explanation for the small FCF angles would be a
hyperconjugative interaction between the fluorine lone pairs of electrons and the C—F o*
molecular orbitals. This latter effect should tend to lengthen the C—F bond which seems
to be the opposite to what is found here. Another possibility is the contribution of ionic
bond structures (CF~) which involve simultaneously a higher bond order of the carbon
with another fluorine atom (C=F"). The resultant instantaneous charges could create an
attractive interaction between the fluorine atoms that close the FCF angles somewhat?02,
Trifluoromethane also has small (103.8°) FCF angles®®. In molecular orbital terms, this
interaction is between the fluorine lone-pair (r) electrons and the C—F o* orbitals2%. Tt
must then be that the shortening effect due to contraction about the carbon atom would
be even larger were it not for the lone-pair o* interaction, which tends to lengthen the
C—F bond, and partially cancels the shortening effect.

The X—C bond lengths in XH3CF3 are typically on the long side for a single bond
connection between the respective atoms (Tables 4-8) for X = Si — Pb, and on the short
side for X = C. Here the comparison is with tetracoordinated carbon atoms. For the silane
to plumbane compounds the longer X—C bonds are probably due to the atoms involved
having the same-sign charges (Tables 12-15). For the carbon compound the two carbon
atoms are oppositely charged (Table 11).

All the members of the XH30NO; and XH30OPO; series of molecules are calculated
to have Cg symmetry equilibrium geometries with only the two methyl C—H, bonds
symmetrically located out-of-plane. The H{LCON=O,, chain is arranged in a zigzag pattern
and the N=0g bond is staggered with respect to the two C—H, bonds facing XH;-. This
is also the experimental result for CH3 ONO,297 The comparison between measured and
calculated values (Tables 3 and 4) shows that the C—0O, O—N, N=0, and N=0Og bond
lengths are MP2/TZDP calculated too large by 0.009 A, 0.020 A, 0.009 A and 0.018 A,
respectively. N=0 double bonds are particularly troublesome in NO32%® but the results
here for the bond distances in methyl nitrate are in the same error range as the other single
and double bonds involving first-row atoms (Tables 3 and 4). The CON, ONO,, ONOg
and O,NOg angles agree within 0.8° between theory and experiment?”’. The (Table 16)
calculated dipole moment of 2.933D for CH30ONO, agrees very well with the measured
3.081D value?”.

A particularly interesting feature of these geometries are the large O,NOg angles. Their
calculated values are 130.2° (C), 129.5° (Si), 128.6° (Ge), 127.4° (Sn) and 126.1° (Pb).
The corresponding O, POy angles in XH30PO; are 133.7° (C), 133.4° (Si), 132.3° (Ge),
131.4° (Sn) and 130.5° (Pb). These large O,NOg angles are probably due to lone-pair
electron steric and atom-centered electrostatic repulsion between the O, and Og atoms.
The decrease in NO, angle with increasing size of X could reflect the decreasing charges
on these oxygen atoms (Tables 11-15). However, this decrease is observed also for
the XH30PO, series where the atomic charges on O, and Og are not getting smaller
with increasing size of X (Tables 11-15). An alternative explanation to the decreasing
OyNOg and O,POg angle values with X lies in the gradual development of a bonding
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interaction between X and Og to form, finally, for PbH3ONO; and PbH30PO; four-
membered PbONOg and PbOPOg rings. The Pb—Og distances for the nitrates are 2.53 A
(C), 2.66 A (Si), 2.70 A (Ge), 2.69 A (Sn) and 2.55 A (Pb). The corresponding values
in the XH30PO; set are 2.90 A (C), 3.12 A (Si), 3.10 A (Ge), 3.10 A (Sn) and 2.75 A
(Pb). These can be compared to the normal X—O bond lengths in Tables 4-8. Other
geometric and electronic structural parameters also show the increasing X—Opg interaction
in Si — Pb. A similar result was obtained for the XH3ONO and XH3OPO sets above.
One result of this interaction is a decrease in the O,NOg and O,POg angles as, for
example, the near-symmetric four-membered ring is formed with similar O,NOg and
O¢NO pairs of angles. The generally larger O,POg angles relative to OyNOg for each X
is due to the larger charges on the oxygen atoms in the phosphite compounds, due to the
semipolar nature of the P=0O bond compared to the more covalent nature of the N=0O
bond>?2.

Another consequence of the X...Og attraction is the decreasing value of the HyXO
angle (102.8°, 99.5°, 98.0°, 95.8° and 91.7° for X = C, Si, Ge, Sn and Pb, respectively,
in XH30NO; and 104.7°, 103.4°, 100.9°, 99.1° and 93.8° in the phosphite compounds)
which follows the swing of the ONO; and OPO; groups relative to the X—O bonds. The
XON (XOP) angles decrease correspondingly from 113.3° (123.8°) for X = Si to 102.5°
(105.4°) for X = Pb. The XON and XOP angle values for the covalent X = C case
are, however, 111.9° and 118.4°, which are smaller than for X = Si. The increased
asymmetry in the N=0O, and N=Og bond lengths and oxygen atom charges in the
Tables, and similarly for P=0, and P=Opg, are more indications of the ring-forming
tendency of these molecules in going down the column of the Periodic Table. The X—H
bond lengths also show increasingly different values for X—Hs and X—H, as X gets
larger.

Both the group charges in Table 9 and the calculated dipole moments in Table 16 agree
that the bonding becomes increasingly more ionic in going from carbon to lead. The phos-
phites show consistently more charge transfer from XH3 than the nitrates. These results
must be connected to the nature of the central O—N and O—P bonds, which decrease
steadily in length from silicon to lead (Table 3). These bond distances are consistently
shorter than in the corresponding XH3ONO and XH3OPO molecules. The higher valencies
of the nitrogen and phosphorus atoms in the —ONO; and —OPO; substituents compared
to —ONO and —OPO would tend to shorten all bonds to the central N and P atoms. The
increased ionicity of the XH3z—Y (Y = ONO; and OPO;) bond is expected to enhance

o
valence bond structures suchas  H,X* Q=N+  and the analogous bonding arrangement

o
in XH30PO;. Thus, the double-bond character of the (X)O—N and (X)O—P bonds is
expected to increase in weight as the ionicity of the XH3—Y bond increases. Since the
P=0 bond has intrinsically more of a semipolar nature than N=O, the above bonding
structure should affect the (X)O—P bond to a lesser extent that the (X)O—N bond. The
N=0g and P=0g bonds facing the X atom lengthen with increasing size of X, as expected
from the X...Og interaction. However, the remote N=0, and P=0,, bonds do not change
much, or increase slightly, as a function of X. The N=0 and P=0 harmonic stretch fre-
quencies are calculated (before scaling®’) to fall in the 1799 cm~! (C) to 1679 cm™!
(Pb) range for the antisymmetric mode, and from 1275 cm~! (C) to 1306 cm~! (Pb)
for the symmetric motion in XH30NO;. The corresponding energies for the phosphite
are 1417 em™! (C) to 1375 cm™! (Pb) for the antisymmetric stretch, and 1157 cm!
(Si) to 1142 cm~! (Pb) for the symmetric mode. These parallel the trends in the N=0
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and P=O0 bond lengths, although there is no strong bond localization of the vibrational
motions.

The X—O distances in both the nitrate and phosphite sets (Tables 4-8) are on the
long side compared to the other X—O bonds reviewed here. The differences are smallest
for X = C in the nitrate. The X...Og interaction should tend to lengthen X—O. The
C—O(N) bond should be better described than C—O(P) because of the latter’s higher
O—P ionic character. For the same reason, the other X—O(P) bonds should be shorter in
the phosphite compounds compared to the nitrates. These expectations are realized in the
calculated relative X—O bond lengths (Tables 4-9) except for the lead compounds.

0. XH;ABCDH

The XH30S(O)OH set has the following geometric structure: The HiXO—S chain
forms a trans conformation plane with the two X—H, bonds located symmetrically above
and below the plane according to Cs symmetry. The syn O,=S—OgH group is also
approximately planar and roughly perpendicular to the O—S bond. The orientation of
the O,=SOgH plane to the H;XO—S plane changes in going from X = C to X = Pb
to make the X...0, (=S) distance progressively smaller. Thus, the O=S—OX dihedral
angle decreases (in absolute value) from —42.4° (X = C), through —16.3° (Si), —19.4°
(Ge) and —10.4° (Sn) to —9.6° (Pb). The X...O (=S) distance decreases, in parallel, from
2.91 A, through 2.95 A, 2.95 A, 2.83 A and 2.55 A, respectively. In PbH30S(0,)OgH
the PbO—S=0, group forms an approximate four-membered ring, where the equilibrium
Pb—O(—S) distance is 2.18 A (Table 8), and the PbO—S=0,, skeleton is now approxi-
mately planar in a syn conformation. The (H)OgS—OX dihedral angles are 66.3°, 93.5°,
89.7°, 98.3° and 98.2°, respectively, for X = C — Pb. The HOgS angle stays relatively
constant at 105.7 £ 0.5° for the Si — Pb compounds, after an initial 104.4° for X = C.
The (H)OgS=0, angle also remains relatively constant around 105 £ 1° in going down
the Group 14 column, and /O—S—Og, initially 5° smaller in the methyl compound, is
only 0.8° smaller for X = Pb. The large changes, as usual in these oxy compounds, are
in the HiXO angle, which decreases progressively from 105.0° (C) to 89.8° (Pb). The
H,XO angles, however, stay steady at about 110° &= 1°. The trend towards planarity in
the XH3 group is expressed in the motion of Hg because of the approach of the O,(=S)
atom to the H, side of X. The XO—S angle also decreases from 116.2° (C) to 104.9°
(Pb) as the quasi four-membered ring tends to closure; the same behavior is followed by
the O—S=0, angle (from 108.9° for X = C to 102.6° for X = Pb). The result of the
relative orientation of the sulfur—oxygen bonds in different directions is that, although
the XH3z — OS(O)OH charge transfer is large (Table 9), the dipole moments are not
correspondingly large.

The O—H bond length in the XH30S(O)OH set (Table 3) is relatively unchanged at
about 3689 cm~! as a function of the very remote X atom. This invariance is also reflected
in the O—H stretch frequency, which spans only +9 cm~! for all five compounds. The
S—O0g (H) length varies between 1.64-1.66 A with no apparent trend. The S=O bond
length increases steadily from X = C to Pb, in accord with its increased coordination
to the X atom, while (X)O—S decreases steadily from X = C to Pb. Thus the two
sulfur—oxygen bonds that are remote from increased oxygen coordination to the X atom
approach each other in bond length.

The X—O single bond lengths in Tables 4-8 for XH30S(O)OH show a variable rela-
tionship to that found in the other Y groups in XH3Y compounds having such a bond. For
the heavier X atoms the additional X. . .O interaction for Y = ONO, OPO, ONO,, OPO,,
OS(O)OH and, as will be seen in the next set, OC(O)CH3z makes their directly bonded
X—0O distance longer than usual (Tables 7 and 8). The exception here is for Y = ON,
which almost always has the longest X—O distance for all X. For the lighter X atoms the
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range of X—O single-bond distances is narrower. For example, for X = C, the equilibrium
C—O bond length is calculated to have values from 1.423 A (CH3—OCHj3) to 1.500 A
(CH3—ON). The C—O bond distance in CH3—OS(O)OH is closer to the lower end of
this range at 1.453 A (Table 4). For X = Si, the first of the more ionic structures, the
S—O range is from 1.660 A (CH3—0SiH3) to 1.729 A (CH3—ONO,), while the value
for SiH3—OS(O)OH is 1.707 A. In the plumbyl compound the Pb—O range is 2.064 A
(CH3—OPbH3) to 2.194 A (CH3—ON, CH3—OPO), and the bond length in the sulfite is
2.184 A. Thus, in going from X = C to Pb the X—O single-bond length migrates from
the shorter part to the longer part of the respective ranges.

P. XH3;ABCDH;

Two sets of molecules belonging to this generic type were examined: XH3C(O)OCH3
and CH3C(O)OXHj3. The X = C members of each set are the same molecule. The
methyl?%°, silyl?!0 and germyl?!! acetates have had their gas-phase geometric structures
determined. All the members of the acetate set are calculated to have Cg symmetry, with
the planar H{CCOXH], skeleton in a zigzag conformation. The O=CCHj group lies in the
same plane with the syn or eclipsed (e) conformation, while O=COXH] has staggered (s)
C=0 and X—H; bonds. This is called the e-s conformation, where the second description
refers to the XH3 group. The X = C, Ge, Sn and Pb members of the XH3C(O)OCH3
set are also found to have e-s equilibrium geometric structures, but SiH;C(O)OCHj3 is
calculated to have the silyl rotated, s —s configuration. Here, the first descriptor refers to
the XH3 group.

In the acetate set the s—s conformation, which has the H;CC=O group in the methyl
rotated anti or staggered position, is MP2/TZDP calculated to be 53 cm~! (C), 210 cm™!
(Si), 160 cm™! (Ge), 132 cm™! (Sn) and 72 cm™! (Pb) above ground state e-s, each
in their gradient optimized geometries. In CH3C(O)OCH3, the only acetate tested, the
s—s conformation is a transition state. In the ground e-s geometry the lowest-energy
harmonic frequency is 36 cm™!, corresponding to a e-s — s-s transformation. In the
higher-energy s—-s configuration the imaginary frequency is, coincidentally, the same as
the 53 cm™! total energy difference with the ground state and corresponds to the s—s —
e—s transformation. Also in CH3C(O)OCH3, the geometry-optimized e—-e conformation
is found to be 409 cm~! above e—s and a transition state. Its imaginary frequency of
124 cm~! corresponds to a e—e — e—s rotation of the methoxy methyl group. Consistent
with this result the second lowest-energy harmonic vibrational frequency in the ground
state e—s methyl acetate is 160 cm™! and rotates XH3 to take conformer e-s to e—e.
Thus in the CH3C(O)OXHj3 set, the syn — anti transformation by methyl rotation is
energetically preferred to XHj3 rotation. The s —s conformation is low in energy for X = C
(53 cm™!) and larger for Si — Pb, but decreasing in that order.

In contrast to the uniform configuration of the acetate series, SiH3C(O)OCH3 is
calculated to have a s—s equilibrium ground-state geometric structure. The optimized e—s
conformation is only 30 cm™! higher. The lowest-energy harmonic vibrational frequency
in the s—s configuration is 40 cm™!, corresponding to the s—s — e—s rotation. The
geometry-optimized e —e configuration is 421 cm™! above s-s. For X = Ge, Sn and Pb in
XH3C(0)OCHj3 the optimized s—s structures are 17 cm™!, 29 cm™! and 67 cm™' above
e—s in total energy, respectively. The harmonic vibrational frequencies for the e—s — s—s
motion, corresponding to a rotation of the XH3 group, is 23 cm™!, 30 ecm~! and 42 cm™!
for these same Group 14 atoms. Considering that this energy difference is negative for Si
(i.e. s—s is more stable than e-s) shows that the XHj3 rotation barrier increases steadily
from Si as X gets heavier, even though the X—C distance is increasing. The considerations
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discussed with regard to the acetyl series (XH3zC(O)CH3) in this context are therefore
probably also applicable here.

The acetate set has an increasing interaction between the carbonyl oxygen atom and
X as the latter gets larger. By X = Pb the already familiar four-membered ring is
formed, with one long Pb...O(=C) distance. For X = C — Pb this X...O distance
is 2.63 A, 279 A, 279 A, 2.71 A and 2.52 A, respectively. The progressive formation
of the ring is reflected in the steady decrease of the C—OX angle from 115.6° (Si) to
98.8° (Pb), and the H;XO(—C) angle from 105.1° (C) to 92.0° (Pb). The calculated C=0
harmonic stretch frequency also decreases steadily from 1772 cm™! (C) to 1638 cm™!
(Pb). Experimentally?®®, the C=0 stretch in the methyl compound has been identified
at 1769 cm~!. Analogously, the C—C stretch is calculated at 642 cm™! and measured
at 636 cm™'. In the XH3C(O)OCHj series the C=0 frequency is calculated to decrease
from X = C to X = Si, but thereafter oscillate mildly about 1714 cm~". In this set there
is no evidence of additional X. . .atom interactions.

The experimental gas-phase geometry of methyl acetate also shows a
planar heavy atom skeleton with the syn or e-s conformation. The calculated
(experimental) 7. values are r.(C=0)=1.218 A (1205 R), r.[(0=)C—0]=1.361 A
(1.359 A), re[(H3)C—0]=1.448 A (1.458 A) and r.(C—C)=1.509 A (1.506 A) (Table 4).
The important angles are calculated (observed) to be /COC = 113.7° (116.4), /Z0OCO =
123.5° (123.0°), ZCC—0O = 110.5° (111.4°) and /H;C—0=105.1° (103.1°). Silyl acetate
is also observed?!? to adopt the e—s configuration. It was also determined that the best
value of the O=C—O-Si dihedral angle is ca 10°, although a planar skeleton with large-
amplitude torsional motion could not be ruled out. The MP2/TZDP optimized Si—O
distance at 1.710 A (Table 5) is larger than the experimental value of 1.685 A. The COSi
angle is calculated at 115.6° and measured at 116.5°. The crucial (C=)O...Si distance
reported?!® at 2,795 A is calculated here at 2.791 A. Germyl acetate is also found?!! to
have an e—s geometric structure, where a dihedral angle of 20° about the C—C bond gives
the best fit to the electron diffraction pattern. The Ge—O distance observed at 1.830 A
is calculated (Table 6) here to be 1.834 A. The experimental COGe angle is 113.0°,
compared to the calculated 112.7°. The unusual shortness of the nonbonded Ge. ..O(=C)
distance at 2.84 A was commented upon in the electron diffraction study. Thus, the
incipient X...0(=C) interaction leading to a four-membered ring with Pb is already
detected in the germanium member of the acetate series. The small dipole moments in
Table 16 show further effects of the incipient ring formation.

The XH3C(O)OCH3 set shows no unusual structural features and the internal angles
are relatively insensitive to the nature of the X atom. The C=O bond length, in gen-
eral, shortens from X = Si — Pb and is correspondingly shorter than in XH3C(O)CH3,
probably because of the more electronegative OCH3 substituent. The C—OCH3; bond
length is consistently shorter (by 0.09-0.10 A) than O—CHs, as expected, due to the
different hybridization on the carbon atoms. The C—OCH3 lengths are also somewhat
consistently smaller than the C—OH distance in the acids (Table 4), possible due to steric
effects which are expected to decrease as the X—C bond lengthens. The (XH3)O—C
bond distance in the acetates decreases going down the Group 14 column due to the
tendency towards ring formation which will push the C—O and C=O bond lengths
towards equal values. The C—C bond length in the acetates is similar to that found
in the general carbonyl series, CH3C(O)Z. There seems to be a rough correlation here
between the shortness of the C—C distance and the electronegativity of Z, although steric
and resonance factors may also be active. The X—C equilibrium bond length in the
XH3C(O)OCH3 set is calculated to be on the short end of the scale compared to the
other carbonyl series. Again, the electronegativity of the OCH3 group seems to be the
dominant factor.

209
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V. BOND DISSOCIATION ENERGIES

As mentioned in Section III, Tables 17-23 contain the HF/ and MPn/TZDP++//MP2/TZDP
total energies for the Y radical species, the HY molecules and the XH3Y compounds with
X =C, Si, Ge, Sn and Pb. For the open-shell radical species the UHF and UMPrn meth-
ods were used>3°. The unrestricted Hartree—Fock wave function sometimes gives a poor
expectation value of the spin-squared operator ((S2)) and this can influence molecular
properties?!2. For the doublet spin radical species in Table 17 the exact (S?) value is
0.75 [s(s+1) = 0.75, s = 1/2] and a larger calculated value indicates contamination of
the ground-state electronic wave function with higher spin states. The degree of contam-
ination is proportional to the deviation of (S?) from 0.752!3. For example, a calculated
(52) value of 0.80 implies a mixture of 98.3% spin-doublet and 1.7% spin-quartet, if the
latter were the only contaminant. Similarly (S 2y = 0.90 implies 95% S = 1/2 and 5%
S = 3/2. For (§2) = 1.00 the mixture is 91.7% and 8.3%. Projection techniques can
be used to annihilate the contaminating higher-spin components, both at the UHF?!'3 and
UMP22! Jevels. Table 17 shows the calculated UHF (S?2) values and the projected UMP2
(PUMP2) energies for each radical. The largest deviations from the exact 0.75 value are
for systems where the radical electron is found on atoms involved in multiple bonding.
This is consistent with the observation that spin contamination in UHF implies the need
for a multiconfigurational representation of the wave function?'>:21%, The larger the ini-
tial (UHF) spin contamination the slower the UMPn expansion converges for property
values2!7-218_ This will be seen here for the calculated bond dissociation energy (BDE)
values in Tables 26-30, for the process described in equation 1. A spin contamination of
even 5% can lead to large differences in energetic processes.

The radicals with large deviations from (S2) = 0.75 will have proportionately larger
differences between their UMP2 and PUMP2 energies. The XH3Y molecules are all
closed-shell and have exact (S2) = 0 values. Therefore, they have no energy difference
between the MP2 and PMP2 levels of theory. Since the XH3 radicals all have very-near
0.7500 values of (S2), the difference between the MP2 values of the XH3—Y BDEs is
in the (S2) nature of the Y radical. These relationships can be used to define correc-
tions to the XH3—Y BDEs at various UMPn levels that depend only on the (S2) nature
of Y?219.220

There are a number of problematics in calculating the XH3;—Y BDE. For a number of
radical species in Table 17, the unpaired electron does not reside on the same atom as
the attachment site to XH3. This is always true for at least one of two possible linkage
isomers, such as XH3NO, and XH30NO. The NO;, radical has ca 50% of its unpaired
spin localized on the nitrogen atom. Other interesting cases are the CoH3??! and CCH
radicals??? with large (S?) values whose unpaired spins are in-plane??2. The ONO, or
NOj3 radical is planar-symmetric (D3j,)*2® with the unpaired spin evenly distributed on
the three oxygen atoms, in-plane. The charge distribution in the XH30ONO;, molecules
will certainly be different. If the ground-state radical species has inadvertently not been
calculated for equation 1, then the BDEs in Tables 26-30 will be too large by the cor-
responding differences in energy between the true ground and the calculated electronic
states.

The molecular energies for the MP2/TZDP HY species are given in Table 18 and for
the XH3Y compounds in Tables 19-23 for HF/ and MPn/TZDP++//MP2/TZDP level
calculations. Table 18 is not used here to calculate BDEs but the tabulation is presented
for the sake of completeness. It can, for example, be used in reactions of the type

XH3Y + H) —— XH4 + HY 2)
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or
XH3Y + CH4y —— XH3CHj3 + HY 3)

as measures of the relative XH3—Y bond strength, without having to worry about the
purity of the spin state in the radical species. Other measures of the relative XHz—Y
bond strengths without using the HY or radical species energies can be obtained, for
example, from the following reaction, where the enthalpy of reaction 4 is AH (4):

XH3Y + CHy — XHy + CH3Y )

There is no intention of dealing here extensively with the relative energies of isomers
in these energy Tables, and to compare them to experiment for the lighter Group 14
members where there is a greater possibility of finding experimental results or other
calculations. Rather, the focus here will be, briefly, on the energy trends from HY
and CH3Y to PbH3Y as the Group 14 atom gets heavier. Thus, for example, at the
MP4(SDTQ) level, HNO is calculated to be more stable than HON by 45 kcalmol~!.
This difference becomes 50 kcal mol~! for CH3NO relative to CH3ON and could not
be determined for SiH3NO/ON. For the heavier X atoms, XH3NO is more stable than
XH3ON by 32 kcal mol~! (Ge) and 30 kcalmol™! (Sn, Pb). An analogous comparison
between the —NO, and —ONO forms shows —ONO more stable by 7, —2, 16, 11, 13 and
17 kealmol~! at the MP4 level, for H, CHs, SiH3, GeH3 and PbH3, respectively, where
the negative difference means that the —NO, form is lower in energy. It should be recalled
that PbH3ONO has a quasi-four-membered ring with one longer Pb...O distance which
stabilizes the —ONO form. For the —PO versus —OP coordination, the former linkage iso-
mer is 35, 46, 15, 26, 26 and 27 kcal mol~! more stable, respectfully, than H, CH3, SiH3,
GeHs, SnH3 and PbHj3 attachment to —OP. For the —OPO/—PO; comparison, —OPO
is favored by 15, —5, 8, 20, 21 and 25 kcalmol~!. Again, as in the case for —ONO,
PbH30PO forms a quasi-four-membered ring which is expected to stabilize this isomeric
form. Thus, in the last two cases, except for the methyl compound, preferred coordination
is in the —ONO and —OPO modes, and not through the nitrogen or phosphorus atoms
which carry most of the unpaired spin in the free radicals. For NO and PO the preferred
attachment site is also the major location of the unpaired spin in the free radical. The
difference in linkage stabilities may be due to the higher positive charge on the central N
and P atoms in the dioxides and additional interaction with the remote oxygen atom in
the —ONO and —OPO attachment modes. In both cases, the silicon compound behaves
differently.

For the —QCN versus —NCQ compounds, with Q = O, S and Se, the preferred ori-
entation is —NCO by 26, 27, 24, 23, 23 and 19 kcal mol~!, —NCS by 9, 4, 18, 10, 9
and 4 kcalmol~! and —NCSe by 6, 0, 2, —7, —9 and —16 kcal mol~! for attachment to
H, CHj3, SiH3, GeHs, SnH3 and PbH3, respectively. The last negative values, of course,
represent a preferred —SeCN attachment. The QCN radicals have the unpaired electron
residing primarily in a (symmetry broken) pi molecular orbital. As indicated by the devi-
ation of their (S2) values from 0.75, these radicals can show significant spin polarization
at the UHF level. At the UMP2 level only SCN and SeCN show significant spin polar-
ization. While for OCN the UMP2 atomic spin populations are all positive, the nitrogen
spin populations are —0.35 and —0.74, respectively, in SCN and SeCN. This makes it
very difficult to correlate the preferred attachment site with the location of the unpaired
spin population. The UMP?2 calculated atomic charges on Q for the three QCN radicals
all have the same value of about —0.5, so this substituent property cannot be used to
correlate trends in linkage going Q = O — S — Se. The increased preference for Q
end coordination compared to the N site as Q gets heavier must, then, be due to other
properties such as polarizability and hybridization.
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The total electronic energies tabulated in Tables 17-23 were used to calculate bond
dissociation energies according to the process described in equation 1. The BDEs were
corrected to 298 K for vibrational (ZPE), rotational and translational motion differences
between reactant and products according to standard formulas®°2. An additional factor
of APV = RTAn = 0.6 kcalmol~! was added for conversion from energy terms to
enthalpy*®. These correction terms together usually add up to just a few kcalmol~! and
become smaller as the X atom in XH3Y becomes heavier. Since ZPE, especially, is larger
for XH3Y than for the sum of the asymptotic fragments, the total correction term reduces
the purely electronic BDE. The dominant ZPE energies alone for all the species are listed
in Table 24 and the total temperature corrected motion + enthalpy conversion terms are
enumerated in Table 25. One particular species which requires special mention is the
OC(O)CHj3 radical which, at the UMP2/TZDP level, dissociates spontaneously to COy +
CH3-. Therefore, for BDEs involving the OC(O)CHj3 radical asymptote, the motion correc-
tion terms are particularly large (ca 7-10 kcalmol™!) mainly due to the ZPE differences
between the XH30OC(O)CH3z compounds and the XH3z + CH3 + CO, asymptotes.

Experimental values for the BDEs of CHz—Y and SiH3;—Y for comparison with
the calculated values were taken either from tabulated heats of formation, AHf®
(298 K)!3:193.219,224=230 o hond dissociation energies?!-21%-231=237 There are not enough
known BDEs for the corresponding Ge, Sn and Pb compounds to tabulate. Some of the
experimental numbers carry large uncertainties. Thermodynamic quantities determined by
different experimental methods sometimes differ significantly, such as for the vinyl (Co2H3)
radical??%227, The experimental BDE values listed in Tables 26 and 27 are based primarily
on the heats of formation for reactants and products (equation 1) listed in References
13 and 224. Additional values are included where an experimental determination or a
high-quality calculation gives a different BDE.

We will briefly review the comparison between theoretical and experimental BDEs for
the methyl and silyl compounds in order to have some idea of the expected accuracy
for the germyl, stannyl and plumbyl compounds. The MP4/TZDP++//MP2/TZDP level
electronic energies in Tables 17-23, and the resultant BDEs in Tables 26-30, are similar
to the G2(MP2)?%7 level of the G2*> method of Pople and coworkers. Generally, we
expect the BDEs to be underestimated by such methods, since any lack of completeness
in the basis set and theoretical level should generate a larger error in the compound
relative to the two radical fragments. One exception to this expectation is to be found
in those cases where the radical fragment has a higher bond order between two atoms
than in its associated compounds with XH3-. Another, more relevant exception to the
underestimation of equation 1 BDEs is when the radical fragment is poorly described
theoretically.

Examination of Table 26, and ignoring differences of 1 kcal mol~! and less, shows that
for Y = CCH-, C(O)OH-, CN-, NC- and CHCHj;- the calculated CH3—Y BDEs at the
MP4 level are substantially above the quoted experimental values. For the CCH-, CN-
(NC-) and CHCH,- cases the large UHF (S?2) values in Table 17 indicate that these radical
species are not being described sufficiently accurately. For C(O)OH- the UHF (S2) value
is reasonable and the calculated CH3—C(O)OH BDE seems to have converged, going
PMP2 — MP3 — MP4, but the experimental value is significantly smaller than theory.
Hence the tabulated ‘experimental’ BDE, which is based on reported AHz® values!3:224,
must be in error, probably due to an inaccurate AH;® for COOH!3. Other radical species
that have large deviations from 0.75 for the UHF (S2) quantity in Table 17, like SeCN-,
SCN- and CP-, have no reported experimental BDEs for the methyl compound with
which to compare. Their calculated BDEs are also expected to be overestimated relative
to experiment. For CH;—NNN the calculated BDE shows a strong alternation with the
n-value level in the MPn progression. The MP4 value, however, is still below experiment,
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contrary to expectations from the relatively large UHF (S2) value of 0.9056 in Table 17
for the NNN radical. The tabulated AH;° value for NNN-!3 carries an uncertainty of
+5 kcalmol~!. The lower (—=5) limit puts the ‘experimental’ BDE at 75 kcal mol~!,
which is more in line with expectations and experience with the calculated values. The
AH¢® value for CH3N3 might also need re-examination. Another calculated BDE that is
inconsistent with expectations is that for CH3—NCO. Although the UHF (S?) value for
NCO is 0.8245, the experimental BDE is substantially larger than the calculated values.
The AH;° values for NCO- and CH3NCO need to be verified. The reported CH3—Y
BDE in Table 26 of 81.9 kcalmol~! for Y = OF is based on a calculated AH;° of
—21 kealmol~! for CH3—OF?*. Although the UHF (S2) value for OF is a respectable
0.7669 (Table 17), the calculated MPn BDEs are still larger than ‘experimental’. This

would indicate that AH;® for OF is larger than the tabulated 26.0 kcal mol_113 and/or
AH;® for CH3—OF is more negative than the calculated —21 kcal mol—1230,

There are also experimental BDE values listed in older tabulations based on spectro-
scopic or the known values of AH;® at that time. Where these differ significantly from the
more current tabulations!3224232 they have also been included for comparison purposes.
However, the BDEs based on the most recent AH;® values are presumably to be favored.

For the silyl compounds (Table 27) high-quality calculated BDE values have also been
included with the experimentally derived quantities. Here, the uncertainties and distri-
bution of experimental values are larger than for the methyl compounds. The calculated
BDE:s in this work and corresponding comparison experience with the methyl compounds
can, perhaps, be used to narrow some of the uncertainties in the silyl compounds. For
almost all the germaniun, tin and lead compounds in Tables 28-30, the calculated BDEs
are the only information available to date.

If we examine the MPn series values of the BDEs in Table 26, we find that the PMP2
stabilities are smaller than the MP2 energies, as expected from the lower asymptote
radical fragment energies due to projection of the high-spin component. The difference
in MP2 and PMP2 energies are then actually a measure of spin contamination in the two
asymptotic radicals in equation 1. The MP2-PMP2 difference in BDEs can then be used
as a correction term to adjust the presumably more accurate MP4 values. These ideas have
been used by a number of researchers2!%-220 to obtain improved thermodynamic quantities
for open-shell molecular systems. This method is just one of several possibilities that fall
under the category of scaled energies?3%23°. An alternate approach to avoiding the vagaries
of the (S?) problem is to use equations 2-4 to calculate relative binding energies. An
additional refinement is to use the experimental BDE values of the known CH3Y species
in the following variant of equation 4:

BDE(XH3—Y) = BDE(CH3—Y) + BDE(XH3—H) — BDE(CH3—-H) — AH4) (5)

where the experimental or best theoretical values of the quantities on the right-hand side
of equation 5 are used, as available.

However, the values in Tables 26-30 are directly calculated BDEs, according to
equation 1. Taking only those molecules for which there are reliable experimental infor-
mation (Table 26), and excluding the problematic (S 2) cases (CCH-, COOH-, NCO-, CN-,
NC-, CHCH;- and N3-) and the decomposed radical (CH3CO,-), the average MP2 error
for CH3—Y is 2.0 kcal mol~! (21 cases) and for MP4 is 3.8 kcal mol~! (19 cases). It thus
seems that the particular choice of basis set and level of calculation used here gives the
best cancellation of errors for the MP2 method.

The accuracy of the calculated silyl BDEs (Table 27) are more difficult to judge because
of the large uncertainties in the AH;° values. For SiH3—BHy, the experimental BDE, based

on a calculated AH;® for SiH3;BH,22° and a AH;° value of 48415 keal mol~'>* for BH,-
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is some 23-28 kcalmol~! smaller than calculated, and therefore suspect. The reported
BDE for SiH3—SH is also low. For CCH- the calculated BDEs are, as expected, too large.
SiH3—CH,CHj3 has two reported AH¢® values, 27 kcal mol*1224 and —8.2 kcal molflm,
which differ by ca 35 kcalmol~!. The calculated BDEs show the latter value to be more
correct. For CHCH;- the calculated silyl BDEs are, unexpectedly, smaller than exper-
iment, although agreeing with another high-level calculation?>3. The AH;® value for
CyHj3- is in doubt?20:227 and the experimental BDE could be as low as 108.8 kcal mol 1,
using AH¢(CyH3-)=63.4 kcal m01*1224. Gathering the remaining nonproblematic BDEs in
Table 27 (Y = F, Br, H, NHj, Cl, CH3CH3, OH, CH3, SiHz and C(O)CH3) gives an aver-
age (absolute) MP2 error of 2.1 kcalmol™! and an average MP4 error of 3.6 kcal mol ™.
In this comparison, where there was a choice of experimental BDE, the one closest to the
calculated values was chosen for the averages. This selectivity does not affect the relative
results between MP2 and MP4, and the outcome here, like for the CH3—Y comparison
above, is that the MP2 energy is generally closer to experiment.

We can now examine trends in BDE values in going down the Group 14 column of
the Periodic Table. These trends divide into three groupings of Y substituents. In the
first category (I-A) the BDE for XH3;—Y decreases steadily from X = C to X = Pb.
In the second category (II-A) there is a significant jump in binding energy from X = C
to X = Si, after which the BDE decreases steadily to X = Pb. The third category has
either of the two characteristics of I and II, with the additional increase of the PbH3;—Y
BDE relative to X = Sn. We will call these I-B and II-B, respectively. The numbers and
references for the ensuing discussion are all found in Tables 26-30.

A. XHy

The XHz—H BDE decreases steadily as X gets heavier (class I-A). For CHy the
MP2 error is larger than for MP4. The same is found for SiHs. In both cases, MP2
is ca 6 kcalmol~! too low and MP4 is about 4 kcal mol~! underestimated, compared to
experiment. Correcting the calculated MP2 and MP4 energies in Tables 27-30 by +6 and
+4 kcal mol~!, respectively, gives predicted BDEs for GeH3;—H, SnH3;—H and PbH3;—H
of ca 83 kcalmol™!, 75-76 kcalmol~! and ca 68 kcal mol~!, respectively. The extrap-
olated stability for GeHz—H agrees very well with the reported experimental value of

82.7 keal mol—">*.

B. XH3A

Experimental XH3;—A BDEs are available for three halogens (F, Cl and Br), with
X = C and Si. The stability for XH3—F jumps substantially from X = C to
X = Si (Type II-A) and this change is confirmed experimentally. The trends in
comparing calculated with experimental are the same: MP2 is underestimated by
3.4 kcalmol~! for CH3—F and by 5.9 kcalmol~! for SiH;—F. For MP4 the respective
errors are larger: 7.4 and 10.9 kcalmol~!. If the calculated MP2 BDEs are corrected by
ca 5 kcalmol~! and the MP4 BDEs by ca 9 kcalmol™!, then the predicted energy for
GeH3—F is 134-135 kcal mol~!, for SnH3—F is ca 130 kcalmol~! and for PbH3—F is
ca 124 kcal mol~!. For CH3—Cl (SiH3—Cl) the MP2 error is 3.0 (3.8) kcalmol~! and
the MP4 underestimation is 6.0 (7.6) kcalmol~!. Using an MP2 (MP4) correction factor
of 3.4 (6.8) kcal mol~! gives adjusted BDE values of ca 97 kcal mol~! for GeH;—Cl,
ca 95 keal mol™! for SnH3—Cl and ca 94 kcal mol~! for PbH3—Cl. For CH3Br a problem
arises because of the relatively large uncertainty in the AH;°(CH3Br)??* value of
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—19 + 4 kcalmol~!. The lower limit value gives a stability that agrees with Walsh?3*.
Using the unshifted enthalpy of formation gives MP2 errors of 1.1 and 3.5 kcal mol~! for
CH;3—Br and SiH3—Br, respectively, compared to experiment. For MP4 the corresponding
numbers are 3.1 and 6.5 kcalmol~!. Using 2.3 and 4.8 kcalmol~! as MP2 and MP4
correction factors, the predicted BDE for GeH3; —Br is ca 83 kcal mol~!, for SnH;—Br is
ca 72 kealmol~! and for PbH3—Br is ca 81 kcalmol .

C. XHzAH

The two series with A = O and A = S both conform to the group II-A behavior. Sta-
bilities for CH3 —OH, CH3—SH and SiH3—OH can be used for comparison purposes. The
silyl compound values are more uncertain than those of the methyl group. For SiH; —OH
the calculated 124.8 kcal mol~! BDE??® is adopted as the experimental value, while for
SiH3—SH the quoted ca 70 kcalmol~! energy?! is too far from the calculated values
to be useful for comparative purposes. On this basis, the MP2 errors for CH3—OH and
CH3—SH are 0.4 and 1.5 kcalmol~!, respectively. The corresponding MP4 errors are
4.7 and 6.6 kcalmol—!. Using 1.5 (MP2) and 5.7 (MP4) kcal mol~! adjustment fac-
tors gives predicted BDEs of 105-106 kcalmol~! for GeH;—OH, ca 99 kcal mole for
SnH3—OH and ca 94 kcalmol~! for PbH3—OH. For XH3—SH the MP2 (MP4) shift is
1.9 (4.3) kcalmol~!. Using these numbers to adjust the higher XH3; —OH stabilities gives
(in keal mol™") ca 86-87 for SiH3—SH, ca 78 for GeHs—SH, ca 75 for SnH;—SH and
ca 73 for PbH3;—SH.

D. XH3AH,

In this category are found the A = N, P, B and Al substituents. The amine set
(XH3—NH;) behaves as II-A together with the XH3—A and XH3z—AH sets, while
the phosphorus, borine and alane series conform to class I-A, like XH3—H. For the
reference BDE of SiH3—NH, the value based on the calculated heat of formation of
SiH3NH,2% is adopted. For that choice, the MP2 (MP4) error in CH3—NH; stability
is 1.1 (4.9) kcalmol™! and for SiH3—NH, is 1.9 (6.1) kcal mole. Using adjustment
energies of 1.5 kcalmol™! for MP2 and 5.5 kcalmol~! for MP4 gives predicted BDEs
for GeH;—NH, of ca 87 kcalmol™!, for SnH3—NH, of 79-80 kcalmol~! and for
PbH3—NH; of ca 76 kcalmol~!. For XH3—PH, only the methyl stability is used with
an MP2 error of 3.3 kcalmol~! and an MP4 underestimation of 5.4 kcalmol~!. Using
these numbers as energy shift values gives projected BDEs of 69-70 kcalmol~! for
SiH3;—PH,, 65-66 kcalmol~!' for GeH3;—PH,, 60-61 kcalmol~! for SnH;—PH, and
59-60 kcalmol~! for PbH;—PH,. For the XH;—BH, and XH3;—AlH, sets there is no
reliable experimental stability information. However, the comparisons until here seem
to show that a ca 4 kcalmol~! upward adjustment of the average of MP2 and MP4
BDEs generally gives values closer to experiment than the raw, untreated MP2 and MP4
energies shown in Tables 26-30. On this basis, the XHz —BH, and XH3—AlH; stabilities
(in keal mol™!) are calculated to be ca 105 and 83 (X = C), 87-88 and ca 68 (X = Si),
79-80 and ca 67 (X = Ge), ca 72 and 61-62 (X = Sn) and ca 70 and ca 60 (X = Pb),
respectively.

E. XH;—AH;

Experimental BDEs are available for CH3; —CH3, SiH3—CH3 and SiH3—SiH3 in Tables
26 and 27. MP2/MP4 underestimates the CH3—CH3 stability by 1.4/3.2 kcal mol~!, the
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SiH3—CHj3 energy by 2.1/3.3 kcalmol~! and the SiH3 —SiH3 BDE by 3.4/2.6 kcal mol .
The stabilities of this series of ethane analogs has recently been discussed
theoretically'!>2*! using the LDF method. Their calculated BDEs for CHz;—CHj
(86.8 kcalmol~!) and SiH3—CH3 70.0 kcalmol~1)#*! are very close to the theoreti-
cal values here. However, for SiH3—CHj the difference between the LDF method?*!
and Table 27, and with experiment, is larger. In general, the homogeneous XH3—XHj3
BDEs agree very well (within ca 2 kcalmol™!) between the two calculational methods,
except for PbH3 —PbH3 where the difference is about 7 kcal mol~!. In contrast, for the
XH3—CH3 (X # C) members’ stabilities the difference between previous®*! and current
(Tables 27-30) calculated binding energies ranges up to ca 16 kcalmol~! for PbH3—CHj,
increasing with the size of X. The calculated stabilities in Tables 2630 are relatively well
converged with respect to the value of n in the MPn series of energies. It should therefore
be possible to extrapolate corrections to the calculated BDEs and obtain good estimates of
the true bond energies. Adding 4 kcalmol™! to the average MP2/MP4 calculated BDEs
for GeHz—GeH3 gives a predicted ca 65 kcalmol~!, which agrees well with the experi-
mental 66.0 kcalmol~! value?*°. In this manner, the other projected stabilities (in paren-
thesis, kcalmol™!) are: GeH3—CHj3 (ca 80), SnHz—CHj3 (ca 72), PboH3—CHjz (ca 71),
GeH3;—SiHj3 (ca 71), SnH3—SiH3 (ca 66), PbH3—SiH3 (ca 64), SnH3—GeH3 (ca 63),
SnH3—SnH3 (ca 59.5), PbH3—GeH3 (ca 61.3), PboH3—SnH3 (ca 57.5) and PbH3;—PbH3
(ca 55.5).

F. XH;AB

The AB members of this series are AB = CN, NC, NO, ON, CP, PC, PO, OP and
OF. The substituents CN, CP and PO have BDEs that behave as the more covalent
class I-A. NC, PC, OP and OF conform to the more ionic class 1I-A, and NO behaves as
class I-B. The latter has PbH3 —NO more stable than SnH3—NO. The structural features
of PbH3—NO indicated an attractive interaction between PbH3 and the oxygen atom. The
class I-A CN and CP compounds have very similar BDEs for the X = C and X = Si
members, indicating some intermediate behavior between classes I and II. The XH3—ON
set is not thermodynamically bound for any X and XH3—OP is very weakly bound.
The CN and CP radicals have large UHF (S 2y values and therefore have exaggerated
theoretical XH3z—CP and XH3z—CN stabilities. The CH3—CN BDE can be compared
with experiment which shows that MP2 is 19.2 kcalmol~! and MP4 is 13.0 kcal mol~!
larger than experiment (Table 26). This ca 6 kcal mol~! difference between MP2 and MP4
in CH3—CN decreases to ca 5 kcalmol~! for SiH3—CN to PbH3;—CN (Tables 27-30).
Applying a ca 13 kcalmol~! correction uniformly to all the MP4 energies of the nitriles
gives predicted XH3—CN stabilities of ca 122 (Si), ca 112 (Ge), ca 107.5 (Sn) and ca 102
(Pb) kcalmol~!. The XH3—NC set is also strongly bound. The experimental BDE for
CH3—NC is 24 kcalmol~! less than for CH;—CN and this difference is exactly repro-
duced by the ca 24 kcal mol~! difference in calculated MP4 binding energies (Table 26).
Applying the same ca 13 kcal mol~! correction to the MP4 binding energies of the other
members of the XH3—NC set gives adjusted BDEs of ca 116 (Si), ca 103 (Ge), ca 100
(Sn) and ca 95 (Pb) keal mol ™. It should be noted that because of the different behaviors
of the —CN and —NC sets with X atom substitution in XHz, the SiH3 —NC binding energy
is calculated to be larger than for SiH3—CN. CH3;—NO has a small (ca 40 kcalmol™!)
measured binding energy which is very close to both the MP2 and MP4 calculated stabili-
ties. As noted above, the CH3z—OF experimental BDE, based on measured and calculated
heats of formation, is anomalously smaller than the corresponding calculated values.
The theoretical XH3z—OF binding energies remain large for Si — Pb. The XH3—CP
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BDE:s are calculated to be very high due to the large, incorrect UHF (S2) value of the
CP radical (Table 17). One possible way of estimating an energy adjustment term to
correct for the error in (S2) is to use the difference in the PMP2 and MP2 BDE val-
ues to correct the MP4 stabilities. For CH3—CN this gives a ca 12 kcal mol~! shift in
energy and ca 11 kcalmol™! for SiH3—CN to PbH3;—CN. These numbers are close to
the 13 kcalmol~! correction deduced by comparison to experiment for CH3—CN and
already applied above, generally for XH3z —CN. For XH3—CP, however, the PMP2-MP2
correction term is ca 21 kcalmol~! and that decreases to ~ 20 kcalmol~! for Si — Pb.
Applying a uniform 22 kcalmol~! reduction of the MP4 stabilities of XH3—CP gives
BDEs of ca 109 (C), ca 108 (Si), ca 98 (Ge), ca 93 (Sn) and ca 88 (Pb) kcalmol~'.
With this same size correction, the linkage isomer XH3—PC binding energies are all
below 50 kcal mol .

G. XH3ABH

As noted above, the calculated BDEs for the XHz —CCH set suffer in accuracy from the
high UHF (S 2y value for the CCH radical (Table 17). The MP2 stability for CH3—CCH
is ca 13 kcalmol™! too high at the MP2 level and ca 8 kcalmol™! too large at the MP4
level. The PMP2 energy (Table 26) is only 1.3 kcal mol~! over experiment. The differ-
ences for the silicon compounds (Table 27) are smaller. Applying the shift factors to
the respective MP2, PMP2 and MP4 bond dissociation energies of the other XH3;—CCH
compounds gives the following projected stabilities (in kcal mol~"): ca 116 (Ge), ca 111
(Sn) and ca 105 (Pb). The C(O)H radical, on the other hand, has a UHF (S2) value that
is close to 0.75. The MP2 calculated BDE (Table 26) is 1.1 kcal mol~! too low and MP4
is 3.3 kcal mol~! smaller than the experimentally derived stability of CH3 —C(O)H. If the
1.1 and 3.3 kcal mol~! factors are added to the respective MP2 and MP4 binding ener-
gies of XH3—C(O)H in Tables 27-30, the following predicted BDEs (in kcal mol~!) are
obtained: 67-69 (Si), 60-61 (Ge), 52-53 (Sn) and 53-54 (Pb). The C(O)H substituent
behaves as a class I-B group.

H. XH3ABH3

The comparison between theory and experiment for XH; —CHCH, is doubly difficult,
both because of the large UHF (S?2) value for the vinyl radical (Table 17) and because
of the uncertainty in its experimental enthalpy of formation??%2?7. The CH3;—CHCH,
binding energy is based on this enthalpy value. The preferred experimental value is
AH:? (CoH3-) = 68 kcal molflm, which leads to a derived experimental BDE of
98.1 kcalmol~! for CH;—CHCH,. On this basis, the MP2 energy is 8.4 kcalmol ™!
and MP4 is 5.0 kcalmol~! too high relative to experiment. Applying these correction
terms to the other members of the XH3;—CHCH, set projects BDEs (in kcal mol™1)
of 92-94 (Si), 83-84 (Ge), 75-76 (Sn) and 73-74 (Pb). The experimental BDEs
of CH3—OCH3 and CH3—SCH3 are known (Table 26). The MP2 energy is too large
by 3.8 kcalmol~! and MP4 underestimates by 1.2 kcalmol~! relative to experiment.
Applying these adjustment factors to the other XH3 —OCH3 members gives the following
predicted BDEs (in kcal mol™1); ca 110 (Si), ca 91 (Ge), ca 83 (Sn) and ca 80.5 (Pb).
Analogously, using the 73.7 kcalmol~! experimental BDE for CH3—SCH3, the MP2
stability is 0.9 kcalmol~! too low and MP4 is 3.6 kcalmol~! too small compared to
experiment. Using these numbers as respective MP2 and MP4 correction factors for the
other XH3—SCH3 molecules leads to extrapolated BDEs (in kcal mol~1) of ca 83 (Si),
ca 74 (Ge), ca 70 (Sn) and ca 70 (Pb). The XH3—OSiH3 set (X = Si — Pb) has larger
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BDEs than the corresponding members of the XH3 —OCH3 and XH3—SCH3 sets, probably
because of the very basic oxygen atom in the OSiH3 fragment. SiH3 —OSiH3 (disiloxane)
has one of the highest BDEs of any compound in Tables 26-30.

. XH3ABHs

The MP2 calculated BDE for CH3—CH,CHs is 1.3 kcalmol~! above the measured
value and MP4 is 1.1 kcal mol~! smaller than the experimental stability. Averaging MP2
and MP4 calculated binding energies for the other members of the XH3—CH3CHj3 set
gives BDEs of ca 83.0 (Si), ca 73.8 (Ge), ca 65.4 (Sn) and ca 65.9 (Pb) kcalmol™'.
The best available experimental BDE for SiH3—CH;CH3 combines experimental and
theoretical heats of formation to give a stability of 82.6 kcal mol~! (Table 27). This agrees
very well with the above 83 kcalmol~! predicted value.

J. XH;ABC

The azide radical (NNN-) has a calculated UHF (S2) of 0.9056 (Table 17). Conse-
quently, the UMPn binding energies would be expected to be greater than observed.
The derived experimental BDE of 80 kcal mol~! (Table 26) has an uncertainty of at least
+5 kcal mol~! attached to it, based on the measured enthalpies of formation!3224, Another
consideration is the theoretical difficulty in describing multiply bonded systems such as
CH3—N=N=N. It is therefore difficult to formulate a scheme for estimating the heavier
atom XH3—NNN binding energies from the calculated MPn values. Of the six, —OCN,
—NCO, —SCN, —NCS, —SeCN, and —NCSe substituents, only the CH3;—NCO experi-
mental BDE is listed in Table 26. Although the UHF (S?%) value for NCO is above 0.8,
the calculated stabilities are less than the experimental value. If the correction energies of
6.3 (MP2) and 12.7 (MP4) kcal mol~' from the CH3—NCO case are applied to the other
XH3—NCO molecules, then their predicted BDEs are (in kcal mol~1): ca 129 (Si), ca 114
(Ge), ca 110 (Sn) and ca 106 (Pb). The substituents —NNN, —OCN, —NCO, —NCS and
—NCSe behave as class II-A groups. For —SCN and —SeCN, the BDEs increase from
Sn to Pb (class II-B), for the reasons noted in the discussion on the structural features.

The ligands —C(O)F and —C(O)Cl behave as class I-A groups, as do all the Y
substituents attached to XHjz through a low-electronegative atom (like carbon). In
CH3—C(O)F, MP2 is 2.0 and MP4 is 4.3 kcal mol~! below the experimentally derived
BDE. Using these numbers as correction factors for the other X atom compounds with
—C(O)F gives BDEs (in kcal mol~1) of ca 87 (Si), ca 79 (Ge), ca 73 (Sn) and ca 72 (Pb).
The BDEs for CH3—NO, and CH3—ONO are listed in Table 26. For XH3NO; the MP2
(1.0 kecal mol~!) and MP4 (4.8 kcal mol~!) correction terms derived from CH3—NO; can
be applied to the respective MP2 and MP4 BDEs for the other XH3—NO, compounds to
give predicted binding energies (in kcalmol™!) of ca 65 (Si), 55-56 (Ge), 51-52 (Sn)
and 52-53 (Pb). The analogous CH3—ONO difference energies are 3.5 (MP2) and 3.6
(MP4) kcalmol~! compared to experiment. Applying these shifts to XH3—ONO gives
(in keal mol™1) ca 81 (Si), ca 67 (Ge), ca 64 (Sn) and 68-69 (Pb). The XH3;—ONO and
XH3—OPO BDEs behave like class II-B, as expected from Y substituents with highly
electronegative atoms attached to X. The increase in stability from Sn to Pb is the result
of the above discussed Pb... O interaction in these systems.

K. XH3ABCH

The CH3—C(O)OH BDE can be derived from tabulated AH;° values for the con-
stituent components of reaction 1 to give 84.9 kcal mol~!. This energy is 9-10 kcal mol~!
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smaller than the calculated MPn BDEs (Table 26) which seem to be nicely converged
with n. There is no reasonable explanation for such a large discrepancy between theory
and experiment at this level. Support for the higher theoretical values comes from the
CH;—C(0)OCH3 BDE, which is experimentally estimated at 92.5 kcal mol~!. Substitut-
ing a methyl group for a hydrogen atom at such a remote position from the cleaved C—C
bond should not affect the C—C BDE to a significant extent. It must be that the quoted

AH{°[C(O)OH] of —53.3 kealmol~!" is in error by 7-8 kcal mol~".

L. XH3ABCH,

The BDEs for XH3—C(O)NH; are calculated to be uniformly lower than in
XH3C(O)OH. This trend is consistent both with the lower calculated C—C stretch
frequency in CH3C(O)NH, (851 cm™!) relative to CH3;C(O)OH (862 cm™!), and with
the lower electronegativity of —NH; relative to —OH.

M. XH3ABCH,

The calculated BDEs of the members of the XHz—C(O)CHj3 set are uniformly
lower than the respective binding energies of the —C(O)NH; and —C(O)OH sets, as
expected from electronegativity arguments. The MP2 calculated stability is 1.3 kcal mol~!
below and MP4 is 3.8 kcalmol~' smaller than the experimentally derived BDE of
CH3—C(O)CHs3. Using these numbers as correction terms to the other members of the set
gives predicted XH3z —C(O)CH3 binding energies (in kcal mol~1) of ca 70 (Si), ca 62 (Ge),
ca 55 (Sn) and ca 56 (Pb). The derived experimental BDE for SiH3 —C(O)CH3 (Table 27)
is 69.8 kcalmol™!, in excellent agreement with the above 70 kcal mol~! projected value
from using the CH3z—C(O)CH3 shift energies. In SiH; —C(O)CH3 the MP4 value is only
2.5 kcal mol~! below experiment and this has already been taken into account in the
above extrapolated BDE values for X = Ge, Sn and Pb.

N. XH3ABCD

Experimental BDE values in this catagory are listed in Table 26 for —ONO; and
—CF3. The calculated UHF (S 2) value for the NOj3 radical (Table 17) is 0.8009 and
the MP2-PMP2 energy difference for CH;—ONO,, for example, is ca 6 kcal mol~!. The
MPn binding energies as a function of n clearly have not converged for any of the XHj3
groups (Tables 26-30), but the patterns are the same: similar MP2 and MP4 energies, and
14-15 kcal mol~! higher MP3 stabilities. The consistency of these trends can, perhaps,
be used to extrapolate the heavier XH3 group BDEs with NO3. For CH3—ONO; the
MP2 binding energy is 2.3 and MP4 is 3.2 kcalmol~! below experiment. Using these
numbers to adjust the corresponding energies for the other XH3—ONO, BDEs gives (in
kcal mol™"): ca 103 (Si), ca 88 (Ge), ca 86 (Sn) and ca 90 (Pb). Both XH;—ONO, and
XH3—OPO; are class II-B systems because of the additional Pb. .. O interaction. For the
XH3—CF3 set there is an experimentally derived BDE only for CH3;—CF3;. The MP2
energy is only 0.3 kcalmol~! above experiment, so that the MP2 calculated BDEs for the
other XH3—CF3 compounds should be close to their respective experimental stabilities.

0. XH;ABCDH;

The derived experimental CH; —C(O)OCH3 binding energy is 92.5 kcal mol~!. The cal-
culated MP2 BDE is 1.6 kcal mol~! above that value. Reducing the MP2 binding energies
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for the other XH3—C(O)OCHj3 species by 1.6 kcalmol~! gives projected BDEs of ca 80
(Si), ca 72 (Ge), ca 66 (Sn) and ca 65 (Pb) kcal mol~'. However, the MP2 calculated BDE
for CH;—OC(O)CH3 is 17.5 kcal mol~! smaller than the derived experimental value. The
CH3CO,- radical was found to be unstable to dissociation to give CO, + CH3-. This, in
fact, is also the experimental thermodynamic result obtained by using the AH;® values of
the 3 species involved??*. The C(O)OCHj3 radical must then be metastable. The exother-
micity of the C(O)OCH3- — CO,+CHj3- reaction is 18.7 kcal mol~! experimentally!'3-224
and 21.1 (MP2) or 20.3 (MP4) kcalmol~! theoretically from the energies in Table 17.
There must also be a metastable CH3CO, radical with an (experimental) exothermicity

of 9.5 kcal mol_'w’m, but it was not found by the present MP2/TZDP geometry opti-
mization. The XH3—C(O)OCH3 BDEs show class I-A behavior, while XH3—OC(O)CH3
is class II-B. In the latter cases there is a Pb. .. O stabilizing interaction.
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I. INTRODUCTION

The classical consensus rationalized differences between C and the heavier Group 14
elements as due mainly to carbon’s ability to form

(i) strong element—element bonds giving homonuclear chains and rings, and

(ii) 7 overlap of p orbitals (in more current terminology) and hence alkenes, alkynes,
aromatic compounds and the like.

Distinctive heavy-element properties were also recognized. In particular,

(iii) the existence of a distinct (II) state for Ge and its increasing stability through Sn
to Pb,

(iv) the ability of the heavier elements to expand their coordination number above 4,
allowing types of compound inaccessible to C, producing different structures for formally
analogous compounds (e.g. halogen-bridged polymers for R,EX5) and providing lower-
energy intermediates and hence major kinetic effects.

This review of the structural properties of organo-germanes, -stannanes, and -plumbanes
covers only compounds whose structures have been determined by X-ray crystallography
or other absolute methods. A much wider range of structures has been well established
by spectroscopic methods. Advances in crystallography in the last ten years has made
the method much more accessible, so that the determined structures are, by and large, a
representive cross section of current chemistry. Much of the inspiration for study of Ge,
Sn and Pb chemistry in recent years has been to test the classical generalizations. Thus
our focus is to

(a) cover the carbon comparisons and contrasts outlined in (i) to (iv) above, and

(b) go beyond classical ideas especially in multiple bonding, divalent organometallics
and more complex structures.

It is possible only to touch on heavier Group 14 organics in other actively developing
fields such as metalla(car)boranes or in transition metal chemistry.

The picture is painted against a background of the classical chemistry of the tetravalent
(IV) state. There are many valuable baseline reviews!? covering to the early 1980s, and
only a few classical references are quoted from the earlier period. Recent reviews® are
relevant. For comparison with Si, recent summary references* usefully cover to 1988/9.
The degree of interest has varied widely between the different Group 14 elements. Because
of the accessibility, economic importance and greater amenability to older methods, there
are about three times as many organotin structures in the Cambridge data base as there
are organogermanium ones, which in turn has some five times as many entries as lead.
In the last five years, interest in germanium has increased relatively though still less than
tin, while organolead chemistry remains a minor field.

While the generalizations of an earlier period were invaluable in the initial structuring
of the chemistry of Main Group elements, we now see that they provided only a skeleton.
The present picture of Group 14, as of the rest, is one of a rich chemistry of each
individual element, a subtly varying relationship between them, and sufficient unexpected
and at present unique behaviour to indicate that further development will be exciting and
complex.

Il. SIMPLE TETRAVALENT SPECIES
A. Basic Bond Lengths

Mononuclear ER4 and simple four-coordinate compounds of E(IV) states are the base-
line for viewing the other coordination numbers, the effect of bulky ligands, bonds to
other E or metals, E(II) compounds, multiple bonds and other phenomena discussed in
later sections. Basic parameters for some simple compounds are presented in Table 1,
taken from the gas-phase data summarized by Molloy and Zuckerman® and Haaland®.
These data show the unperturbed molecules in the gas phase and provide the base for
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TABLE 1. Bond distances (pm) and angles (deg) in simple tetravalent species

Compound E-C E—H or E-X Angles or notes

MesGe 194.5 CGeC = 109.6

Me3;GeH? 194.7(6) 153.2 CGeC = 109.6
CGeH = 109.3

Me,GeH,“ 195.0(10) CGeC =110.0

MeGeH3“ 194.5 152.9 HGeH = 109.3

GeH," 152.5 HGeH = 109.5

CH3—CH,GeH3 194.9 152.2 CGeH = 109.7

CH,=CHGeH3“ 192.6(12) 152.0 CGeH = 109.7

CH=CGeH3“ 189.6 152.1 HGeH = 109.9

(0-C5Hs5)GeHs 196.5 153 planar Cs ring
GeC-ring angle = 64°

Me,GeF, 192.8 173.9

MeGeF; 190.4(9) 171.4

Me;3GeCl? 194.0 217.0

Me,GeCly 192.6 215.5 Ge-Cl = 214.3 in another study

MeGeCl3 189.3(10) 213.2

GeCly 211.3

Me3zGeBr 193.6 232.3

Me,GeBr, 191.1(12) 230.3

MeGeBr; 189 227.6

GeBry 227.2

Ge(CF3)4 198.9

Me4Sn 214.4

MezSnH 214.9 171(7)

Me,SnH, 215.3 168.0(15)

MeSnH3“ 214.3 170(2)

SnH,? 171.1 HSnH = 109.5

Me;SnC=CH 214.1 (Me) and 212.6(8)

Me3SnC=CSnMej3 212.7 (Me) and 209.5

(CH,=CH)4Sn 211.6 CSnC = 109.7

(CH=C)4Sn 206.7

(CH=C)3Snl 206.0(6) 264.5

(F3CC=C)4Sn 207.0

PhsSn 216.8

Me;3SnCl 210.6(6) 235.1 CSnC =115
CSnCl = 103

Me;,SnCl, 210.9 232.7

MeSnCl3 210.4(16) 230.4

SnCly 228.1

Sn(CF3)4 216.8

Me4Pb 223.8

All by electron diffraction except ¢ microwave, byibrational - rotational spectroscopy. Standard deviations are 5 or less
in the units of the last digit, except where given.

comparison for more complex structures. Data vary because (i) different structural meth-
ods determine different measures related to geometrical parameters, (ii) techniques have
improved with time and (iii) experimental problems, such as the stability of compounds,
affect data quality. The large majority of bond-length determinations are available to
0.1 pm and a difference of 1 pm is commonly 2-3 o when there are no experimental
difficulties. Thus slight changes —e.g. in E—C with the number of E—H bonds — are not
significant at this order of accuracy.

With H or alkyl as ligands, the bond lengths, and thus the E radius, remain constant
within 1 pm for Ge and Sn. The reduction in M—C for alkene and for a single



2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 101

TABLE 2. Standard bond lengths (pm) in four-
coordinate compounds of Ge, Sn or Pb?

= Ge Sn Pb
E—C(alkyl) 194.5 214 225
E-H 152.5 170
E-F 171 196 201
E—O(ether) 176 194
E—N(amine) 185 204
E-Cl 215 235 243
E—S(sulphide) 223 243 249
E-P 236 254 262
E—Br 232 249 265
E—Se 238 255
E-I 250 270
E—Te 275

% Adding further electronegative ligands reduces E—C and
increases E—X by some 2 pm for each. A similar reduc-
tion occurs in E—C in going to sp2 and then to sp C.

alkyne essentially matches the established differences between sp>, sp? and sp C. The
tetra-ethynes and the distannyl ethyne show further reductions. Increasing halogen
substitution reduces both the E—C and the E—X bonds, as expected from the inductive
effect of the electronegative ligands.

The gas-phase values are often a little larger than found for solid state structures.
However, taking Table 1 data together with solid state values from simple compounds,
we may generalize that ‘normal’ bond lengths would be within 2 pm of the values in
Table 2.

B. Alkyls and Related Compounds

Based on these generalizations, several studies of alkyl species are of interest.

(i) The 158K X-ray structure’ for Me4Sn shows the molecule lying on a three-fold axis
with three Sn—-C lengths of 213.8(6) pm and one of 210.2(8) pm compared with the gas-
phase value of 214.4(3) pm. Angles are essentially tetrahedral. While the differences are
only marginally significant, the distortion does match those indicated by inelastic neutron
scattering and spectroscopic studies on EMey solids.

(ii) Crystal structures of the alkynyl-tin compounds, Sn(C=CR)s for R = CMe;3
and SiMes®, are part of a study of alkynyl exchange which included spectroscopic
characterization of a wide range of species. Deviations from ideal tetrahedral configuration
at Sn are slight with CSnC angles of 107.6° to 112.9° in the two compounds. Sn—C bonds
averaged 207.4 pm (R = CMe3) and 207.9 pm (R = SiMes), shorter than in Table 1.
There was no short intermolecular distance.

(iii) There are few structures reported for lead compounds and the only crystal structure
for a tetraalkyl is that® for tetrakis(2-chlorobenzyl)lead. The four benzyl CH, groups form
a slightly flattened tetrahedron with Pb—C lengths of 226 pm and CPbC angles ranging
from 105 to 115°.

(iv) The calculated!? SCF-optimized geometries for Me, PbF4_,, species show shorten-
ing with increasing electronegative ligands with a Pb-C length of 222.7 pm for n = 3,
diminishing to 220.2 and 219.8 pm for n = 2 and 1, respectively. The CPbC angles are
enlarged to 116.4° in the trimethyl and 134.8° in the dimethyl. As n decreases, the increas-
ing positive charge on lead leads to an increase in the s orbital contribution giving the
structural changes. Energy calculations show that Me4Pb is stable with respect to Me,Pb
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and Pb and Me3PbF is stable with respect to loss of CH3F. In contrast, lead tetrahalides
are unstable with respect to PbX; and MeF elimination from MePbF3 is exothermic.
Thus the at-first-sight unexpected stability of Pb(IV) in tetra-and tri-alkyls also reflects
the change in s and p contributions to the bonding.

(v) The structures of two Ge—CF3 oxides are of interest. (CF3),GeO!! is a linear
polymer with Ge-C = 198.5 pm [similar to Ge(CF3)4], Ge-O distances in the chain
essentially equal at 173.1 and 175.1 pm and chain angles of 133° at O and 104° at
Ge. An electron diffraction structure!? of [(CF3)3Ge],O shows a similar Ge-CFs dis-
tance (200.4 pm), which is lengthened compared with the methyl analogue, while Ge-O
(172.4 pm) is shortened. The GeOGe angle of 151.5° continues the widening trend seen®
for the GeHs (126.5°) and GeMe3 (141.0°) analogues. These angles are wider than for C
counterparts, but not as open as for Si. Such changes are now ascribed!3 to bond polarity
differences, together with the variation with E of the s—p energy gap, rather than by the
older idea of m acceptance of the lone pair by the nd orbital.

(vi) Germacyclohexanes and polycyclic analogues have been extensively studied!#,
with a strong input from NMR methods. The crystal structure of 1,3,5-trigermacyclohexane
and the electron diffraction structures'> of germacyclohexane, GeCsHjs, and the dimethyl
analogue Me;GeCsHjo show the molecules are in the chair form with Ge-H = 153.0 pm
and Ge-C = 195.6 pm (Ge—CH3 assumed = Ge—CHy).

(vii) The compounds P7(EMes)s (1) form one of the few series of more complex
compounds'® which contain all the Group 14 elements. The sensitivity to oxygen gives
rather high standard errors. The parent heptaphosphane, P7H3, structure can be envisaged
as a P, tetrahedron with PH inserted into three P—P edges. In all members, the non-
substituted P3 face has longer P—P bonds than those involving P(EMe3). The E—C bonds
are all normal while P-E lengths (pm) are 228.8 (Si), 235.5 (Ge), 253.9 (Sn) and 261.7
(Pb), which fit with Table 2 values.

P// PXP— EMe;

P—EMe;
b a=221-223 pm
b, ¢ =218-220 pm

Me3 E—

P—\——P

@

(viii) The distibanes, (Me3E);SbSb(EMes); (2), are reported for E = Si, Ge and Sn.
The Ge-Me and Sn-Me lengths are normal!” and the configuration is trans with angles
at Sb of 92-93°. There are short intermolecular Sb...Sb contacts of 386 pm at —110°C
(Ge) and 381.1 pm at —120°C (Sn) which increase 4-6 pm at room temperature.

EMe;
[, -EMe;
///Sb—bSb’ a
EMe; E=Ge:a=263.0 pm, b=285.1pm
EMe; E=Sn:a=279.7 pm, b =286.6 pm

)]
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(ix) In Me3GeN(SO;Me), (3), the two independent molecules'8 give tetrahedral Ge
with essentially identical Ge-C values [192.3(2) to 193.6(3) pm], an unusually long
Ge—N and planar nitrogen. The Pb analogue gives a chain structure by additional Pb—O
bonding.

SOzMe
a=198.4pm
Me;Ge—%-N ab=121.1°
b\ bb=117.3°
SO,Me
3)

(x) The Me3Ge group, in contrast to Me3Si, allows a nearly-coplanar PhN4Ph skeleton
in the tetrazene, Ph(Me3; Ge)NN=NN(GeMe3)Ph!® maximizing 7 interaction. The configu-
ration at Ge is tetrahedral (angles 106.1-113.1°, GeC = 194.0 pm, GeN = 191.2 pm) and
the molecule has Cp, symmetry. Further potential chemistry is indicated by the existence
of a SiN4 ring.

C. Aryls

With larger ligands, we look for signs of steric distortion.

1. Basic tetraaryls

It is noticeable in Table 1 that the gas-phase structure for Ph4Sn shows a Sn-C length
of 216.8 pm, rather than a value reflecting sp> carbon, and this may imply a steric effect.
Interestingly, the old crystal structure — determined by photographic methods — of Ph4Pb
has been redetermined by two groups recently?>2!. The molecule is S4 and contracted
along this axis, giving four smaller and two larger CPbC angles, differing by 2.2° (average
of the two determinations). Each phenyl ring is twisted by an angle « of 59° with respect
to its CPbC plane, so that the conformation of each EPh3 group is propeller-like. This S
configuration is found?! for most Ar4E structures (Ar = Ph, o-, m-, p-Tol, C¢Fs: E = Si
to Pb, also CPhy), although there are three different space groups. Twist angles « are
50-60°. The difference between the two larger and four smaller angles increases from
Ge to Pb, is small for R = Ph or m-Tol, intermediate for o-Tol, and as large22 as 7.4°
(Sn) and 8.8° (Pb) in the (p-Tol)4E species. Even Ph3Si(p-Tol) deviates?® only slightly
from idealized S4 with all Si—C equal within 20 and with PhSiTol giving one of the two
larger 111° angles and two of the four smaller ones, again statistically indistinguishable
from the PhSiPh angles. The only exceptions to S4 were (p-Tol)4E, E = Si or Ge, with
a tetrahedron lengthened along one axis. This brings only three of the aryl groups closer
than in the tetrahedron, as opposed to all four in the S4 structures. While the E—C bond
lengths are statistically indistinguishable, the three angles involving the extended axis
average 110.3(1)° while the other three average 108.6(1)°. The mean bond angles at E are
tetrahedral in all these molecules and the mean E—C bond lengths are listed in Table 3.

Within the set of values in Table 3, there is little indication of steric differences between
the aryls, with the slightly longer o-tolyl bonds barely if at all significant. The ortho-methyl
does adjust by moving away from the E group in-plane (Figure 1). The E-C(aryl) lengths
are longer than the sp> C—E value (let alone the sp? one) for Ge but similar, or slightly
shorter, for Sn and Pb, indicating steric adjustment in the germanium compounds. Many
of these structural features carry over into the perphenyl catenated compounds discussed
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TABLE 3. Mean E—C bond lengths (pm) in AryE compounds deter-
mined crystallographically?-?

E/Ar Ph o-Tol m-Tol p-Tol CgFs
Si 187.2 — — 187.3 186.6
Ge 195.4 196.6 — 194.8 195.7
Sn 214.3 215.2 215.0 214.7 212.6
Pb 219.8 2229 219.1 221.7 —

“Data from References 20-23 and references cited therein.

bNote some Sn—C bond lengths in highly hindered compounds of 218-225 pm
quoted in H. Griitzmacher, W. Deck, H. Pritzkow and M. Sander, Angew. Chem.,
Int. Ed. Engl., 33, 456 (1994).

123°

123°
CH3

FIGURE 1. In-plane distortion in (o-Tol);Ge

later. Many of these studies?® 23 also detail NMR and other spectroscopic parameters

for a wider range of tetra-aryls including xylyls and mixed-ligand species and develop
systematic relationships between structures and chemical shifts or coupling constants.

While not referring directly to Group 14, a review?* on quantification of steric effects
tabulates steric effect data such as cone angles for PR3 and AsR3 species, which are useful
comparisons for SiR3 and GeR3 substituents.

2. Further aryl compounds

(i) The structure?> of the fully substituted benzene, (Me3Ge)¢Cq, shows
somewhat lengthened Ge—C(aryl) bonds (197.6-199.8 pm) and Ge—C(methyl) bonds
(192.3-195.8 pm) which are normal. As with organic analogues, C¢Rg, the structure
relieves steric strain by (a) a slight puckering of the C¢ ring into a flattened chair, (b) a
marginally significant lengthening of C-C to 141.8(13) pm from 139 pm in benzene and
(c) substantial bending by 22° of the Me3Ge groups out of the idealized plane of the
molecule —alternatively above and below. This reduces the GeC(aryl)C(aryl) angles by
about 3°. The angles at Ge are substantially distorted from tetrahedral (103-123°) while
the benzene ring angles stay at 120°. Force field calculations indicate similar structural
properties for the three (Me3E)sCg molecules with distortions increasing from E = C to
Si to Ge.

(i) In Sn(p-CgH4OEt)4%0 the strain is relieved by one OEt group twisting out of plane,
thus destroying the Ss symmetry at Sn, though the tin coordination remains close to
tetrahedral (Sn—-C = 212.6-213.5 pm, CSnC averaging 109.4° with a spread 105-112°).

(iii) All the molecules [Phs_,Sn{CH,P(S)Phy},], x = 1 to 4, remain tetrahedral®’
with no indication of S coordination (Sn—-Ph = 213.4 to 214.6 pm, Sn-C = 215.3 to
218.1 pm over the series, angles 104.5-112.4°). By contrast, the P=0 analogue forms a
dimer involving Sn...O coordination.

(iv) An indication of the intramolecular steric pressures is given by triphenylvinyltin
where the Sn—C bonds are all equal and normal, averaging 213 pm. The reduced strain
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is shown by the average value of the twist angle « of 51.6°, a reduction of 7° com-
pared with PhsSn, and with a larger change for the group remote from vinyl. The vinyl
group is twisted 5°, moving its H atoms away from the nearest phenyl. In (E)-but-2-
enyltriphenyltin® similar effects occur. The structure is very regular with the Sn—C bond
(216.4 pm) a little longer than Sn—Ph (213.6 pm) and PhSnPh angles (108.8°) slightly
smaller than PhSnC (110.2°).

(v) Reaction®® of the tin chlorides with o-xylenediyls [CsH4(CHR)2]>~ (R = H or
SiMe3) gave C¢H4(CHR)2SnPh; or [C¢H4(CHR),]>Sn] containing the [C¢H4(CHR),Sn]
bicyclic unit with a CCC(R)C(R)Sn five-membered ring and the second with spiro-Sn.
In all these compounds, Sn—-Ph = 213 pm, Sn-C in the 5-ring averaged 214.5 pm
and all bonds in the compounds with the disilyl ligand were 1-2 pm longer. A more
detailed discussion of fold angles and steric effects is given. A stannylene produced
[CeH4(CHR),Sn]4 with an Sny ring discussed later.

(vi) In an examination of the Lewis base behaviour of (Ph3Sn),O towards RizM
(M = Al, Ga) a dimeric product [Me;Al(-OSnPh3)], was identified?!, linked through a
four-membered Al-O—Al—O ring. The configuration at Sn is normal (Sn-C = 211.8 pm,
Sn-O = 198.4 pm, angles somewhat scattered, CSnC at 110-116° and OSnC at
104-108°). The SnPh3 groups are frans across the four-membered ring which shows
an unusually short Al. . .Al distance.

(vii) A perchlorinated aryl*?> (C¢Cls)3GeCl has Ge—C = 197.7 pm, slightly lengthened
compared with Table 3, indicating some strain. The Ge—Cl bond is normal at 215.8 pm.

D. Other Four-coordinated Species

(i) Li compounds. A direct E-Li bond is found in Ph3ELi(PMDETA) (E = Sn*,
Pb3*) with a trigonal structure (CSnC averaging 96.1°, CPbC = 95°, CSnLi 120.7°);
Sn-C = 219.5 pm, Pb-C = 229.5 pm, Sn-Li = 287.2 pm and Pb-Li = 285.8 pm). In
the trimer® [(Me3Ge)>NLi]3 a Me3Ge unit of normal geometry is present bonded to the
interesting (LiN)3 six-membered ring.

(ii) Halides etc with large substituents. While organogermyl halides are 4-coordinate,
the majority of tin and lead halides associate through halogen bridges, usually to give
five- or six-coordinate E in polymeric species. For tin, the triphenyl halides (X = Cl,
Br, I) and also PhySnCl, are mononuclear, or only slightly distorted. In particular, the
combination® of Ph or Mes and I is sufficiently demanding that Ph3SnI and Mes3Snl are
close to idealized trigonal symmetry at Sn. The phenyl compound fills the lattice closely
while the Mes groups are sufficiently bulky to leave gaps for chloroform or toluene
solvates. Further adaptation is shown by the bending away of the o-Me groups in the
plane of the phenyl rings to give (Sn)CCMe angles of 123° (compare Figure 1). Within a
relatively large uncertainty, the Sn—Ph distances are normal at 212 pm while the Sn-Mes
values which range from 216-218 pm in the two solvates are a little longer than Sn-o-Tol
(Table 3). Sn-1 is 269.9 pm in the triphenyl and 275.1 pm in the trimesityls, comparable
with other simple compounds (Table 2). Similarly, ISn(2-MeOCgHy )3 is tetrahedral’? with
Sn-1=271.3 pm and regular trigonal angles with CSnC averaging 113° and with CSnl,
107°. Even for fluorides, bulky ligands give mononuclear species®3® where, in R3SnF,
values for Sn—-F are 196.1 pm (R = Mes), 196.5 pm [R = C(SiMe;Ph)3]. Similarly,
Mes3;SnOH?® and Mes3;GeNH,*? are monomers.

(iii) Tied bicyclopentadienyls. Several structures were reported where R,Si groups tie
together two cp rings in metal cyclopentadienides. Later, Me;Ge(CsMey),LnX com-
pounds were characterized*! for X a (u-Cl);Li unit (Ln = Sm, Lu) or a bulky CHSiMe3
group (Ln = Ho). The Ge—Me lengths (195 pm) were consistently about 2 pm shorter
than Ge-cp while the MeGeMe angles of 103° averaged 5° wider than the cpGecp ones.
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Compared with the unbridged analogues, the centroid cpLncp angles were contracted
3-9°, some 3° less than the effect of a Me,Si tie. See also a similar tied zirconocene*?
as a selective polymerization catalyst.

(iv) E-boranes and -carboranes. Group 14 atoms have been bonded to a range of polyb-
oranes. The unusual apical substitution in square-pyramidal pentaborane was found*? for
(1-Ph,CISn)BsHg with normal Sn—Ph (214.3 pm) and Sn-Cl (238.3 pm) and Sn-B =
218.9 pm. The Ph3Sn analogue also gave spectroscopic evidence for apical substitu-
tion, but readily rearranged into the form with Ph3Sn bridging one base edge with
normal Sn-Ph and Sn-B values of 213.8 and 246.7 pm. Long Sn—C bonds (283 pm),
from a terpyridyl coordinated Sn, complete a closo-stannadicarbaheptborane®*. Simi-
larly, a ferrocenylmethylamine-Pb group completes a closo-plumbadicarbaheptborane®
with Pb-C = 277.4 pm, Pb-B = 253 pm and the Pb—N(ligand) bond is bent away
with Pb-N = 267 pm. Analogous Ge and Sn species are similar*®. The By|E icosahe-
dron E = Ge, Sn or Pb is readily synthesized in [B11H1E]>~. The structure*’ of the
derivative [Bj;H;1SnMe]~ shows the Sn—C bond bent slightly away from the ideal-
ized five-fold axis with Sn-Me = 210.5 pm and Sn-B = 229.5 pm. In the related*?
[BoHoCrMe,GeCl]~ the Ge-Cl (237 pm) is bent away and the Ge-C distances are
long at 254 pm, properly seen as m-bonded dicarbollyl ligands and Ge(II) (compare
Section V.B.3). Similarly, the bent-sandwich*® in an Sn(B4Cs), structure shows Sn(II)
(section V.C.1). Here Sn completes two closo-heptacarboranes and the angle is 142° at
Sn (average values, Sn—C = 270 pm and Sn-B = 238 pm).

(v) PhyE compounds. The PhiE group often supports otherwise fragile structures.
One case is polysulphane chains®® as in (Ph3Ge)—S—S—S—(GePhs) and the cyclohexyl
analogue. These compounds are relatively manageable, although they do deposit S on
recrystallization. The configurations at Ge are tetrahedral and propeller-like and stag-
gered with respect to the second GeR3 group. The Ge-Ph length may be a little short at
190(4) pm and there is a normal Ge—C of 197.1(15) pm in the cyclohexyl. This differ-
ence matches the sp2/sp> difference and suggests modest lengthening in the cyclohexyl
compared with methyls. The PhGePh angles open to an average 111°, indicating relief
of steric strain. The Ge-S and S-S distances average 227 pm and 202 pm, respectively,
which are normal within the error limits. The angles at S are relatively wide, averaging
105° for GeSS and 109° for SSS. More recently, the Si analogue has been reported”!
together with the tetrasulphane, (Ph3Si)—S—S—S—S—(SiPh3) where the inner S—S is
similar at 202.5 pm with the longer outer S—S bonds averaging 206.2 pm.

The Ge—N—N—W chain found in the complexes trans-[TWI(NNGeR3)(PR3)41°% (4)
results from the novel coupling reaction of a coordinated dinitrogen molecule with R3GeCl

R:P PR
\ /
b
— W-CN==
AN
PR, PR, GePh

a=1863pm ab=134.6
b=1248pm bc=168.2°
¢=180.9 pm

@
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in the presence of Nal. For R = Me, the product is extremely water sensitive and less
stable than the Si analogues. However, the Ph analogue was much more tractable. The
structure shows a normal GePhs group with bond lengths 195.0-196.7 pm and CGeC
angles of 106.7-111.7°. The Ge-N length is also in the normal range for GeN single
bonds. Thus attention focusses on the W—N—N unit which is formally double bonded.
The NNGe angle of 135° is unusually wide, probably reflecting repulsion between the
phenyl groups and the substituents on the cis phosphanes.

Tri- and di-phenylgermyl groups support Ge—S—CS—SR units in trithiocarbonate (tri-
xanthate) derivatives, although these readily eliminate CS;. The crystal structure®® of
Ph; Ge[S2C(S—i-Pr)], shows expected Ge—Ph parameters (GeC = 193.3 pm, CGeC =
118.1°), an acute SGeS angle of 87.3° and slightly long Ge-S at 228.1 pm. These values
are all a little more extreme than found® in the corresponding dithiocarbonates (xanthate)
PhyGe[S,C(O—i-Pr)], where SGeS = 103.2°, CGeC = 115.6° and GeS = 225.1 pm,
while the smaller OMe analogue has a more acute SGeS at 93.4°, with CGeC = 117.1° and
GeS = 226.2 pm. In these and similar structures of mono-, di-, tri- and tetra-thiocarbonate
and other sulphur—germanium derivatives®, there is no indication of expansion of the
germanium coordination above 4, in contrast to the tin analogues where the remote O or
S bonds back to give six-coordination. Similarly, Ph3SnSCgH4(2-NH,) is tetrahedral®
despite the potential N donor (Sn—-C = 211.7 pm, Sn-S = 243.6 pm).

Formation of 1,3,2-diazagermine was identified®’ by a crystal study of the novel eight-
membered 1,5,2-diazagermocine ring which resulted from acetylene insertion.

(vi) Bulky groups in B positions. While bulky groups directly bonded to E have substan-
tial and often exciting effects, E-CH,—R or similar links suffice to reduce steric effects
at E to a minimum, while the overall structure will optimize packing of the R groups.
A simple example®® is EtGe(SePh); where Ge-C = 195.2 pm and two GeSe bonds are
slightly longer (235.5 pm) and enclose a smaller angle (98.85°) than the third (234.8 pm
and 107-112°).

In (ArCMe,CH,);PbBr° where Ar is the bulky 3,5-di-z-butylphenyl, the three
—CH,CMe,Ar units are in a ‘Manx legs’ or pinwheel arrangement which minimizes
interactions. The crystal was poor, but within larger error limits the configuration at Pb
is tetrahedral with Pb-C = 216(5) pm and Pb-Br = 265.6 pm.

A further example results from a diene cyclization in the presence of Ph3SnH, where
Sn—H addition followed by cyclization yielded®® Ph3SnR where R is a cis fused 2-
oxabicyclo[3.3.0]octan-7-ol unit linked to Ph3Sn by a CH group (5). The Sn-Ph distances
are normal, averaging 213.3 pm, while Sn—CHj is slightly long at 216.6 pm. The angles at
Sn vary from 104° to 116° with the PhSnPh angles averaging 3° less than the PhSn—CHj
ones. The triphenyltin unit lies in the concave face of the bicycle which, though larger
than Ph, is more distant by one bond, so the steric effect at tin is minor.

6]
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Two benzyl and a C3 chain ligand allow one bulky tms group to be accommodated
in a fairly regular tetrahedron in (PhCH;),Sn(tms)R [R = CH,CH—C(SiMe3)11°! where
Sn-C values are all in the same range at 224 pm (tms), 219 pm (R), 224 and 221 pm
(benzyl). Similarly, angles range from 106.4-114.5°. Replacing L by OSiMe; allows
Sn-C to shorten a little to 217 pm and Sn-O is 193 pm.

An attempt®? to prepare a 7-bonded product using pentaphenylcyclopentadienyl yielded
instead the sigma-bonded, bulky ligand product PhsCsGeCl; with normal values for
GeC = 197.5 pm and GeCl = 213.1 pm.

(vii) Oxy-E chain. Structures are well established for Group 14 element-oxygen com-
pounds which are cyclic, multi-ring or cage, but simple chain examples are rare. In
Ph3Sn—O — SiPh, — O — SiPh,—O—SnPhs, the Sn-Ph and Si-Ph lengths®® are nor-
mal at 213 and 189 pm while the PhSnPh angles range from 111.3 to 114.4°. Sn-O is
194.5 pm and Si-O averages 160.5 pm. The SiOSi angles (165.4°) are at the high end of
the range of observed values while the SnOSi values of 140.0° and 142.7° are similar to
the 144.2° of Ph3SnOSiPhs.

lll. UNSTRAINED RINGS CONTAINING FOUR-COORDINATE ISOLATED E

Three-membered rings which are highly strained usually derive from studies on diva-
lent E or E=E species and are discussed separately. (RR'EX), rings X = O,S,Se,Te
make up a common class of four-coordinate E species. For oxides, while rings as large
as 16 members (n = 8) are known for Si, only smaller molecules have so far been
characterized for Ge and Sn with 6 and 8 (n = 3,4) as the commonest sizes for larger
rings. There are also many examples of 4-rings (n = 2). Bulky substituents allow iso-
lation of such molecules whereas the common products with small ligands are isoluble
polymers.

A. Rings Formed by Hydrogen Bonding

Many 4-valent E compounds are found as cyclic compounds. The least perturbation
of the geometry at E is probably found in the case® of Ph3GeOH which forms a cyclic
tetramer by OH...O hydrogen bonding. Here, there are four Ph3GeOH units in the cell
and the Ge atoms are tetrahedral with Ge-C = 191.4-195.5 pm and Ge-O averaging
179.1 pm, respectively somewhat shorter and longer than in simpler analogues. The four
O atoms form a flattened tetrahedron with H-bonded contacts ranging from 260.4 pm to
265.7 pm. For the other elements E, Ph3SiOH is isomorphous with the Ge compound
while Ph3SnOH and Ph3PbOH have long-established zigzag chain structures with planar
EPh3 groups linked by OH with a trigonal bipyramidal coordination at E.

Bulky substituents are necessary to allow isolation of a dihydroxide. In #-BuyGe(OH);
the Ge® is tetrahedral, distorted by a wide CGeC angle of 122.5° reflecting the bulky
groups and with OGeO = 103.5°. The Ge-O distance of 178.0 pm is normal and Ge-C
at 196.9 pm is quite short for a ¢-butyl. The molecules are linked into a chain by hydrogen
bonds alternatively 270 pm and 283 pm and the chains are further linked into a chain of
rings by 273 pm hydrogen bonds. Dehydration gives a trimeric cyclic oxide.

B. Six-ring Compounds, (RR'EY)3, Y =0, S, Se, Te and Others

The following set of oxides provides a useful series of six-rings for comparison of
substituent effects. Where R = R’ and is bulky, six-membered rings are planar (6a) as
in (-BuyGeO); formed above® and the Sn analogues66 with R = ¢-Bu or t-amyl. The
stannylene Ar(f)>Sn, discussed later, readily forms a similar cyclic oxide®’ and use of a
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similar bulky aryl [Ar = Dep] earlier® allowed the isolation of a trimeric oxide en route
to the tristannane, also discussed later.
Parameters may be summarized as follows:

ER, GeBuy' SnBu»’ SnAm,’ SnAr(f), SnDep;
E-C (pm) 200.5 2194 227 220.3 213.8/216.9
E-O (pm) 178.1 196.5 196.1 193.1 194.5
CEC (deg) 114.4 119.5 115/121 110.1
OEO (deg) 107.0 106.9 106.1 104.3
EOE (deg) 133.0 133.1 134.1 135.5 136.2

Values are normal allowing for the bulky groups and the effect of the CF3 substituents,
and the angles at O are interestingly similar. In one example with two different substituents
on Sn, [Me(Tsi1)SnO]3, the ring is non—planar69 with one Sn and the frans O displaced
from the plane of the other four in a flattened boat. The Sn—Me values average 215 pm
while Sn-Tsi was very variable. Sn—O and OSnO values matched the planar rings, but
the angles reversed in size with OSnO at 105° and two CSnC at 118° with the third
at 111°.

The trimeric rings, (R2E)3Y3, involving Y = S, Se or Te, exist for most combinations
and for a range of R, even R = MeO,CCH,CH,"°, although bulky R favours cyclic
dimers (e.g. R = r-Bu—see below) or chains (R = i-Pr). The common form of these
E3Y3 rings is a twisted boat configuration with a C, axis passing through one E and
the opposite Y (6b). For [Me;SnS]3 in the tetragonal form’!, the bond to the unique Sn,
which has no close intermolecular contacts, is slightly shorter [240.5(3) pm compared
with 242.2(3) pm] than those to the two other Sn atoms which have external contacts in
the range 388-410 pm.

R
) _
//E\\\\ o R \E/ \ R
s N R ~
R\ /O R % \E / R E/
E /E\ /\’\S/ h
R
(6a) (6b)

With the larger Y = Te, such contacts disappear and the two crystal modifications’?

of [Me,SnTe]; and for the analogufz‘,73 [(Me3SiCH;),SnTe]; show all Sn-Te matching at
272.8-274.1 pm. These rings have angles at Te around 97° while the sulphur rings show
wider angles averaging 103°.

With larger ligands, as for [PhyES]3 with E = Sn or Pb74, there is no indication of
additional contacts and the E-Ph and E-S parameters are within the normal range. NMR
studies show exchange between Sn and Pb groups in solution, giving the possible mixed-E
rings.

Other six-rings. A different six-ring is near-planar —SnR;SSnRy;NSN— (R = #-Bu)
with Sn-R = 216 pm, RSnR = 120° and ring distances of Sn-S = 241 pm, Sn-N =
204 pm and SN = 151 pm. A second product” had two five-rings —SnSNSN—, longer
bonds (SnC = 221 pm, SnN = 215 pm, SnS = 262 pm) linked by a SnSNSN four-ring
(SnN = 233 pm).
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A mixed-member six-ring, —GeMe;SeCH,CMe,CH,Se—, has a symmetrical twisted
boat configuration’® with GeSe = 235 pm, GeMe = 196 pm, CGeC = 111.5° and
SeGeSe = 103.2°.

A reaction of [Me,GeS]s with a Zr-Ph”’, probably via an insertion of Me;Ge=S, gives
Cp2ZrSGeMe;(0-CgHy) with a —ZrSGeCC— ring [Ge-C = 195.8 pm (ring), 194.4 pm
(Me), Ge-S = 221.7 pm].

C. Eight-ring Oxygen Compounds

A wide range of eight-membered rings involving Si is known but those with heavier
E are rarer. A 1994 paper’® presents a classification of eight-ring structural types. The
structures of 42 rings had been reported by that date with Si or Ge and O, N or C,
and these fell into 9 types ranging from essentially planar through species with 1,2,3
and 4 atoms out of the plane of the rest to a fully irregular case. However, only the
two structures of Figure 2 were common, the ‘extended chair’ and the tub. This paper
also reports the structure of the mixed-E eight-ring [R,GeOR}SiO], (R = Et, R" = Ph)
which is ‘extended chair’ and isotypical with the analogue where R = Me. This was
characterized earlier’® along with the molecule with R = R’ = Ph where the Si and Ge
are disordered over the ring positions. The parameters of the Me and Et analogues are
very similar with Ge-C relatively short at 191 pm average and other values normal. The
angles at Ge differ substantially with OGeO = 104.6° and CGeC = 118.5° while those
at Si are closer at CSiC = 109.9° and OSiO = 112.9°. The angles at O range from
136° to 143°. A similar picture emerges from the values in the perphenyl analogue. The
latter parameters also correlate with the earlier study®® of [PhGeO]4 — an eight-ring with
E = E' = Ge which adopts the tub configuration.

The eight-ring®! with R = Cl, R" = ¢-Bu resulting from the reaction of GeCl; with
t-BuySi(OH); may also be noted. This ring is planar and the angles at Ge are closer
to tetrahedral with ClGeCl = 108° and OGeO = 112°; GeO (169.8 pm) and GeCl
(209.8 pm) are short. The most striking feature is that angles at one pair of opposite oxy-
gens are nearly linear (174.8°) while the other GeOSi values are 142.9°. When SnCly was
reacted with the silane, the analogous eight-ring did not form but instead a bicycloheptane
with 30 and 3Cl atoms forming a distorted octahedron at Sn.

A further interesting structure®> combines an eight-ring with a germacyclohexane in the
cyclic tetramer [(CsGeH;1)O]4. The ring is in the tub configuration with normal Ge-C
(192.9-194.7 pm) and Ge-O (176.5-178.4 pm) while the GeOGe angles average 125.8°.
There are two slightly different chair configurations for the GeCs rings with larger CCC
angles (113.2°-116.0°) and reduced CGeC (105.1°-107.0°).

0
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FIGURE 2. Common shapes for E4O4 rings
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D. Seven-membered Rings

By reacting a digermane, it was possible to prepare®? the novel octaphenyl-1,2-digerma-
4,6-disila-3,5,7-trioxa seven-membered ring analogous to the eight-rings. The ring has
a flattened twisted chair conformation with normal values for GeO (177.7 pm), SiO
(161.5 pm) and OSiO (111.3°). The two Ge—C bonds at each Ge differ a little [193.9(2)
and 195.5(2)] while CGeC and OGeGe are close to tetrahedral. The GeOSi angles are
a little wider than in the eight-ring at 144.4° while SiOSi at 157.9° is within the range
found in SizO4 rings.

A seven-ring containing only one E atom, C¢Sn, in dichlorodihydrodibenzostannepine®*,
shows normal Sn—-C (210.2 pm) and Sn-Cl (234 pm) and the large ring allows near-
tetrahedral coordination with angles at Sn in the range 103°-119°.

E. Four-membered Rings, [RR'EY],, Y =0, S, Se, Te

The symmetrical —EYEY — ring is common, while a few cases of the —EEYY— iso-
meric form are also known. In one example85 reaction of the digermenes Ar,Ge=GeAr,
(Ar = Dep or Dip) with oxygen adds O—O across the double bond giving the unsymmet-
ric ring, and this product photolyses to the GeOGeO isomer which can also be formed
from the digeroxirane. The structures of the Dep species show normal Ge-Ar distances
(195.1-197.0 pm) and the aryl groups are arranged roughly helically about each Ge. In
the unsymmetric compound, a two-fold axis bisects Ge—Ge (length 244.1 pm) and O—O
(147 pm) and the trapezoidal ring is twisted from planarity with a Ge—O—O—Ge torsion
angle of 19.5° (GeGeO = 74.1°, GeOO = 103.9°). The symmetric ring is a slightly puck-
ered square (dihedral angles 8.5°) with GeO = 181.7 pm, OGeO = 87.6° and GeOGe =
92.1°. A similar pair of isomers is known for Si. Related five- and six-membered rings®°
with similar parameters were produced by similar chemistry with folded structures and
formulae, —Ar,GeOOGeAr,CH;— and —Ar,GeOOGeAr,CH=CPh— (Ar = Dep)

The four-membered [RoEY]; ring is common for heavier Y and with bulky R. Members
of the [Bu’ZSnY]z series (Y = S,Se,Te) have been known to be cyclic dimers since 1975,
and Ge analogues a little later®”. The rings are planar® (7) with Sn—-C and the CSnC
angle normal for #-Bu substituents.

N /R E=Sn
Y_a Y=S Se Te

_Ya
E E =243 255 276
\ / a

/ Y7a© O\ b=221 218 220

aa =86 83° 80°
bb=117" 115° 117°
aa’=94° 98° 100°

)

A further interaction with a donor within the ligand may also favour the four-membered
ring, as in [MeN(CH,CH,>CH>),SnS]> (8) where® there is a central, rectangular planar
[SnS], unit with a long Sn-N bond and the coordination at tin is nearer 5 than 4 in a
distorted trigonal bipyramid.

A similar case®, this time with a rectangular distortion of the [SnS], geometry, is
caused by weak coordination of 2N at each Sn in [(Me,NCH>CH,>CH>),Sn(Ph)S], to
give irregular six-coordination at Sn. The two Sn-S distances are 244 and 248 pm and
the two Sn...N values are 281 pm (trans to the shorter Sn—S) and 316 pm. The CSnC
angle is 137° and SSnS is 93°.
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N
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A fuller NMR study91 of exchange in [AryES];, for E = Sn, Pb, demonstrated redistri-
bution over combinations of Ar and Sn or Pb. When the four-membered [Bu)SnS], was
included in the exchange, mixed element products were identified with both four- and
six-rings, such as [(thPbS)(BuESnS)X] forx =1 or 2.

Since the 1980s, the focus on bulky ligands, ER» compounds and double-bonded
species has led to syntheses of four-membered rings as dimers of divalent entities. The
stannene (Tip),Sn=CR; (CR, = fluorenylidene) slowly dimerises to give a planar 1,3-
distannacyclobutane ring®? with long Sn—C bonds (229.0 pm), angles at Sn of 88° and
at C of 92°. The Sn—Tip bonds (221 pm) are normal for a large ligand. These ring bonds
compare with values®> around 219 pm in less-hindered stanncyclobutanes.

The reaction® of E(NR;); with HSCR3 [R = C(SiMe3)s] gave a number of rearranged
species including both isomers of [(RpN)(PhCH;)GeS], and [Pb(NR>)u-SCR3]> from
E = Ge, Pb, respectively. The structure of the cis isomer showed a buckled [GeS], ring
with average parameters: GeS = 224.4 pm, GeC = 196 pm, GeN = 182 pm and ring
angles of 84.2° at S and 95.5° at Ge, with planar N. The Pb,S, ring was quite distorted
with PbS distances of 288 and 274 pm, PbN values of 207 and 235 pm, and ring angles
of 76.3 and 81.2° at the lead atoms and 90.0 at S. Although there is no direct Ge—C bond,
it is worth noting the [(RyN),GeTe], ring which was produced in a continuation of this
study® with Ge-Te averaging 259.6 pm and ring angles of 85.6° at Te and 94.5° at Ge.

In a closer study of potential doubly-bonded Sn=Y compounds, structural characteriza-
tion?® was reported of a number of these captured as dimers. The study used the bulky, but
disk-like, Mes or Tip group as one ligand and the more spherical Tb as the second ligand on
Sn. Isomers with cis and trans configurations of these ligands across the [SnY], ring were
characterized. In the frans configuration, the balance of steric effects gave a completely

TABLE 4. Parameters (pm and deg) for cis or trans [ArTbSnY], compounds®

Parameters trans trans trans cis cis
Ar/Y Mes/S Mes/Se Tip/Se Mes/S Mes/Se
Sn—C(Tb) 219 219.2 219 219.2 218.8
Sn—C(Ar) 218 218 221 218.5 217.3
Sn—-Y 2433 256 256.7 243.8/246.3 255.7/258.6
ArSnTb 114.1 113.3 125.8/111.1 114.2 114.3
YSnY 90.84 91.70 90.3 88.33 89.09
SnYSn 89.1 88.3 89.35 84.34 82.88
Fold angles

about Sn...Sn 0 0 8.95 40.9 41.3

about Y...Y 0 0 9.02 39.8 43.6

“Data from Reference 96.
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planar, nearly square ring while the cis isomers were distinctly buckled (Table 4). In the
same paper, the Sn=Y was also captured by adding across an alkyne to give —SnC=CY —
four-membered rings whose structures were determined for the Tb(Tip)Sn species. The
Sn/aryl parameters were similar to those in Table 4, with ArSnAr 122.9° and 121.3° in
the S and Se rings, respectively. The rings were slightly folded by 7.3° (S) and 10.7° (Se)
and other parameters were Sn—S = 265.1, SC = 173, CC = 133 and SnC = 217 pm with
angles at the ring atoms of 66.5° (SSnC), 73.1° (SnSC), 121° (SCC) and 98.6° (SnCC) in
the S compound and Sn-Se = 274.6, SeC = 200, CC = 133 and SnC = 230 pm, 74.3°
(SSnC), 64.3° (SnSeC), 134° (SeCC) and 87° (SnCC) in the Se ring.

F. Four-membered Rings with Y = Group 15 Atom

Addition of the germene, Mes, Ge=CR; (CR, = fluorenylidene), to a diazo compound
gave?’ the unusual four-membered digermazane ring (9) in place of the expected three-
membered one. The angles across the non-planar ring diagonals are 34° across N---N
and 38° across Ge- - -Ge. The Ge-N and Ge-C distances are normal for large substituent
products.

Mes,
Ge
R,CN NCR
? \NZ%T%N/ ? GeN=189.5 pm
GeMes = 197 pm
GeNGe = 94.5°
NGeN = 79.6°

(&)

A similar SnNSnN ring but with further exocyclic N—SnR, units (10) was found in
stannylamine studies®®. The ring fold angle is 28° and there is a very weak interac-
tion between exocyclic Cl and ring Sn. The exocyclic Sn are in the distorted trigonal
bipyramidal configuration commonly found for five-coordination (see below).

M32
’__,,e_—/Sn\~ \\\\\\\
Me c SN C\l Me
N./d / \ b\ e
Sn N N Sn
\ />
Me \ /a Me
Clme A cl a=1215.6-217.9 pm
Me, b=208.8-212.2 pm
c=212pm
(10) d=255.7-261.5 pm
dd =162.4°-165.0°
e=313 pm

The ¢-Bu groups lie nicely in square planar [Bu’ZSnPH]z99 with regular Sn-P
(254.4 pm), normally extended Sn-C (220.1 pm), CSnC = 114° and ring angles of 82°
at P and 98° at Sn. [Bu’(Mes)GePH], is formed with related three-membered rings100
(Section VILE) and has similar geometry (Ge-P = 234.6 pm, Ge-C = 200.8 pm,
Ge-Mes = 198.0 pm, angle at P = 86.8°, at Ge = 62.1°).

Starting from a diarsanylsilane, the four-ring, —RZSiAsHGeR/ZAsH—, was synthesized
and converted with loss of Hy and formation of As—As to two EAsj rings sharing the
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As—As edge, similarly to the phosphorus system. The cyclo-[(Mes)(z-Bu)GeAsH(Tip)(z-
Bu)SiAsH] ring!?! is buckled at 23.5° with the two #-Bu groups trans: GeAs = 245.5 pm,
SiAs = 239.3 pm, ring angles 84.0° (As), 92.2° (Ge) and 95.3° (Si).

G. More Complex Ring Species

Other interesting four-membered rings include the —GeCCO— rings with various sub-
stituents on C which result from the addition of C=0 groups across Ge=C in the germene
Mes3Ge=CR; where CR, = fluorenylidene!??. The rings are folded with angles at Ge of
75° and Ge-0 = 183 pm, Ge-C = 203-207 pm while Ge-Mes = 196-204 pm.

The GeCNS ring resulted similarly'® from a dichlorogermylene reaction with an
adamantylimidethione. In the ring, angles are close to 90°, Ge-C = 200.8 pm and
Ge-N = 181.3 pm.

The unusual GeNBN ring in Me;Ge(NBu? ),BCI'* has a ring angle at Ge of 75° and
normal Ge-C (192.8 pm) and GeN (186.3 pm).

The five-membered SnOSnC=C ring (11b) is formed!%> by the oxidation of the Sn—Sn
bond of the SnSnCC ring (11a) discussed later.

O
+

R,Sn—SnR, R, Sn/ \SnRz

R = —CH(SiMe3 )2

SnR =215.5-216.8 pm

SnO=210.4

SnC(ring) = 216.6 pm

C=C=134.7 pm
(11a) (11b)

Five-membered EY4 rings have been established!% for E = Si, Ge, Sn and Y =
S or Se. They are supported by very large ligands on E including Mes and Tb (=
2,4,6 — {(Me3Si);CH}3CgH>) and formation is more easy from Si to Ge to Sn. Similar
structures are reported for Tb(Mes)EY4 (for E = Sn and Y = S,Se; E = Ge, Y = Se and
E = Si, Y = S) with a distorted half-chair configuration for the EY4 ring. There are small
variations in Y—Y in the rings which are also slightly asymmetrically bonded to E (e.g.
SnSe = 254.9 and 260.3 pm; SnS = 243.8 and 248.1 pm; GeSe = 240.9 and 242.1 pm;
SiS = 215.5 and 222.4 pm). Ge—Tb is 6 pm longer than a normal Ge-Mes of 195 pm
but the Sn-C values show little variation.

Reaction of dimethylgermylene with a 1,3-diene gives a germacyclopentane with 3,4-
alkene substituents'?’. Lengths and angles are normal with Ge-C(ring) = 195.0 pm, the
ring angle at Ge=92°, Ge-Me = 192.9 pm, and MeGeMe = 113°. A diphenylgermanium
in the 3-position of a bicyclo-octane has less constricted geometry'® [Ge-Ph = 195 pm,
Ge-C(ring) = 194 pm, ring angle at Ge = 103°, PhGePh = 108.4°].

A spiro-Sn completing two stannacyclopentadiene rings'%° has twisted ring structures
due to the bulky substituents; Sn—C 215-216.5 pm and the ring angles at Sn are 85° and
the non-ring ones, 117°.

The earlier structures of sesquisulphides and selenides, (RE)4Xg, were of the
adamantane or P4Og type. The alternative arrangement was found for RE = ¢-BuGe,

1,2,3,5
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X = S, when mild reaction conditions were used. (Bu'Ge)4S¢ has a structure!'® with
two parallel and nearly planar Ge,S; four-rings linked by Ge—S—Ge bridges into a
complex eight-membered ring. The molecule is of high, Ds, symmetry and converts
into the adamantane isomer on heating. The ring GeS distances are marginally longer at
224.3(8) pm than the bridge ones [221.6(3) pm]; Ge-C = 200 pm and the ring angles
are 83.2° at S and 96.7° at Ge. The GeSGe angle for the bridges between the rings
is 108.5°.

Rings involving partly halogenated Ge give open, linked-ring, structures®’. In
(RGe)s035Cl, (R = £-Bu) an eight-ring (RGeO)4 has two pairs of GeOGe further bridged
by OGe(RC1)O, forming two six-rings sharing a common GeOGe with the eight-ring.
Bond lengths are in normal ranges (Ge-C = 194-196 pm; Ge-O = 173-177 pm;
Ge-Cl = 215.4 pm). The GeOGe angles in the six-ring are 128.9°-130.5° and all
the remaining angles are close to tetrahedral. With Y = S or Se, (RGe)4YsCl; is
formed which is two six rings sharing a common RGeYRGe bridge with the Cl
on the non-bridging Ge. Geometries at Ge are similar with slightly lengthened GeC
(196-200 pm) and GeCl (217.8 pm) and bonds to Y varying with substitution: —RGe-S =
222.5 pm and RCIGe-S = 221.3 pm and the corresponding Ge-Se values, 235.5 pm
and 233.7 pm.

Hydrolysis of the trichloride yields (RGe)sO9 (R = ¢-Bu, i-Pr, Mes, C¢Hj1) which have
a cage structure3” 11! where two (GeO); six-rings are linked by GeOGe bonds creating
three additional eight-rings. All the Ge—O bonds fall in the range 171-179 pm, average
175.6 pm, and Ge-C ranges from 190.2 pm to 194.8 pm.

IV. ELEMENT(IV) SPECIES WITH COORDINATION NUMBERS ABOVE FOUR

Even with bulky ligands, there is always the possibility of an additional action when a
potential donor atom is present in a suitable position in a substituent. We find a continuum
from non-coordination, as for the remote S or O atoms in the xanthates and thioxanthates
above, through weak interaction as seen in some of the ring compounds, to unequal
interactions giving irregular 5- or 6- coordination, and finally equal interactions giving
regular structures. Higher coordination numbers may also be achieved by use of lone pairs
on directly bonded ligands, as in the well-established polymeric structures of organotin
halides. Lewis acidity or acceptor power clearly increases with the size of E and with the
number of electronegative substituents. Thus expanded coordination is least likely with
Ge and with four E—C bonds.

While Si and Ge have a significant 5- and 6-coordinate chemistry in their organo com-
pounds, the steep increase in size from Ge to Sn allows a more extensive chemistry for Sn,
including both the II and the IV state and extending to coordination numbers above 6. For
lead, high coordination chemistry is also developed with ligands such as bi- or polydenate
O, N or S species but very limited by the paucity of organo-lead compounds. Non-organic
complex chemistry often provides a valuable indication of potential structures!!2.

Interest in coordination numbers above four stems in part from the idea that an (n +
1) coordination, involving one or more donor atoms, acts as a model for the reaction
intermediate for attack on an n-coordinate centre.

A. Tin in Coordination Numbers Above Four

Since the dominant higher-coordination chemistry is that of tin, we survey this first.
The range of structural studies is so wide that it is possible only to generalize and look at
recent and representative examples. Intramolecular coordination in organotin compounds
has been extensively reviewed up to 1992113,
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As the number of organic groups bonded to tin increases, the acceptor power decreases.
Thus we find the frequency of different coordination numbers varies broadly as follows:

Number of Sn—C Coordination frequency
4 4>5>6
3 5>4>6
2 6~5>4>17,8
1 6>5>4~17,8

For five-coordination, the usual geometry is trigonal bipyramidal. This varies from fully
symmetrical, as in Ph3SnF, to extremely distorted. At the limit the shape can equally well
be described as capped tetrahedral or distorted square pyramid.

The bonds to the axial positions in these five-coordinate species are distinctly longer and
weaker than the equatorial bonds, and often differ significantly in length, even to formally
equivalent atoms. At the limit, the distinction between a long fifth axial bond and a slightly
perturbed tetrahedron becomes arbitrary. Where the three equatorial substituents are the
same and reasonably symmetrical, any bonding interaction shows up more clearly in the
equatorial angles which increase towards 120°. The axial positions are normally occupied
by the most electronegative substituents. An assessment of normal axial bond lengths for
such substituents is given in Table 5, to act as a basis for judging interactions.

TABLE 5. Representative tin-element bond lengths in different coordinations (pm)

Bond 4 or 5 (axial) or 6 Sum of van der Waals
5 (equatorial) radii

Sn—0 194 212 360

Sn—N 204 215 365

Sn—Cl 235 245 385

Sn—S 243 250 390

Sn—Br 249 265 395

Sn—1I 268 283 410

In interpreting such values, both the experimental uncertainties and the empirical basis
of van der Waals radii need to be taken into account.

Apart from mononuclear species (e.g. 14, 32b, 33), five-coordination is found in chain
polymers (as Figures 3 and 4) where divalent atoms, usually halogen or oxygen, or else
bidentate ligands, bridge neighbouring Sn. Cyclic dimers, trimers, and larger species up
to hexamers have also been seen (e.g. 19, 23, 25, 26, 29). Bidentate ligands also form a
variety of ring sizes (commonly 4-membered 22b or 5-membered 15, 16 and sometimes
6-membered), asymmetric bonds are common and the ligand bite angles also contribute
to the distortions. Some examples are established of tridentate and more complex ligands
(Figure 6; see later). Where bonding is to C and an electronegative atom, the Sn—C bonds
are equatorial as far as possible (14). In a few cases, alternative donor atoms are available:
the usual preference is for O > N > S.

Most of these comments also apply to octahedral complexes, which tend to show longer
bonds also. Again, there are examples ranging from near-regular to shapes better described
as distorted tetrahedral with two long interactions.

1. Tetraorgano compounds

Although the tin atom is a poorer acceptor than in the presence of more electronegative
substituents, a number of higher-coordinate tetraorganotin compounds are now established
where a donor group is present in a suitable position.
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We note first the interesting structure’ 14 of Me,Sn(CPr’ =CEtBEt,C=CPr’) (12) which
contains Sn formally 5-coordinate to carbon — alternatively 4-coordinate with the C=C
triple-bonded unit bonded sideways on to Sn in a -ethyne mode. The coordination at Sn
can be envisaged as a pyramidal Me;CSn™ ion (angles 114°~119°) with the Sn apex point-
ing at the triple bond with the Sn—alkyne distances 15% longer than Sn—C sigma bonds,
reflecting the 7 interaction. The geometry remains close to the free alkyne, and the angles
at the C atoms 170°-175°. Note also the closely related Sn[C(R)=C(R)B(Et;)C=CR],'!
where Sn is normally bonded to two C (Sn—-C = 212 pm) and coordinated asymmetri-
cally to two alkyne groups (Sn-C 235.3 and 251.2 pm), with the two Sn-C and the
midpoints of the triple bonds lying tetrahedrally and the whole giving tin 6-coordinated
to C!

Et
C
MesHOC? AN
|a BEt,
Me—Sn__p
Me/ X\//C
C/d
CI‘IMCZ
(12)

A further study!'® incorporating a donor atom in the group bonded to C" produced
structures for three CsSnD species [QD = CNMe, (13a,b) or C=COMe (13c) with

varying substituents R,R,]. In these molecules, the sigma donor and the pi effects compete,
and varying flexibility is present. The data (Table 6) show retention of the basic pyramidal
Me,SnC geometry but significant changes in the Sn-alkyne interactions. For all three
cases, the tin—alkyne interaction weakens with a further 5% increase in the distances:
for the two N donors, the SnC distances become more nearly equal but with the less-
constrained O donor the difference in » and c is very large. These papers also provide
spectroscopic data illustrating the sigma/pi competition.

/

e
Me—Sn
Me
///d
CR’
13)
(a) (b) (©)
QD = CH2NMe» QD = CH2NMe» QD = CH=CHOMe
R =Et R =i-Pr R =i-Pr

R”=NMe> R”=NMe> R”= CH=CHOMe
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TABLE 6. Data (pm and deg) for 7-bonded tin alkynyl species

12 13a 13b 13c
Sn-Me 213.2 213.8 2133 211.2
MeSnMe 113.9 111.8 112.5 113.6
a 211.6 2104 2114 212.7
b 233.9 262.6 255.4 237.3
c 2523 260.4 258.9 266.1
d 121.3 122.0 121.2 122.1
e 252.1 248.1 259.2
bc 28.6 27.0 27.3 273
B—-C=C 170.1 177.8 174.9 163.5
C=C-C 174.0 171.0 169.6 179.2
ae 61.8 62.1 74.0

The other reported R4SnD structures 14a, b, ¢ all have O or N donor atoms as part of
a rigid unit also bonded through a Sn—C bond and with the donor atom occupying one
of the apex positions in a trigonal bipyramid while the Sn—C is equatorial. Three alkyls
or aryls occupy the remaining positions. We include in this group an example, with an
optically active R” where the R” group is replaced by H. A final variant has a diptych

structure with an axial N bonded via two equatorial C—Sn.

(a)

MeO

(©)

Data for these R4SnD species are collected in Table 7, which also includes the one
example of six-coordinate R4SnD; (14g). Note that d in Table 7 is Ph3Sn bonded to OH
in a similar environment to ¢ and e is the MeSn diptych (neither is illustrated).

(14)

Mez

(W R=Ph=R" =R”

(f) R = Me, R” = (—)-Menthyl
—H

R

(€9)
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TABLE 7. Structural parameters (pm and deg) for R4SnD compounds (14)

Compound a x=y z d¢ Xy Xz =yz ad dz
all8 215.3 214.5 2183 284.1 113.7 103.8 65.8 166.6
p!19 b 213.7 214.8 218.3 288.4 114.4 102.1 68.8 168.5
cl20 217.7 213.6 215.0 271.8(0) 113.1 105.4 68.8 172.4
d'2! 213 214 219 277(0) 105 104 67 168
el22 215.1 d 2214 262.4 113.6 105.2 d 179.6
—217.4
fl23 ¢ 215.1 218.4 2122 288.5 108 106.5 67.3 162.6
—216.3 —293.1

R4SnD;, example
gl 265.0

%Values are Sn—-N except where shown.
bFor the analogous bromide, SnN shortens to 249.6 pm, SnBr = 266.7 pm, Sn/C parameters remain similar, CSnBr

angles are reduced and CSnN angles increased!19.
“Two independent molecules, significant variations shown. Sn-H = 152 to 163 pm.

4This structure is approximately symmetric around the NSnMe axis, so a = x =y etc.

A tetraorganotin member, Me3Sn-1,4-cyclohexadiene-COOMe, is included with the
triorganotin series summarized in Table 8 (see later).

As H is a very similar ligand to R, the chiral ¢-butyl(8-dimethylaminonaphthyl)(—)men-
thyltin hydride'?° is included with the tetraorganics. A weak Sn...N interaction (SnN =
290.3 pm) perturbs the shape towards trigonal bipyramidal (Sn-H = 157 pm, Sn-Bu =
221.2 pm, Sn—-Nt = 215.7 pm, Sn—Menthyl = 218.3 pm).

An example“7 of marginal 5-coordination in R3RSn(... D) involves a flexible, but
potentially chelating, substituent in (tol)3Sn{C4H>S-C3(Me; )H,NO}, where the O of the
oxazolinyl substituent on the thienyl ring points at the Sn at a distance of 297.7 pm. The
Sn-C(tolyl) distances average 213.4 pm and Sn—-C(thienyl) is 215.1 pm while the CSnC
angles range from 105° to 113°.

2. Triorgano compounds

Replacing one Sn—R bond by an electronegative substituent greatly enhances the accep-
tor power and a wide range of complexes are known containing R3Sn units.

a. Halogen compounds. One series is closely related to the R4SnD compounds of
Table 7 where the Sn—C axial apex is replaced by Sn—X in 14. The detailed summary'?>
reveals an inverse correlation between the Sn—-D length and both the Sn-X distance and
the average XSnC angles. The validity of the simply-based correlations is striking as
the ranges of values are wide: Sn—-N = 237.2-267.4 pm; Sn-O = 228.7-272.0 pm;
Sn-Cl = 243.2-261.3 pm; Sn—-Br = 258.8-274.8 pm and single cases with Sn-F =
197.4 pm and Sn-1 = 283.0 pm.

Whereas for simple R, R3SnX compounds with the heavier halides are only weakly
coordinated, similar R3SnF show a strong interaction. Ph3SnF has an exact trigonal bipyra-
midal structure'?® with axial Sn-F = 214.6 pm, and Sn-Ph = 211.5 pm. The overall
structure is rod-like, as also found for R = CH,Ph and CH;SiMes and, in contrast to
the zigzag chains, bent at SnFSn in Me3SnF and other small alkyls (and for the heavier
halogens). Very large ligands such as Mes and trimethylsilylmethyl give mononuclear
monofluorides38.
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The anion [Me3SnF,]~ has been isolated with an unusual diphosphacyclobutane
counterion'?’. The structure is a regular trigonal bipyramid within 1.8° with Sn-C =
214.4 pm. The Sn—F bonds are axial and reported as 259.6 and 260.7 pm, which seem
exceptionally long.

In the crystal, Me3SnCl has longer bonds to C and Cl than the gas-phase values of
Table 1 (210.6 and 243.4 pm) and a further Cl, trans to the bonded one, at 325.9 pm
showing incipient 5-coordination. Structures of the [Me3;SnCl,]~ anion with different
counterions have been determined and reviewed!?® and all show axial C1—-Sn—Cl in
trigonal bipyramids of varying regularity. A half-way stage to five-coordination occurs in
[tmpH,] T [Me3SnCly]~ with Sn—Cl distances of 245.4 pm and 303.4 pm but involving
hydrogen bonding. With a large counterion, [K(18-crown-6)]", near-ideal geometry results
(Sn-C = 210.6-211.3 pm; CSnC = 118.8°-120.6°; Sn-Cl = 261.8 pm; CISnCl =
179.2°). The structure is a chain of cation—anion interactions. The [Me3SnC(NC)]~ ion
is similar (Sn—-N = 265.4 pm).

[R3SnBry]~ (R = Ph or p-CeHsSMe) are near-regular trigonal bipyramids!? with
axial Br (Sn-Br = 273.1-279.1 pm; BrSnBr = 175.3°) but with packing differences
resulting from the change in R. (The paper gives a valuable comparison of Sn—-Cl and
Sn-Br values.)

When one R group carries a donor atom, mononuclear species result, usually with X
and the donor in apical positions in the trigonal bipyramid. The core structure with axial
CISnO and equatorial SnCs is well represented'3°. Values fall in the ranges Sn-Cl =
247-253 pm; Sn-O = 230-239 pm and Sn-C around 211 pm. CISnO angles lie in the
range 175°-179°, despite varying steric demands by the R groups. Similar geometry is
shown by heavier analogues, as in a OSnBr species'! with Sn-Br = 257.4 pm while
a SSnCl1'3? species has a much weaker Sn-S interaction (Sn—-S = 319.5 pm, Sn-Cl =
244.2 pm and SSnCl = 171°).

Orthorhombic Ph3SnNCS!3 shows a zigzag chain polymer as found previously for
R3SnNCX, with similar geometry at Sn but varying in SnNC and CSSn angles: NSnS =
174°,Sn-N = 226 pm, Sn- - -S = 290.4 pm and SnC = 213 pm with angles close to 120°.

An unusual species is Ph3SnCl-H,O!3* which occurs as 1:1 addition complexes with
metal salcylaldimine complexes and is stabilized by hydrogen bonding (R3SnX do not
react with Schiff base complexes). In two structures, the geometry at Sn is near-regular
with CISnOH, = 178.7-179.2°, CSnC within 4° of 120°, SnC normal, Sn-Cl =
248-250 pm and Sn-OH,; = 233.3 and 241.8 pm. In [(PhCH;)3(C)SnOOCR']'3
where R is the betaine, Ph3PT™CH,CH,CO, ™, this has a fairly long coordination to Sn
(Sn-0O = 225.2 pm) trans to Cl (Sn-Cl also long at 259.2 pm) to complete a trigonal
bipyramid with normal, near-regular equatorial SnC3 coordination.

The C3SnXY geometry is also found, but involving a chelate ring as in the set!3® of
molecules (15), Me;SnX (1,4-cyclohexadiene-COOMe) for X = Cl, Br, I and also Me.
When X =F, a further very weak interaction occurs (Sn- - -F = 364.1 pm) to form a six-
coordinate dimer with an unsymmetric Sn—F- - -Sn—F- - - four-membered ring. Parameters
are listed in Table 8.

The presence of large groups and a chelate ring gives'3” PhySnl(CH,CH,CH,OH)
distorted trigonal bipyramid configuration with a long Sn-I (285.7 pm) at 168° to
Sn-O (248.7 pm) and normal Sn-C and Sn-Ph. Heating drives off PhH and gives
the dimeric [PhSnIl(CH,CH;CH,0)], with similar geometry at tin, an SnOSnO ring
with u3-O and shorter Sn-I (277.6 pm) trans across the ring. With a very bulky
butadiene unit forming the potential chelate, a very weak fifth interaction occurs!38
in PhySnBr(CPh=CPhCPh=CPhX) where X is axial to the Br (Sn—-Br = 268.2 pm,
BrSnl = 168.5°) but at a very long distance of 388.4 pm (X = I) or 383.8 pm (X = Br)
and outside bonding for X = CI(428 pm).



2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 121

¢
VRN
H,C~ TH
Me \ CH2
X—of __Come
‘ -0
Me
as)
TABLE 8. Parameters (pm and deg) for the cyclohexadiene compounds, XSnMe,CeHsCOOMe (15)
X=F X=0Cl X =Br X=1 X =Me
Sn—X 197.4 243.2 258.8 283.0 215.0
Sn—C(aryl) 215 215.1 215.8 215.5 217.7
Sn—Me 213 212 213 212 213
Sn—0 252 247 247 239 278
XSnMe 103; 94 99 99 99 106
XSnC(aryl) 93 99 100 99 104
C(aryl)SnMe 113, 124 118 118 117.5 112
MeSnMe 119 118 117 119 116

A similar chelate ring to 15 is seen in a chlorodimethyltin(benzenesulphonyl pyrro-
lidide)'3® where the geometry is similar to the chloride above except the axial OSn
is longer at 252.9 pm. In a further similar series'*® 16 (next page) the changes are
rung on the halogen and the donor atom as part of a study of the effect of systematic
variations on geometry and packing. The three compounds are isomorphous with a half-
chair conformations and the CSnPY atoms nearly coplanar. The geometry at Sn is the
standard trigonal bipyramidal one with the parameters as given in the accompanying table.

(16a) (16b) (16¢)
X=FY=0 X=CLY=Se X=Br,Y=S

Sn—Me 2124 212.5 212.6/215.5
Sn—C 215.8 214.5 215.8
Sn—X 203.5 250.0 265.0
Sn—Y 245.4 302.2 287.2
CSnC (av) 119.2 119.6 119.6
XSnY 172.3 173.2 175.1

This single-chelate structure is also seen'*! with the optically active substituent, [8-

(dimethylamino)naphthyl]-(—)-menthylmethyltin bromide] where the amine-N coordinates
to an axial position opposite the Br with the three Sn—C bonds equatorial. The ligand
bite is only 74°, NSnBr is bent to 168.1° and the Sn is displaced 19 pm from the C3
plane towards Br. [Note, the ligand bite is the relatively fixed angle demanded by a small
or otherwise rigid bidentate ligand] The SnC distances are within the normal range and
SnBr is 264 pm. The Sn—N bond is long at 255 pm, showing a weak interaction, but the
structure is definitely closer to tbp than to distorted tetrahedral. The opposite view!#? is
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A /\
X~ PP,
‘ Ty

Me
@ X=FY=0
(b) X=CIL, Y=Se
(¢ X=Br,Y=S

(16)

taken of (PhMe;,Si);CSnMe;X where the giant ligand causes distortion, but the interac-
tion with the second O when X = NOs is very slight (Sn—-O = 292.8 pm; compare the
bonded Sn-O = 209.5 pm). (A second structure showed no close approach to the S for
X =NCS.))

b. Oxygen donors. The coordination unit, R3SnO, with a trigonal SnC3 plane and apical
oxygens, is a common one where a range of behaviours is found.

When X in R3EX is OH™, the common configuration of most R3Sn(OH) is poly-
meric with axial oxygens bridging. Thus for R = Et!43, OSnO = 177.9°, SnO = 215.6
and 224.4 pm, Sn-C = 210 pm and CSnC values range from 117° to 125°. Similar
parameters were reported for R = Ph, but with a bigger difference between the SnO
values.

Single coordination units are found where the O ligands are large, as in Ph3SnLL’!4
for L = diphenylcyclopropenone and L an isothiazolone or the similar saccharine. OSnO
is near-linear and CSnC adjust to steric factors in the range 114-134°, SnO(ketone) =
237-241 pm, Sn-O(hetero-ring) = 216 pm, Sn—-C = 211-216 pm.

Such a configuration is also found'® for [Me3SnOCgH3Me;] and for [Me3Sn
{u-MeSO,),N} MesSn(u-OH],. The latter consists of chains with the building unit
of Figure 3, linked in pairs by O—H- - -N hydrogen bonding. Both the tin sites are nearly
regular trigonal bipyramids with normal Sn—C bonds around 211 pm and CSnC angles
in the 117°-120° range, normal axial Sn—-OH distances averaging 212.1 pm, and the
Sn(OH)Sn angle is 138°. Axial-equatorial angles are around 97° and the OSnO angle
is bent a little at 174°. For the interaction with the anion, the Sn—O distance is 253 pm
at 178 K, increasing 5 pm at 296 K. These values, taken with CPMAS!?Sn data and
calculations, serve to identify the energy barriers to 2m/3 propeller-like jumps of the
Me3Sn unit.

In Ph3SnOBu!-Bu/OH, a similar core is foun and the molecules are linked in
a chain by hydrogen bonding between the OBu of one molecule and the coordinated
BuOH of the next (OH...O = 177°, O...0 = 268.7 pm). The two Sn-0 interactions are
quite different (Sn—OBu = 206.5 pm: Sn—-OH(Bu) = 255.0 pm) but OSnO (173.5°). The
asymmetry is also reflected in the CSnC angles of 112°, 114° and 131°. This structure

d146

. O Me O.
| N [
4 \\\O// A Me/ \\o

H

FIGURE 3. Repeat unit in [Me3Sn(OH)SnMe3 ] [(MeSO;),N]~
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contrasts with the classical structure of the methoxide, where ©-OMe groups formed a
chain of Me3Sn units linked by apical O while the butanol molecule leads to an analogous
but differently constructed O,SnC3. The phenyl groups are propeller-wise around a rather
distorted trigonal plane (Sn—-C = 212.2-214.9 pm).

Many carboxylates'4” form a chain polymer via Sn—O—CR—O—Sn bridging. Such
a structure was found'*® for trimethyltin(2-furancarboxylate). The carboxylate at the
shorter axial Sn-O distance (219.1 pm) has its second oxygen at 317.5 pm which is
an extremely weak interaction. The more distant axial Sn—O is at 243.0 pm, and the
OSnO angle is 172.4°. The ring oxygen is non-interacting at 358 pm. Similarly, tin
is five-coordinate in triphenyltin glyoxalate O-methyloxime'# despite the presence of
the alternative O and N potential donor atoms. The Sn—Ph bonds averaged 214.2 pm
while the PhSnPh angles were irregular at 110.0°, 115.6° and 134.0°: Sn-0O (218.5 and
236.7 pm), OSnO (173.2°). Similar values hold for bis(triphenyltin)citraconate150 [inter-
molecular Sn—-O(carboxylate) = 239.7 pm] and BusSn(uracilacetate) 3! (axial acetate O
at 212.4 pm; weaker interaction with uracil O from a different ligand at 266.9 pm).

A unique macrocyclic tetramer with framework [SnOCO]s was formed!? for the
difluorobenzoate {n — Bu3SnO,C(2,6-F,C¢H3)}4. The coordination at Sn is standard
(Sn-O = 218.6 pm and 251.4 pm, OSnO = 175.2°) with normal Sn-C lengths and
variable equatorial angles from 115° to 126°. The tetramer is square (S4 symmetry) with
an O—Sn—O along each edge and a carboxylate OCO unit turning each corner. The
core structure is essentially that of 26¢ without the central u3-O and with the sides
straightened out.

The presence of a large substituent R supports chelation by a carboxylate group as
in Ph3SnO,CR, where R is a disubstituted phenylazobenzene, phenoxybenzoato or 2-
thiophene!?3. For the former, the structure at Sn is a distorted trigonal bipyramid with
one phenyl near-axial (PhSnO angle of 145°); the SnOCO ring of the chelate is planar
with OSnO = 53.6° and Sn-O distances of 208.9 pm and 266.0 pm. The SnPh bonds
average 214 pm and angles 112°. The thiophene product has an even weaker interac-
tion with the second O (Sn-O = 207.6 and 276.8 pm) so the structure is closer to
tetrahedral, while in Ph3SnO,CCgH4(2-OPh)'>* the Sn-O distances are even more dis-
parate at 205.3 and 283.2 pm. In a further, unusual, example'>> R = CpM(L)(PPh3)
[M(L) = Fe(CO) or Re(NO)] the bite is larger (57.4°) and SnO values are closer (212.3
and 234.2 pm).

The polyfunctionality of oxalate gives a range of structures. [(Ph3Sn)zox2]™ (Figure 4)
has'% a cis trigonal bipyramidal [Ph3Snox]~ anion with a chelate —SnOCCO— ring
linked through a third oxalate O axially to [(Ph3Sn);0x]. In this unit the Sn atoms are
linked by a twisted oxalate group using a frans pair of O atoms. The fourth O of the
cis oxalate links to a neighbouring molecule (Sn—-O = 245.1 pm). In the chelate, Sn-O

0
R
0 R
T N )
\ / o 0 \ o.
R\/S /O R >/< Sn/ ~
AN
R \ o 0 J R

FIGURE 4. The structure of polymeric [Ph3Snox]~ [Ph3Sn);0x]
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values are 211.3 and 235.2 pm, and the apical bridge is 233.2 pm while the bidentate
bridging oxalate distances are 213.8 and 218.7 pm. The coordination at the Sn involving
the chelate O has the unusual trans-CSnO arrangement (angle = 156°), while the other
two Sn atoms have the normal frans-OSnO (angles 174° and 179°). [(CeHj1)3Sn]a(1-0x)
has a similar structure’>” and geometry at Sn, in this case with the Sn atoms alternately
cis chelated and frans bridged so all the oxalates are tetradentate.

In a Ph3Sn succinate/dimethylformamide system!®, Sn environments are trans. A
dinuclear tin—succinate—tin unit (Sn—-O = 214.5 pm) is terminated by one donor for-
mamide per tin (Sn—O = 240.4 pm) and links through the second O on each carboxylate
(Sn-0O = 244.4 pm) to a formamide-free tin—-succinate—tin unit (Sn—-O = 211.3 pm) and
this tetramer is the repeat unit in the 3-D network. Illustrative of many of these structural
themes is a study'® using arylphenoxide ligands, with a potential chelating O, together
with amine donors, to form 5- and 6-coordinate mono- and di-organic tin species including
SnOSnO bridged dinuclear compounds and an example of all-frans octahedral C,SnN, O,
coordination.

c. Nitrogen donors. Similar structural themes are found for N donors.

The cation [Me3Sn(NH3),]F, as the [N(SO»Me),]~ salt, is a near-regular trigonal
bipyramid'® with Sn-N = 232.8 and 238.3 pm, Sn-C 212.1 pm, NSnN = 179.2°,
CSnC within 2° of 120° and NSnC in the range 86.8-93.2°.

A chain cation is formed by coordination of dipyridyl in [Me3Sn(u-4,4'-bpy)-1""; in
regular trigonal bipyramidal geometry'®' Sn—N = 241.6 pm, SnC = 212.3 pm, NSnN =
176.8°, CSnN = 87°-94° and CSnC = 116°-124°.

A SnN, chelate is found!9? in R3SiN=N—-N(SnMe3)SiR3 where the third N of the
triazene link also coordinates to Sn (Sn—N = 256 pm, compare directly bonded Sn-N =
221 pm and NSnN = 54.3°). The coordination is a distorted trigonal bipyramid with
axial N and C (Sn-C = 230 pm, CSnN = 165°). The other two methyls are also irregular
(Sn-C = 203 and 225 pm, CSnC = 90°).

N and O occupy the frans axial positions in triphenyl[2-(4-pyridylthio)acetato]tin
(Sn-O = 215 pm, Sn-N = 250 pm, OSnN = 172°) and in the glycolic acid
adduct of triphenyltinsaccharine (Sn-O = 241 pm, Sn-N = 224 pm, OSnN =
176°), but with reversed strengths of interaction. The SnC geometry is standard'®3.
In Ph3SnOC(O)CsH4N!04, effectively only one carboxylate O coordinates (Sn-O =
213.7 pm; Sn---O = 327.1 pm) and the molecules are linked by pyridine N-Sn
(256.8 pm) giving axial OSnN = 173.1°, Sn displaced from the C3 plane towards O
(CSnC = 118°).

In triphenyl compounds, quite symmetric structures result with larger donors. In the
DMF adduct of triphenyltinsaccharin'®, the three phenyls lie almost symmetrically in
the equatorial plane (CSnC from 116°-124°; Sn—-C 212.5 pm) and the axial O from
the formamide and N from the benzisothiazolone are near-linear axial (NSnO = 176°;
Sn-N = 224.2 pm, Sn-0O = 240.2 pm).

d. Sulphur donors. In an older study, chelation by a disulphur ligand was found!6®
in Ph3SnS;CN(CH;)4 with asymmetric SnS (248.1 and 291.9 pm). In contrast,
Ph3Sn[Ph(S)C=C(SCH3)Ph] has!®7 almost perfectly tetrahedral Sn (Sn-S = 242.5 pm)
and the SCH3 group is non-interacting, although coordination in the Ph,Sn analogue does
involve this S weakly (see below and 22b).

Ph3SnSD structures [SD = S(CH,),NH; or SCsH4NO] involve chelate donors with S
and N or S and O. The structures'%® are cis with S equatorial (Sn-S respectively 242.6 pm
and 249.4 pm) and one phenyl axial with O or N (Sn—-C = 217.0 pm, Sn—-N = 264.7 pm,
CSnN = 169°; Sn-C = 217.1 pm, Sn-0 = 236.4 pm, CSnO = 163°).
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A similar five-membered ring involving Sn—O (226.1 pm) and Sn-S (257.7 pm) but
with the unusual square pyramidal geometry occurs!®® in (PhCH,)3SnSD where SD =
2-thiolatopyridine-N -oxide. One benzyl is axial (Sn—C = 216.7 pm) and the Sn is above
the basal plane [axial-Sn-basal angles of 102° (to S), 100° (to O) and 110° (to each
C)]. The trans base-Sn-base angles are 140°-147°, and the OSnS bite is 73°. While
distorted, the square pyramid description is the closest.

3. Diorgano compounds

a. Halogen compounds. The simplest structures for diorganotin species are those of
the polyhalide ions. Among the trihalides, [Ph,SnCl3]~, like dialkyl trichlorides reported
earlier, is a near-regular trigonal bipyramid!’® in its Et4yN* salt. The phenyls are at
115.6° and 213.3 pm while the axial Sn—Cl = 252.7 pm and 174°. The equatorial Sn-CI
is shorter at 237.8 pm. Among the tetrahalides is [Me,SnF4]?~, determined!”! as the
NH4 " salt. The cation is a trans octahedron with all angles within 2° of 90°, and with
Sn-C = 210.9 pm and Sn-F = 212.7 pm, respectively shorter and longer than the
tetrahedral values. Each cation is linked to four different anions by N—H. . .F bonding. A
similar frans octahedral structure is found!”? for [PhpSnCl4]*~ in the presence of a large
counterion (Sn—Ph = 215.7 pm; Sn-Cl = 256.3 and 260.3 pm). This is comparable to
earlier [stnX4]2_ determinations.

A second fluoro-anion, [Me4SnyF5]~, shows a similar trans octahedral arrangement173,
but now with two different Sn environments and bridged into a complex structure (17).
The core structure is a chain of trans and zigzag —F—Sn—F—Sn—links (FSnF = 180°;
SnFSn = 150°). The remaining F link successive pairs of chain Sn centres to a third Sn
forming a succession of [SnF]3 rings on alternate sides of the chain. The remaining two
F on this third Sn are terminal and normal length as are the different Sn—C bonds. The
CSnC angle on the bridging Sn is reduced and angles involving the terminal F open to
94°. This structure is thus part way to the long-established one of Me,SnF, where all the
F atoms are equatorial and bridging, giving a sheet structure.

\ Me -
N ‘ F
N

Me Me a=214.7 pm
F/ \ b=211.5pm
e / F f c=2272pm
T e=210.5 pm
/ }F/C \ f=211.7 pm

F ee = 180°

F e Me ff=16T°

/ dd=df=942°

ab = ae =90°

17)

The [MesSnyClg]>™ is a simple dimer!”* with Cl-bridged, edge-sharing octahedra. The
methyls are trans (Sn—-C = 208 pm, CSnC = 167°), terminal Sn—-Cl = 247-52 pm and
bridging Sn-Cl is 290 pm.

For the parent molecules, R,SnCl; species show long Sn...Cl interactions producing
4 plus 1; R = C6H11)'75 or (4 plus 2; R = Me, Et, Bu) coordination!7. Typically,
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Sn—C is normal, RSnR = 125°-135°, Sn-Cl distances are 236-240 pm while Sn...Cl
is around 350 pm. Both coordinations are linked into zigzag chains which are linear at
Sn (Cl-Sn...Cl 170-175°) and bent at Cl (Sn—ClI...Sn around 105°). The cyclohexyl-
bromide shows similar features (Sn—Br = 250 pm; Sn- - -Br = 377 pm). While the long
Sn- - -Cl or Br distances are only 10% less than the van der Waals radii, the interpretation
in terms of very weak additional coordination seems justified. By comparison, in truly
4-coordinate (biphenylyl)oSnCl,, Sn—Cl = 238.6 pm and all the intermolecular Sn/Cl
distances exceed 600 pm, and in Et;Snl, the extramolecular Sn/I is 428 pm, distinctly
outside the van der Waals limit. In the end the matter is one of interpretation'’>. When
R = Ph, or MePh, tetrameric units are found containing both 5- and 6-coordinate Sn.

While the dominant species in solution is probably the 1:1 adduct, diorganodihalotin,
donor adducts are normally isolated as the less soluble 1:2 products, R,SnX,-2D. A
recent study177 of the system with R = CgHyF, D = thiirane-1-oxide, C;H4SO, shows
O donation to give an octahedron with all angles close to 90°, frans R (213.7 pm) and
cis Cl (247 pm) and D (Sn-O in the longer range at 232 pm). For R = Me (210 pm),
D = imidazoline (Sn-O = 242 pm) and X = Cl (249 pm)'7® the same geometry adjusts
to a somewhat longer bond to O. Similarly, when the donor atoms are part of the ligands as
in the Schiff-base compound”g [Cl,Sn(CeH3MeNTtol); ], two long cis Sn—N bonds (275
and 286 pm) complete a distorted octahedron with normal Sn—C (211 pm) and Sn—Cl
(238 pm).

With larger substituents, (C¢Hj)2SnBraDs (D = pyrazole or imidazole) form!30 all-
trans octahedra with Sn—-Br = 270-80 pm, Sn—-N 236-239 pm and Sn-C averaging
216 pm. Using a substituted imidazole, D = imidazolinethione bonding through S, the
product Bu;SnCI,D is a 1:1 complex with the standard trigonal bipyramidal configura-
tion. The smaller methyl analogue, Me;SnCl,D!8!, forms a dimer by very weak chloride
bridges. The S (249.5 pm) and the Me groups (212 pm) occupy approximately equatorial
trigonal bipyramidal sites (CSnC = 144°, SSnC = 107°) and the shorter C1—Sn—Cl are
nearly linear (178°, 254 and 267 pm) while the dimer involves a sixth Sn. . .Cl interaction
of 359 pm.

The 7-BuySnF group bonded to phosphorus ylides'8? is weakly coordinated axially
to the BF4~ counterion (SnF = 278-285 pm) giving trigonal bipyramid geometry with
the other axial Sn—-F = 197-203 pm, and all the equatorial Sn—-C around 218 pm. A
symmetric four-membered SnCSnC ring (Sn—-C = 224 pm; angles 84.8° at Sn and 95.3°
at C) was also characterized with longer Sn—Bu of 222 pm.

The polyfunctional ligand di-2-pyridylketone 2-aminobenzoylhydrazone (Hdpa) reacts
with PhySnCl, to give two products'®3, [Ph,SnCl,Hdpa] (18) and, with loss of PhH, the
deprotonated ligand product [PhSnCl,dpa]. In 18 Sn—C and Sn—Cl bonds are normal,
and three weaker Sn—O or N bonds give a distorted pentagonal bipyramid. In the second,
these bonds become much stronger (SnO = 220 pm, SnN = 216 and 214 pm) and the
Sn—Cl bonds are trans (170°; length 246 pm).

Structures are established for a variety of diorganotin monohalides. With a highly
demanding ligand Ar/, a singly-bridged oxide (Arg SnCl),0 resulted'®* from the oxidation

of Arzf Sn'! in the presence of C1~. Bond lengths are appropriate for 4-coordination with
a large ligand (Sn-C = 219.3 pm; Sn-CI = 231.5 pm; Sn-O = 193.7 pm) and SnOSn
is 144.8°.

One set of structures which covers the standard bidentate ligand monomer and dimer
structures (Figure 5) is the benzoxathiostannole series, [(DD’)SnMe;X] ™, where DD’ is
(CgH408) and X = F, CI or 1'%, Here, Sn—C (211-216 pm) and Sn-S (242-245 pm)
lie in the normal range and occupy the equatorial positions. The equatorial angles become
increasingly distorted from 118°-122° in the fluoride to 108° (SSnS) and 140° (CSnC) in
the iodide. Sn—O is normal for the axial position (212-219 pm) while the Sn—X values
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FIGURE 5. Common configurations of diorganotin compounds with bidenate ligand (a) mononuclear
and (b) SnOSnO four-membered ring dimer

R
/Ph
N _Co a=249pm aa = 88.6°
N ~0 b=212pm bb=163.8"
| J Je ¢ ~c=243pm ab=8%'
N-“*-Sn74 d=275pm ac=75
Ve
b \Cl e=270 pm
////e
N Ph
(18)

204 pm (F), 256 pm (Cl) and 323 pm (I) become increasingly extended from F to I. The
iodide adopts the dimeric form with the longer Sn-O distance of 264.6 pm completing
an irregular octahedron with frans axial methyls.

An exciting result was found!®¢ for the amine (Me;SnCl);N (19) which has a planar
Sn3N skeleton (Sn—-N = 198 pm, SnNSn = 120°; Sn—C = 207 pm) stabilized by slightly
unsymmetric and quite long Sn—Cl—Sn bridges (the Sn—Cl distances average 272 pm and
280 pm). Calculations suggest a p orbital on N and planarity resulting from stabilization
produced by the bridges, rather than any Sn—N 7 effect. (Me3Sn),N (Dpp) also shows”®
planar N (Sn—-N = 204.4 pm, SnNSn = 125°) with no = interaction.

Cl

Cl/ | \Cl
e

19)

b. Oxygen donors. The tetrahydrated cation, [Me>Sn(H20)41%F, has been isolated!®7,
stabilized by the large benzene-1,2-disulphonic imide anion and by hydrogen bonding
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from the water ligands to the anion O atoms. The structure is almost regular trans
octahedral (normal Sn—C 208.8 pm; CSnC = 179.5°) and a small range of Sn-O values
(221-226 pm; angles involving O within 2° of 90°).

In the [Ag(PPh3)4]™ salt'38, the anion [PhySn(NO3),X]~ contains X = Cl or NO3
disordered over an equatorial site of a bipyramid with axial phenyls (Sn-C = 211 pm,
CSnC = 164°). The ordered nitrates are equatorial and asymmetrically bidentate (Sn-O =
234 and 255 pm). The remaining equatorial site is 50/50 occupied by Cl (Sn-Cl =
257 pm), giving a pentagonal bipyramid, or by NO3 (Sn—O = 224 and 243 pm) giving
an example of rare eight-coordination in a hexagonal bipyramid, encouraged by the tight
nitrate bite angle of 50-54°.

(i) Carboxylates. In diorgantin carboxylates in general, [R;Sn(O2CR’)2] commonly
show a distorted octahedron where two short Sn—O and two longer Sn—O lie in a plane
with R lying over the weaker Sn—O (20). Some typical parameters are listed in Table 9.
Oxalato-complexes form similar, usually cis substituted, octahedra (21).

189

21

The values in Table 9 show short Sn—-O values corresponding to full bonds for axial
substitution, while the longer bonds are still significant interactions. Interestingly, the S in
the case of R" = CH,SPh showed no sign of coordinating and the standard structure was

TABLE 9. Parameters (pm and deg) of some representative R;Sn(OOCR)z species (20)

R’ and R SnC (a) SnO (b) Sn...O (¢) CSnC (aa) OSn. . .0 (bc)
Me, Me!%° 209.8 210.6 259.3 136 55
Bu, benzoate'$® 211 211 255 145
Bu, CEt,CO0!91"” 212 215 249 159, 145 56
Me, p-NH,CeH}” 210 209 255 135 55

@ Average over different phases.



2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 129

observed!?3. In the related acetate anion!®® [Me,Sn(OAc)3]~ the coordination is pentag-
onal bipyramidal with two unsymmetric bidentate acetates (SnO of 228 and 252 pm), the
third acetate coordinating through one O and the Me groups axial. In contrast, dimethyl-
diformatotin, Me;Sn(OOCH); is a sheet polymer!* with linear MeSnMe moieties (angle
179.7°; quite short Sn—-C = 209.7 and 211.6 pm) and each formate bridges a pair of Sn
atoms, but with all Sn—O bonds equal at 224.7 pm. The coordination at tin is almost reg-
ular square bipyramidal with angles ranging from 84°-94°. This structure is very similar
to the long-known Me,SnF, where Sn-C is even shorter at 208 pm.

In [BuzSn(OOCCEt;,COO)]y, the second carboxylate links'®! to the neighbouring
Sn to give an extended chain. When the compound reacts with the diamine,
H)N(CH3)3NH(CH»)3Si(OMe)3, a similar linear polymer results but the N displaces
the weak Sn—O (Sn-N = 228.4 and 238.4 pm) leaving monodentate carboxylates
(Sn-0O = 214.5 pm and Sn...O = 350 pm which is non-bonding]. The Sn—-C lengths
average 215.5 pm and the groups are cis in a less distorted octahedron (CSnC = 110°).

Two picolinates, Ro,Sn(OOCCsH4N), with R = Me or Ph, have been reported. The
diphenyl compound!®> adopts the cis octahedral structure, compare 22a, but with the N
and only one O of the carboxylate coordinating. The two SnN bonds (228.4 pm) are cis
(angle 80.3°) and the OSnO alignment is distorted frans at 153° and Sn—O is quite strong
(Sn-0O = 209.5 pm). The two phenyls are at 105° (Sn—-C = 212.8 pm). In contrast, in
the longer-known Me analoguelg6 a second O of the carboxylate bridges to a second
Sn, giving overall pentagonal bipyramidal coordination with the Me groups axial. This
same paper gives one of the few trans octahedral examples, Me,Sn(kojate),, though very
distorted with MeSnMe = 148°.

NR2 NRZ
S S S
a a //
b \ /b
S—S§i—pn _She_
Ph Ph
R,N S ¢ ¢
Ph Ph
a=255.6 pm
b=265.9 pm a=242.8 pm
c=214.8 pm b =309.5 pm
ab=67.9° c=212°pm
ac = 103° ab =63
cc=101°
(22a) (22b)

(ii) Oxides and hydroxides. Diorganotin oxides and hydroxides are found in a variety
of structures. While mononuclear species are rare and depend on shielding of OH groups,
dinuclear and polynuclear species of increasing complexity have been identified.

Dinuclear species. Diorganostannoxane carboxylate hydroxides often form dimers
joined by a rectangular SnOSnO unit, as in [PhoSn(OOCCCI3)(OH)], (23). The Sn—OH
bonds are asymmetric (b = 202.4 pm, ¢ = 216.7 pm). Axial Sn—OC (a = 215.6 pm),
Sn—Ph (d, e = 211 pm) and PhSnPh (133.9°) follow the normal pattern. There is

hydrogen bonding between OH and carboxylate (OH. ..O = 264 pm)!°7.
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(23)

A similar Sn(OH)Sn(OH) ring is found'® in the RoSn(OH), dimer where R is a
substituted ferrocene bonded to Sn through a ring C. The dimer forms via Sn(OH)...Sn
interactions where the Sn—-O distances are 202 and 223 pm. The ferrocene also contains
an adjacent —CH;NMe, which, surprisingly, does not coordinate to Sn, probably because
they are involved in strong hydrogen bridges. Two Sn—C bonds (214 pm average) and
an O are equatorial.

When the acid group is a thiophosphate!®®, only the O coordinates. The hydroxy-
bridged dimer ['BuySn(u-OH){O(S)P(OEt;)}]> has a rectangular bridge (Sn-O = 201.8
and 219.7 pm) and has, as axial groups, the phosphate (Sn—-OP = 212.1 pm) and OH
(OSnO = 156°). The CSnC angle is 124° and the Sn—C lengths are normal for a ¢-Bu at
216 pm.

In L = 2,6-pyridinedicarboxylate compounds?®, L is a tridentate ligand through the
N and one O from each carboxylate. In the [RoSnL(H,0)]> dimer the SnOSnO forms a
rectangle and these two O, with the ligand donor atoms, lie in a nearly planar pentagon.
The SnR; units (R = Me, Et, Bu, Ph) lie in axial positions (CSnC 166°) completing a
pentagonal bipyramid with normal bond lengths (Sn—O = 218-247 pm and 260-278 pm;
Sn-N = 228 pm, Sn-C = 204-211 pm).

In [PhySnCl(1.-CH,)P(O)Phs 1,27 the binuclear ring is an 8-membered twisted chair
[SnCPO], with a near-symmetrical trigonal bipyramidal configuration (axial CISnO =
170.7°; Sn-Cl = 251.1 pm, Sn—-O = 229.1 pm; equatorial CSnC angles 119.1°-120.2°,
SnC 213-217 pm).

The ortho-substituted dibenzoates, Bu,Sn(OOCCgH3X2)2 (X = OH or Cl), show?°!
two types of weak additional coordination. Each carboxylate has one strong (Sn-O =
211 pm) and one weaker (Sn—O = 260 pm) bond to Sn, and the two Sn—C bonds are
normal (212 pm) forming a bicapped tetrahedron overall. These six-coordinate units are
then weakly linked into dimers through SnO...SnO... interactions (Sn...O = 338 pm;
compare van der Waals sum of 370 pm)]. The interaction is qualitatively that of (30) but
minor.

The B-diketones of substituted pyrazolonates [0—O] form*? two 6-membered
—SnOCCCO- rings in all-cis R,Sn[O—O], octahedral configurations. One ring is half-
chair and the other is boat. There is one short (210-215 pm) and one long (234-246 pm)
Sn—O bond from each and Sn—C is normal at around 210 pm for n-alkyl and 220 pm
for t-Bu.

Trinuclear species. When salicylaldoxime reacted?”> with dibutyltin oxide, the com-
plex product (24) contained three tin atoms, two with SnC,03 coordination in trigonal
bipyramidal (Sn’) and one with SnC>O3N> links in pentagonal bipyramidal (Sn’) config-
urations. The Sn-C distances are normal at 210-218 pm, the CSn’C angle is 160° and,
at the 5-coordinate centres, 125-129°. The triply-bridging O is 202 pm from Sn’ and
214 pm from Sn’. The Sn’-OAr distances are longer, 226 pm to -O and 268 pm to
w3-0, and the Sn” -N distances show the reciprocal asymmetry (267 pm and 229 pm).
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Rz/\

/ \ R\\ o
SH\O/ W

(24)

Tetranuclear and larger species. There are four tin and four oxygen centres in the three-
ring oxide-hydroxide structure which was found?** among the products of hydrolysis of
chlorides. The central SnOSnO shares edges with outer SnOSnOH rings (25). The SnsO4
core is only slightly stepped, and the R substituents form an envelope above and below.
Bond lengths (Table 10) are relatively short for apical Sn—O and Sn—OH showing strong
interactions and are similar to those of earlier studies.

X.
~Sn_d /
/T T~0 Sh
R [e a [\
o R/ R
~—Sn o—_ /"
b Sn\
\ X
R R
(25)

Oxide species containing four tin centres are found in a number of variants on the
compact structure based on a central SnOSnO ring sharing edges with four other rings
shown in (26). Typical parameters for the varieties are given in Table 11.

The thiophosphate'®® oxide, related to the dimeric hydroxide above, [MexSn(u-
OH){O(S)P(OEt,)}],0, has the compact multi-ring structure of (26a) [R = Me, Z =

TABLE 10. Bond lengths (pm) in the triple-ring oxide-hydroxides of structure (25)

R;X a b c d e Other features
Ph; C1@ 204.8 212.1 213.8 202.1 214.9 Sn-Cl = 249.5 pm; OH is
hydrogen-bonded to
C3H7NO
Ph; C1 204.8 211.7 217.1 202.2 218.0 Sn-Cl = 248.0 pm

(@DMF adduct.
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a C a
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~ n 1. 1 1]
S SnR 22IND 2 2 b 2
b 2 / /
R/ \O/ ///d\o A \O
d o) O\ /O
Z-0 0-Z 0
~| N éQ SN C
QC _=Sn~_ .~ O—Sn—0p7Q
/,Sn\ \O’/ R, ©O 2
R’ R
(a) (b) (©
(26)
TABLE 11. Bond lengths (pm) in the complex oxides related to (26)
263199 26b192 26b206 26b207 260206 26b192
variant
a 201.0 202.9 203.6 205.8 211.0 203.6
b 203.4 216.2 217.6 2114 208.8 216.6
c 260 2254 222.6 227.5 235.3 220.6
d 277 287.7 286.3 279.3 233.0 331.5
X 198.9 200.7 202.4 201.7 200.5 200.9
y 225 226.0 228.0 225.2 222.8 268.8
z 221 215.4 216.2 220.4 224.3 210.4
7 290.9 274.6 298.4 257.3
293.5
Sn-C (av) 209 211 214 213 211 213

(EtO),P(S)] with short oxide bonds and phosphate oxygen weakly bridging to the second
tin. This relates to the carboxylate structure of (26b) where the additional bridges are
weaker.

Related to the dimethyltinaminobenzoate of Table 9 is a pair of oxides with inter-
esting structures'2. The oxide formed by ortho-aminobenzoate, [(Me;SnOOCCgHy-0-
NH;);0]; is a dimer which contains a central SnOSnO bridge and further bridges to
two outer Sn atoms (26b) (R = Me, Q = CgHs-0-NH>). This has a short equatorial
or a longer axial bond between the different Sn and the oxide O. The carboxylates are
alternately mono- and bi-dentate with bonds to the carboxylate O of the short and longer
axial types. The monodentate carboxylate also has two very long additional interactions.
Thus both types of Sn are trigonal bipyramidal with a weak sixth interaction. In the para
-amino analogue, all the carboxylates become monodentate (26b variant in Table 11).
That is, bonds y in 26b are broken. Additional weak interactions (294-332 pm) occur
between Sn and both the formally bonded and the formally non-bonded O. A further
example of 26b [Q = CsH4(SMe)N; R = Et] is found in the thiopyridinecarboxylate oxide
dimer [Et,Sn(2-MeS-3-CsH4NCO0,),01,2Y. Yet a further variant, 26¢, has all four cor-
ners bridged by the O—CQ—O unit. This structure is found2% for [(Me,Sn(z-BuCO,),01,
(Q = Bu’; R = Me), while in the Et;Sn analogue, the structure changes to 26b.
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A related structure was isolated”! during the preparation of cyclic sulphides from the
halides. This contains two SnOSnSH rings which are fused to a central SnOSnO ring (27),
a molecule of formula [(H;;C¢)2Sn]4O2(SH)>Cly. The rings form a planar ladder and there
is a weak interaction between the central Sn and the CI on the outer Sn giving a structure
of five linked rings comparable to (26). (Note that SH and Cl are not unambiguously
distinguished by X-rays.) The Sn—SH bonds are much longer than ring Sn—S ones, and
the Sn—O and Sn-Cl values are also lengthened while Sn—C, with a range 213-218 pm
covering both tin sites, are normal.

H /R
S—Sn\R
/ \ a=2813pm ab=282" Sn-Cl=244pm
R,Sn 0] .al b=266.5pm bc=79° Sn..Cl=339 pm
/ e ¢c=207pm ad=76" RSnR=129°
/ s d=201pm cd=13I" (outer Sn)
/! 0 SnR, e=215pm ce=75° =137.5°
Cl\ d b‘ (central Sn)
RzSn S
a H
(27)

While carboxylate oxides and salicylic acids form normal SnOSnO bridged dimers
as in [{RoSn(OOCCH,SPh),}01,'%3, when thiosalicylic acid was treated with dibutyltin
oxide, a cyclic hexamer resulted?%®, with a 24-membered ring [Sn—O—C=0]¢. The three
different Sn atoms are in very similar trigonal bipyramidal configurations with apical O
from two carboxylates (OSnO = 176°) and equatorial n-Bu and S (angles 131°, 119°
and 109°). The main bond lengths show little variation (SnC = 215 pm, SnO = 222 pm,
SnS = 241 pm). In addition, there is a more remote oxygen at 307, 311 or 316 pm from
the three Sn sites.

c¢. Sulphur donors. Diorganotin dithiolates give both cis and trans octahedra, depend-
ing on the bulk of R and R’, and the SnS; coordination may be symmetric or asym-
metric. In [(#-Bu)2Sn(S,CNMe,);] coordination drops to 5, with one dithiolate becom-
ing monodentate (Sn—S = 257 pm) and the bidentate unit very asymmetric (Sn-S =
248.9 pm and 279.5 pm). Five-coordination is also found for triorganotin compounds
like R3Sn(SZCNR’2) and the asymmetry is substantial, so that the fifth coordination is
weak (average Sn-S = 246 pm and 325 pm depending on R and R’). Bulky R’ give
four-coordination, as in Ph3Sn(S;COPr’) or Ph3Sn(S;POEt,), which have monodentate
thiolates. A similar theme appears®” in dithiocarbamate structures, investigated for bioac-
tivity. The diorganotin, Ph,Sn(S;CNEt;), (22a) is an octahedron with modest asymmetry
in Sn—S in contrast to the triorganotin analogue, Ph3Sn(S;CNEt;) (22b), which is dis-
torted tetrahedral with a weak fifth interaction (CSnC angles 104°, 106° and 121°). A
very asymmetric version of (22a) is found!®” in Ph,Sn[(Ph(S)C=C(SMe)Ph], where the
Sn-S distances are 245.2 pm and 330.8 pm in the chelates. The morpholinocarbdithioato
compound210, BuySn[S,C(NC4Hg)» ]2, has a structure similar to (22a) with much more
asymmetric Sn-S lengths of 252.5 and 300.1 pm.

A further comparison of closely related compounds is provided by the related chlorides,
Phy(C1)Sn(S2CNRY), where R” is Et?!! or CgH;;2!2. These have structures similar to
22b but with reduced asymmetry in Sn—S (244.5 and 271.6 pm for R” = Et; 244.0 and
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265.7 pm for the cyclohexyl). The Sn—Cl bonds are the same at 243.9 pm and the CI and
the longer S occupy axial sites in a very distorted trigonal bipyramid (CISnS angles of
158° and 154°, respectively). The ¢-Bu analogues of (22a) and of the monochloride show
similar features. There is thus a subtle interplay between substituent size and geometrical
features, especially in the asymmetry of the SnS; coordination.

The dithiosquarate>'® ligand bonds to Me;Sn through the S atoms, presumably because
of the more comfortable bite angle (89°). There are four strong bonds which are close to
tetrahedral, allowing for the smaller chelate angle (Sn-C = 210 pm, Sn-S = 252 pm;
CSnC = 135°, CSnS = 105°-108°). However, one O from each squarate bonds weakly
to a neighbouring Sn in cis positions (268-288 pm), giving a very distorted (4 strong
plus 2 weak) octahedron. In the Me;SO adduct, the O (234.5 pm) completes a trigonal
bipyramid with similar SnS and SnC values and there is an even weaker squarate O—Sn
interaction of 294 pm.

The alternative choice between O and S as strong and weaker ligand is found®'* in
Me;Sn(OSPPh,), where the P=0 bonds strongly (Sn—-O = 206 pm) and the P=S com-
pletes the trigonal bipyramid with a much weaker bond (Sn...S = 294 pm; OSn...S =
163°) linking the molecules into a zigzag chain.

d. Nitrogen donors. Diorganotin compounds with relatively weak Sn—N bonds are of
interest as anticancer agents. [RySn(bipym)Cly] (bipym = bipyrimidine; R = Ph, Bu)
are mononuclear?!> with bidentate bipym and trans R [CSnC = 175° (Bu) and 169°
(Ph); all Sn—C = 214 pm]. The Sn—N (240 pm) and Sn—ClI (246 pm) bonds are about
5 pm shorter in the phenyl compound than in the butyl one, making the latter the better
anti-tumour prospect.

In the dimethylbipyridyl?!®, (CsHo)>SnCl,-bipyMe; (28), the CISnCl angle of 107.5°
complements the bite angle of the chelate. The Sn—C distance is normal at 215.5 pm and
the CSnC angle is 175°. The cyclopentyls exert some steric effect which shows up in
Sn—N bonds of 243.5 pm, compared with 236 pm in Ph,SnCl,-bipy. Similar geometry
was found in earlier determinations of RyZ,;Sn(L-L) compounds containing a range of
bidentate L-L groups.

(28)

A related geometry results from the use?!” of 2,6-pyridine dicarboxylate in

Ph; SnC7H3NO4-H>O. The two phenyl groups are at normal distances and trans (CSnC =
172°). The tridentate ligand occupies three sites in the equatorial plane and the coordinated
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2 a=2214pm ac=69.7°
\O b =244.6 pm bc= 659"
a/ OH, c=2338pm ad=73.6°
NLSn4 d=227.1pm be=727°
o) e=238.0pm de=78.3"
b e
o]
C/
o)

FIGURE 6. Equatorial plane of pentagonal bipyramidal Ph, SnC7H3NO4-H,O. Phenyl groups lie above
and below this plane

water fills a fourth. Interestingly, a carboxylate O from a neighbouring molecule (Sn-O =
238 pm) is also coordinated to give 7-coordination, pentagonal bipyramidal geometry at
Sn and an overall zigzag chain polymer. The equatorial pentagon (Figure 6) is irregular but
essentially planar. The compound is one of a family which shows significant anti-tumour
activity?'8. Compare also analogous?'® N-(2-hydroxyethyl), six-coordinate potential anti-
tumour species.

The larger tridentate?”® benzoylsalicylahydrazone ligand forms three strong bonds to
give the usual distorted trigonal bipyramid geometry. The ligand is near-planar and fills
the two axial (SnO = 213 pm) and one equatorial (SnN = 217 pm) site in the dibutyltin
derivative (SnC = 212 pm).

The N -(2-mercaptophenyl)-4-oxo-2-pentylideneamine molecule acts as a tridentate lig-
and bonding through three different donors—S, N and O. The LSnPhy product??! has
the usual distorted trigonal bipyramid with equatorial N and C.

Dipeptides. Interest in diorganotindipeptides stem from their antileukaemic activity.
More recent structures??? with various Sn—R include GlyMet, GlyGly, GlyAla, GlyVal.
All show very similar trigonal bipyramids around Sn with normal bond lengths for the
configuration. The tridentate dipeptide is usually nearly planar with the O and the amino
N (225-230 pm) in axial positions and the peptide N (around 210 pm) with the two
organic groups equatorial. In [Etzsn(GlyHis)}MeOH223 , there are two tin environments.
One is the standard trigonal bipyramid, as above, but in the second, the coordination at
Sn is increased to 6 by a long bond to a ring N (Sn—-N = 279 pm) of the histidine on the
trigonal bipyramidal molecule. This lies in the equatorial plane of the 2C and the peptide
N (lengthened 3 pm) with a reduction in angles.

e. General. Reaction of [£-Bu;SnO]3 with RB(OH); (R = Ph or Mes) gives two product
types22* with structures shown in (29), both interesting variants on the trigonal bipyramid
theme.

Several other recent papers further illustrate the above themes, such as tetrahedron
plus two weak interactions??; trigonal bipyramids?2®, with chelate rings*?’; a tridentate
ring??8, including PhoSn(CH,CH,COOMe)I with Snl = 281 pm?%°, and bridging into a
linear polymer?3; all trans octahedron!, cis octahedron?3? and finally octahedral with

chelate rings?33.

4. Mono-organo compounds

For mono-organotin, five- and six-coordination are often found?3*. Five-coordinate
geometry verging on the square pyramid is sometimes observed as in various RSnL;
compounds?® for L a bidentate S ligand. Seven-coordination is also represented, usually
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cd = 146° SnC =218 pm

(29)

in pentagonal bipyramidal geometry. In 2-mercapto-pyridine (SPy) or -pyrimidine (SPym)
complexes236 p-TolSn(SPy)3 and BuSn(SPym)z have R and the S of one ligand in
axial positions (Sn-Bu = 213.1 pm and Sn—-SPym = 244.5 pm; Sn-Tol = 211.9 pm,
Sn-SPy = 248.6 pm). In the equatorial plane two ligands are coordinated with Sn—S
bonds cis and longer than the axial (Sn—S = 250-256 pm) and the three N atoms complete
the pentagon (Sn—-N = 244-262 pm). The axial CSnS angle is 152°-156°.

a. Halogen compounds. Structures of [RSnCls]~ ions have been reported?®’ for R = Et
or Ph with various counter-ions. The Sn is displaced towards R (angles average 94°)
and the trans Sn-Cl (241 pm for Et, 247 pm for Ph) is shorter than the cis values
and the difference is greater in the Et anion (252 pm) than for R = Ph (249 pm). As
hydrogen bonding to counter-ions occurs, it is unclear whether there is any specific trans
effect.

With a non-demanding substituent a dimeric anion is found®® for [BuSn(OH)Cl,-
H,01,2~ with very distorted octahedral Sn and an —Sn(OH)Sn(OH)— ring. One Cl
(SnCl = 242.7 pm) and the Bu (213.2 pm) are trans to the bridging OH (Sn-OH =
203.8 pm and 212.2 pm; CSnO = 160°, CISnO = 172°) and the remaining two sites are
occupied by Cl trans to the water molecule (Sn—Cl = 248.5 pm, Sn—-OH, = 221.6 pm).
The water is hydrogen-bonded to the counter-ion.

RSnX3 compounds may retain four-coordination with large R. In an interesting series
where R is large and has available donor atoms, higher coordinations are found. For
the case®® of the polyfunctional ligand R = [2,6-(MeO),CsH3]3C we find seven-
coordination —to the C and 3X atoms (X = F, Cl, Br) and to one methoxy O on each of
the three 2,6-dimethoxyphenyl groups. The coordinated oxygens are anti to the halogens,
giving approximately a trigonal antiprism with the Sn—C bond capping. This capped
octahedron contrasts with the more common pentagonal bipyramidal geometry found
for seven-coordination. The rings are twisted regularly in a propeller configuration. In
contrast to the five-coordinate diorganotin compounds of Table 8, bond lengths increase
with increasing halogen size (Table 12) and angles become more variable —for example,
the CSnBr angles are 114.6°, 117.4° and 128.3°. All the bonds are lengthened, reflecting
the high coordination, and the Sn—O distances denote a relatively weak but still substantial
interaction. NMR studies explored exchange of OMe and ring rotation.
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TABLE 12. Parameters (pm and deg) for [2,6-(MeO),CcH3]3CSnX3

compounds

X=F X =CK X =Br
Sn—C 222 226 231
Sn—0O 240-246 256-264 259-276
Sn—X 196 239 253
XSnX 94 92-99 94-100
OSnO 108-113 100-111 96-110
CSnX 119-124 114-126 114-128

@Qver the two independent molecules in the unit cell.

A less obvious route to mono-organotin species is to start with SnCl, and add L and Cl
by reaction with LHgClI. Such a study?*® produced octahedrally coordinated (LSnCl,0),
and [LSnCl,(OH)], dimers [L is a (phenylazo)phenyl species bonding through C—Sn and
N—Sn] with SnOSnO or Sn(OH)Sn(OH) (30) four-membered rings. Unfortunately, the
crystal for the oxide was disordered as a comparison of ring shapes would be interesting.
In the [Sn(OH)], ring, the Sn-O distances are quite asymmetric and relatively short.

NR N
A a=2118pm
/ \ Ie b=246.3 pm

‘RC C—u ~ ¢c=2193pm ab=722°
N _Sn Sn .
~ d=201.5pm  cd=70.6
a”f ‘ed\ - | Sa e=2%mipm =949’
a9 1 f=240.2 pm
(30)

A similar —SnO(R)SnO(R)— ring is found for Pr'Sn(OPr’)3;, which is a dimer with
five-coordinate Sn?*!. The ring is asymmetric (Sn-O = 202.6 and 227.3 pm) and the
latter is axial on Sn with the longer external O (OSnO = 158°); Sn-C = 217.7 pm.

Hydrolysis of trihalides gives complex cagelike structures?*?, with an interesting
example243 involving the encapsulation of a Nat ion in [(is0-PrSn) 204(OH)4 1%t
[Ag7]y 11*~-NaCl-H,O-10DMSO. The structure consists of 12 SnOg octahedra sharing
edges and corners with 4 113-O (Sn-0 = 204.3-218.5 pm; Sn-OH = 199.1-221.9 pm),
and with outward pointing Sn—R. Trimers of octahedra are located tetrahedrally around
the central cavity holding the Na*.

The pair of molecules Ar,SnXY (31) illustrate nicely“™" the balance between five- and
six-coordination. The ligand Ar is the 8-dimethylnaphthyl group where the side-chain N is
in a potential chelating position. When X = Y = Br, both Sn-N distances are equal and
correspond to a relatively long bond and distorted octahedral coordination. In contrast,
when X = Me and Y = I, one Sn—N is shorter (at 253 pm) but the other is so long that
the interaction is very weak.

244

b. Carboxylates. [PhCH,Sn(Ox),(OOCPh)]*~, R = CgHsCH,; R’ = OC(0O)CgHs)
has cis octahedral?®*® bidentate oxalates whose remote oxygens are hydrogen bonded
to the cations. The benzyl (Sn—-C = 214.5 pm) and one O of the benzoate ion (Sn-O =
207.2 pm) are cis and complete the octahedron. The coordination to Sn of each oxalate
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X=Me X=Br
NMe, Y=1I Y=Br
b a=215pm a=212pm
X 7/d b=221pm  b=261pm
“Sn > c=295pm  ¢=263pm
a N e d=253pm  d=262pm
PN e=310pm  e=264pm
\
N
Y Mez
(€2))

is slightly asymmetric, and the group trans to benzyl is a little closer (Sn-O values
207.3 and 210.4 pm and 212.2 and 215.8 pm, respectively). The similar diorgano oxalate,
[PhySn(0x)2]%>~ (see 21, R = Cg¢Hs = R’), has similar cis geometry with slightly longer
and more asymmetric Sn—O (212.1 and 219.7 pm), normal Sn—Ph lengths and with
CSnC = 106.2°.

c. Sulfur donors. Coordination geometry similar to that of (22a) is found in various
(S2)2SnRX species. Typical is the oxypropyl (R = CH,CH,COOMe; X = CI, SS =
Me,NCS,)%#0 with the chelate Sn—S fairly symmetric (253.5 and 263.5 pm), SnCIl =
245.8 pm and other geometry standard. Using the pyrrole derivative?*’, SS = C4H4NCS,,
the PhSnCl derivative also gives a structure similar to (22a) with longer SnS (258 and
265 pm). The same study produced a Me,;Sn(SS); derivative with much more asymmetry
(Sn-S = 252 and 301 pm) and Sn(SS)s with one symmetric and one near-monodentate
ligand (SnS = 241 and 319 pm).

Seven-coordination is found among bidentate 1.1-dithiolate complexes**® of mono-
organotin, [RSn(S>CY)3], where R is alkyl or phenyl and Y is commonly NR’2 or OR’. The
distorted pentagonal bipyramids have R and one S in axial sites (average values Sn-S =
249 pm, CSnS = 165°) with the remaining S equatorial and more distant (Sn-S =
260-282 pm).

2

d. Nitrogen donors. The CSnN3Cly geometry of PhCl,SnL for L = pyrazolylborate is
distorted octahedral®*® with a long Sn—C (223 pm), variable Sn—N (221.8, 224.1 and
228.9 pm) and SnCl (242.0 and 243.8 pm) governed largely by the geometry of the
tridentate ligand.

The pair?® of sulphinylimidazole complexes (32a and 32b) nicely illustrate the delicate
balance of acceptor power for MeSnCl3 versus Me;SnCl,. The trichloride has a moder-
ately long Sn—N bond and a clear Sn—O link giving distorted octahedral coordination.
The dichloride has longer Sn—N and Sn—CI bonds in axial positions in a trigonal bipyra-
mid and the Sn. . .O distance is now 275 pm, which indicates only a very weak interaction,
though shorter than the van der Waals sum. A pyridine analogue of 32a showed similar
geometry but with Sn—N = 231 pm.

B. Coordination Numbers Above Four for Ge and Pb

1. Germanium

a. Conventional complexes. The ion [(CF3)3GeF2]~! is a regular trigonal bipyramid

(Ge-F = 183.5 pm, Ge-CF3; = 200.0 pm), while the mono- or bis-trifluoromethyls give
octahedral fluoro-anions.
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Me Me
/ /
N N
N SMe N SMe
Cl\\ f al Me /
\ e /
Clsn ~ 0 s g 0
a\c Cl c Me a=210.2 pm
a=2122pm b=241.7 pm
Me 2403 pm Cl ¢=255.0 pm
c=2454 pm d=241.1 pm
(32a) d=1247.7 pm (32b) cd=175.7°
e=226.2 pm aa=154.5°
f=219.4pm ab = 103°
ab = 96.5°
of=75.3°

Hexafluorocumyl alcohol (= LH) gives a spirogermanacycle, L,Ge, with two
—GeCCCO- rings and distorted tetrahedral coordination (Ge-C = 189.8 pm, Ge-O =
178.6 pm, CGeC = 138°, OGeO = 110°). This adds nucleophiles to give five-coordinate
anions, such as [LyGeBu]™ in a relatively regular trigonal bipyramid with axial oxygens
(GeO = 198.9 pm, OGeO = 173.8°) and three equatorial carbons [Ge-C = 194.7 pm
(Bu), 193.0 and 197.2 pm; CGeC = 119°-121°]%32,

Me,GeX(SoCNMe,) (X = Cl, Br, D®3 show trigonal bipyramidal geometry with
axial X and S (XGeS = 195°-161°). The second Ge—S is equatorial, and much shorter
(Table 13).

The tridentate dipeptides, as L = glycyl-L-methionate, give standard trigonal bipyramid
coordination in MeyGeL?%* with axial OGeN (amino) angle of 161.8° and Ge-O =
200.8 pm, Ge-N = 210.3 pm and equatorial peptide N (Ge—-N = 188.9 pm) and methyls
(Ge-C = 191 pm). The geometry is very similar to that found for the glygly analogue
and also for corresponding tin dipeptides.

In mono-organogermanes, a systematic study~>> exemplifies work on factors influenc-
ing the variation between trigonal bipyramid and square pyramid geometries. This used
ortho- disubstituted benzenes to provide (D. . .D) units, in [RGe(D;C¢X4)2]™ [Et4N] ™ for:
(A)R=Me, D=0,X=H; B)R=Me, D =S, X =H; (COR =Ph, D =0,
X=H; (D) R=Me, D=0, X =Cl and (E) R = Ph, D = O, X = CI. The molecules
are trigonal bipyramids, with increasing distortion from (A) to (B) to (C), while (D) and
(E) are close to square pyramids (Table 14). Interestingly, the EtzNH™ salt of (C) is

255

TABLE 13. Bond lengths (pm) in Me;GeX(S,CNMe, )¢

X =Cl X =Br X=1
Ge—Me 192.7 189/196 191.8
Ge—S(equat) 2254 222.2/225.2 2255
Ge—S(ax) 289.6 281.7/284 268.5
Ge—X 225.1 242 271.2

“4Two independent molecules for bromide.
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TABLE 14. Parameters (pm and deg) for RGe(D;),~ ions®

(1) Trigonal bipyramid geometry (mean values)

(A) Me, O (B) Me, S (C) Ph, O

Ge—C 194.6 197 193.6
Ge—D(ax) 192.0 239.8 189.0
Ge—D(eq) 183.4 227.3 184.6
DGeD(ax,ax) 166.3 165.2 160.1
CGeD(eq) 123.1 130.4 134.0
CGeD(ax) 96.8 97.1 100
DGeD(eq,ax) 86.8 86.8 86.1
(2) Square pyramid values

(D) Me, O (E) Ph, O
Ge—C 190.7 193.0
Ge—D 187.2-189.0 185.9-188.4
DGeD (trans) 142.5, 1494 143.0, 150.3
CGeD 105.2-109.4 104.6-109.3
DGeD (cis) 84.4-85.7 85.0-85.8

4For (A), (B), (C), (D), (E)—see text.

closer to square pyramid as hydrogen bonding to the cation lengthens two of the Ge—O
bonds.

Six-coordination is found in L = lactamo-N -methyl compounds L,GeCl(OSO,CFj3)
where L bonds through C and N and structures for NC, ring sizes with x = 4,5,6 were
determined®*°. Only one Cl could be replaced by triflate. The structure is distorted all-trans
with OGeO = 167°-173.8° (increasing with x) and Ge-O = 198-205 pm; CGeC =
108°-113° and Ge-C = 192-197 pm. The third axis contains Ge—Cl (213-217 pm)
and the weakly bonded triflate (Ge-O = 302-336 pm) with OGeCl = 165°-169°. The
coordination is clearly 5 plus 1, but the angles match the distorted octahedron description
reasonably.

A porphyrin Me;Ge(dpb) shows considerable cyctotoxic effects>>’. The six-coordinate
structure shows GeC = 199 pm and GeN = 202-203 pm with a MeGe plane angle of
86.9°.

An example of a weak interaction is seen®8 in Mes;GeNHCOBu’ which has normal
values for GeN (189.9 pm) and Ge-mes (198.6 pm) but irregular angles (two NGeC at
101.7° and one = 111.6°; two CGeC at 117.4°, and one = 106.3°). The Ge...O distance
is 316 pm, a little shorter than the van der Waals radii sum, and the direction involves the
larger angles, suggesting a weak interaction, and in accord with a study?> which identifies
weak to modest five-coordination over a range of Ge-O distances of 323 pm to 248 pm.

The search for reaction models led to the synthesis2®® of the Ar3GeH species where
donation by side-chain N offers the possibility of seven-coordination (Figure 7). The
structure of the germanium triphenyl derivative shows three Ge—Ar bonds and the Ge—H
in approximately tetrahedral array with Ge-C = 195.9 pm, Ge-H = 158 pm, mean
ArGeAr angles of 106.7° and ArGeH averaging 112°. In addition, each N is frans to an
aryl (average NGeC = 174°) at an average N- - -Ge distance of 305 pm, some 7 pm shorter
than the van der Waals radii sum. Thus the Ge has four strong and three weak interactions.
Similar properties are found for related complexes, including a silicon analogue.

b. Germatranes and related species. The classical reaction of triethanolamine (33) with
RSiCl; to give silatrane with E = Si, D = O) was intriguing because the possibility of
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Me2
Ar Ar—M<——N

OO OO

FIGURE 7. Schematic coordination of Ar—N ligands giving high coordination Ge and Si species

transannular donation from N to Si raised options for modification of Si—R reactions and
involved the, at the time, relatively rare trigonal bipyramid coordination of Si. Additional
interest was provided by the biological activity of silatranes — again, an unusual feature
of Si chemistry then current.

(33)

The name was taken up and the atrane root is now widely and conveniently used to
designate the total class. For compounds where the O atoms are replaced by NR, the
term azatrane is used, and the terms proatrane and quasiatrane have been suggested for
molecules where the E...N interaction across the ring is non-existent (E...N distance
equal to van der Waals sum) or weak, respectively. The whole class of atranes is now
very extensive, involving E from transition metal groups as well as main groups. The full
field is discussed by VerkadeZ®! with emphasis on the effect of the E...N interaction on
the chemistry. Within the organometallic subset?®> where E = Ge, Sn and R is organic,
germatranes were extensively studied from the 60s, partly because of the possibility of
biological activity for germanium, though it is now found that such activity is relatively
weak?%3. The Ge—N transannular bond is typically 213-224 pm long — a relatively weak
interaction (compare Tables 2 and 5). Recent work has developed azatrane chemistry of
Ge2%* and Sn2%°, The structure of the phenyltin compound 33, ER = SnPh, D = NH,
shows two independent molecules with average values Sn—-C = 216.4 pm, Sn—-NH =
206 pm and transannular Sn—-N = 242 pm.

2. Lead

Shortening from four-coordination is seen in the Pb—Ph lengths (215.3-218.9 pm) in
Ph3PbBr.OPPh32%. The shape is near-regular (Pb-Br = 275.4 pm, Pb-O = 255.6 pm,
OPbBr = 176.9°, CPbC = 118.5°-120°). Similarly, shorter Pb—CH3 (218.8 pm) is seen
in MesPbN(SO,Me)!® in which, in contrast to the Ge analogue, there is an intermolecular
interaction (Pb—O = 265 pm, NPbO = 169°) to give a chain of trigonal bipyramidal Pb
units. Similar features were found for (M-NNN)PbMe3267. A shorter Pb—CHj3 value of
217 pm is found for (2-furanato)trimethyllead?®® where a planar PbMes unit linked into a
chain by slightly unsymmetrically bridging carboxylate units (Pb—O distances of 235.3 pm
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and 253.4 pm). The distance to the formally non-bonded carboxylate O is 317 pm and
there is a further Pb. . .O interaction of 355 pm to the furan ring O. Similar structures and
values are reported”®® in other trimethyl- and triphenyl-lead carboxylates. The Pb—CHj
distance reduces again®’® to 214.2 pm in dimethylleadbis(4-pyrimidinecarboxylate), pre-
sumably six-coordinated.

Simple six-coordination is seen?’! in [PhPbCls]*~ . PhyPb(NCS),.2HMPA shows
regular trans-octahedral geometry?’> (CPbC, NPbN and OPbO all 180°; PbC =
215 pm, Pb—-O = 234 pm, PbN = 242 pm). Trans-octahedral geometry is also found
in thPb{SgP(OCHQPh)2}2273 with axial Ph (angle 165°, length 219.5 pm) and two
four-ring asymmetric chelates (PbS = 270 and 295 pm). In contrast, the triorganics
Ph3PbS,P(OCH;Et); and Ph3PbSPh are tetrahedral with normal Pb-C (220 pm) and
shorter Pb—-S of 252-255 pm.

Seven-coordination is found in PhyPbL.HyO?"* where L = 2,6-pyridinedicarboxylate.
The phenyls are axial (Pb—C = 214.3 pm, CPbC = 172.8°) and the central pentagon
contains one tridentate L (Pb-O = 237.4 and 257.1 pm, Pb-N = 245.2 pm), the water
molecule (Pb—-O = 247.2 pm) and the second O from the carboxylate of a neighbouring
molecule (Pb-O = 251.4 pm). The bridging gives chains which are probably connected
by hydrogen bonding involving the water and carboxylate. Axial-equatorial angles are in
the range 85.5°-94.8°, so the pentagonal bipyramid is fairly regular.

A mono-organic also gives seven-coordinate Pb in 2-XCgH4Pb(OAc)3 for X = Me or
CI?7. The acetates are bidentate with asymmetric Pb—O (averaging 221 and 247 pm).
The aryl and one O are axial (Pb-C = 218 pm, Pb-O = 220 pm, CPbO = 150°)
and the remaining five Pb—O are equatorial. A more complex structure is found for
[PhoPb(OAc)3]2.H,0?7® where the two phenyls are axial (CPbC = 169°) and five O
atoms are coplanar with Pb to give a pentagonal bipyramid. The PbOs coordination
differs for the two Pb nuclei. Each has one bidentate asymmetric acetate (Pb-O = 233
and 251 pm) coordinated only to it. A second acetate is involved in holding the two centres
together in different ways. One (Pb-O = 232 and 264 pm) also bridges to the second
Pb (272 pm). The other (Pb—-O = 233 and 265 pm) links back by hydrogen bonding to
the water which is bonded to the first Pb (Pb—OH; = 258 pm). The Pb-Ph distances are
198 pm on the first Pb and longer at 217 pm on the second. Thus the molecule has two
pentagonal bipyramids linked by one apex and a hydrogen bond.

An older study?’” established 8-coordination as a hexagonal bipyramid in
[PhoPb(OOCMe)s] ™.

V. ORGANO-E(IV) COMPOUNDS OF TRANSITION METALS

It is possible only to sketch lightly this major field. By 19812, it was well-established
that R3E groups could bond to any transition metal and such bonds were most readily
regarded as two-electron two-centre bonds. One or two of the R groups could be replaced
by H, X or other functional groups. A further significant class had RyE groups bridging
a M—M bond or the edge of a cluster, or else forming an —EMEM— four-membered
ring. In all such compounds the geometry at E is basically tetrahedral and the E—C bond
parameters fall within the normal range. The number of reported structures is distinctly
less for E = Pb than for Sn or Ge. Transition metal-heavy Main Group chemistry is
reviewed to 1990 and-tin chemistry to 198878,

An indicative group of more recent studies includes structures involving Ph3Ge—Yb27°,
Ph3Sn—Ti (with 7-coordinate Ti)%®0, Ph3Sn—Zr, Hf (involving 8-coordinate M)28L,
Ph3Pb—V282, Ph,SnCl1—Cr?83, Ph3Sn—Mo28* an interesting chain in (Ph3Ge—W—),285,
germylene-W including Cl(cp)Ge—W?280, BuSnCl,—W?87, a C4Ge ring bonded to Mn,
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Fe or C0283, PhZXGe—Rezgg, various Ge—Fe compoundszgo, MesSn and Me3Pb—Fe
or Co®!, (Ph,RSn);—Fe*?, (Et,Pb—Fe), ring293, Me,(SH)Sn—Ru?*, tol3Ge—0s2?,
Me3Sn—Co?°, (FsCg)2Ge—Ni?*7, an R,SnCCNi ring®®®, (Me,ClGe),—Pt from a
digermane®® and MeCl,Sn—Pt(IV)30.

In some cases E is involved in further interactions. Thus additional M—X—E bridging
gives five-coordinate Sn in species involving RCI,Sn(. . .C1)-Mo**' and RCLSn(...S)-
Mo3%2, possible Sn—H—Fe 3-centre bonds in a Ph3Sn—FeH; species®3. A chlorote-
traphenylgermole is characterized as a Ge—Fe species’®*. A phenylgermole shows differ-
ent coordination to two Co atoms>? in »' and 7 modes.

Insertion of the germylene or stannylene, E(u-NBu’),;SiMe;, into the Fe—Me bond
of cpFe(CO),Me gives306 cpFe(CO),E(Me)(1-NBu-t),SiMe, with four-coordinate E and
normal E—Me (Sn-C = 214.8 pm, Ge-C = 197.7 pm; MeEFe angles 112°). Similar
insertions into the dimer give inorganic analogues with two EFe bonds. An unusual
—(R3P)2Pt—SnAr,—O—SnAr,—O — five-membered ring is formed®”? in the reaction with
a cyclostannoxane [Ar = Ar(f)] and the platinum dioxygen complex: Sn—Pt = 262.8 pm,
Sn-0 averages 195 pm and the Sn—C bonds are 224 pm.

More complex M, E, structures are also found, including raft species as in R,Sn bridg-
ing Ru—Ru in a triangle of triangles3%7, and R,Sn bridging Ir in a raft with the sail up3%8;
a Main Group cluster (RyGe)3Bi, further bonded to Pt3%; the product from Tb(Tip)SnSa
with Os3(CO), to give a cluster3!0 including a Sn—Os bond (SnOs = 266.2 pm, SnTb =
219.3 pm, SnTip = 216.5 pm) linked also by a u3-S to a second Os (SnS = 248.9 pm). In
{[cp*Rb(n-CeHs)14Ge} 311, each ring of tetraphenylgermane is -bonded to a Ru. When
mono-organo compounds are used®'?, the RE unit can act as apex of open or closed
clusters as in the RECos3 trigonal pyramid (closed for E = Ge, open for E = Sn), the
(RGe)> M4 square bipyramid (M = Co, Fe) and nets of linked EM; (E = Ge, Sn; M = Fe,
Co) triangles terminated by RE or RE groups3!3.

VI. COMPOUNDS CONTAINING E—E OR E—E’ BONDS: E = Ge, Sn OR Pb;
E' = Si, Ge, Sn OR Pb

A. Introduction

A range of syntheses is available, but the two commonest are:

(a) combination of radicals formed by pyrolysis, photolysis, plasma or silent electric
discharge;

(b) coupling, most commonly from E—X bonds (X = electronegative group such as
halide) using alkali metals. Specific bonds, especially E—E’ ones, may be formed from
the reaction of E—X with E'—M™ species such as R3EK.

The classical perception of restricted chains in E,Hj, 2, has been overturned in the
second half of this century and there is now no apparent limit to the straight or branched
chain compounds for E = Si, Ge or Sn, alone or in combination. Rings with from 4 to
7 of these E atoms were also stable, together with indications of much larger species.
Three-membered rings are characterized but much less stable. Limits to E—E formation
are apparent only for lead!*, where structurally characterized compounds are restricted
to RgPb; though preparations are reported for RgPbz and Pb(PbR3)4.

A few early vapour-phase structures (both ED and MW) and the first wave of X-ray
studies allowed Driiger and colleagues®!> to list 15 structures with Ge—Ge bonds in 1983.
Molloy and Zuckerman® could nevertheless quote the limited number of polygermanes
and the dominance of ditins in their list of structures as showing a decreasing tendency
to catenation down the group. By the mid-80s, there were over 100 Si—Si structures,
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with about half that number of Sn—Sn, one third Ge—Ge, and few Pb—Pb structures with
a similar low proportion of mixed E—E’ structures, and these numbers have increased
markedly over the last ten years. An even larger range and variety of structures and
isomers is indicated spectroscopically including Sn Mossbauer and Sn!'%/7, Pb2%® and
even Ge’> NMR to reinforce H! and vibrational methods.

Compounds containing mixed E—E’ bonds have been increasingly studied and a number
of crystal structures have appeared in the last five years —interestingly, only three years
ago Sheldrick* could report only one determination of the Ge—Si bond length and that
from silylgermane.

In the last few years, a further exciting development has been the characterization
of prismanes, cubanes and similar clusters paralleling the similar interst in organic
chemistry —though we do not yet have a buckminsterfullerene.

B. Dinuclear Compounds, E;Rg and Similar Species

Table 15 lists bond parameters for the simple digermanes, distannanes, diplumbanes and
mixed dinuclear species. Some disilanes and the gas-phase value for Ge,Hg are included
for comparison. The set of Si—Ge examples has increased since Sheldrick’s review, and
all the other E—E’ combinations are now represented.

The E-ligand bond lengths, including those for bulky ligands, match those found in sim-
ple mononuclear compounds (Tables 2 and 3). The E—E bond lengths may be compared
with values for tetrahedral E in the elements (pm):

Cc-C Si—Si Ge—Ge Sn—Sn Pb—Pb
154.45 235.2 245.0 281.0 (350 in 12-coordination)

Determinations in Table 15 cover some twenty-five years, and a number of studies
suffered from poor crystals, so the initial level of comparison is at the level of a few
picometers. In a number of cases, disorder between E and E’ vitiated detailed discussion,
for example of the potentially interesting and well-represented series of ArgEE’ molecules.
For simple ligands, the E—E bond lengths fall into quite tight ranges, slightly shorter than
in the elements, and the E—E’ values interpolate.

Steric and electron donation properties of the ligands strikingly effect the 7-Bu species,
especially SipBuf, where Si—Si is 35 pm larger than the mean, and lengthening persists
for all E;Bug species with even PbyBuf showing an increase of some 5 pm.

Steric effects are seen for other larger ligands. For Ph, an impact is seen for Si, where
SipPhg has not been crystallized on its own but in Si;Phg-PbyPhg, and Si—Si is some
20 pm longer than the Si—Si norm. The value for Me3SiSiPhj is normal, indicating a steric
rather than an electronic effect. For dinuclear species of the heavier elements, including
Si—Ge, the effect of simple aryls is much less marked and bonds in the hexaphenyls
and p-tolyls fall close to Table 3 values, but the hexaortho-tolyl derivatives do show an
increase.

At a more precise level, bond lengths reflect expected electronic effects; thus the Ge—Ge
distance of 241.3 pm in (PhGeCl,); is the shortest value reported from the crystal structure
of an unconstrained digermane as expected for electron-withdrawing ligands, but the
effect is small, noting that Ge-Ge in Ph3GeGeMes is only 241.8 pm, and that the gas-
phase electron diffraction value for Ge,Hg is 240.3 pm. Detailed comparisons need to be
undertaken with caution unless a closely related series is studied under similar conditions.

One such study is that of Pannell and colleagues348 who have related the changing
crystal structure of the Me3EE'Phs series to change of E and E’. Five of the reported
structures (E = E' = Si; E = Si,E' = Ge; E = Ge, E' = Si) crystallized in a
triclinic space group and were isomorphous while the other two (E = Ge, E' = Sn and
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2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 149

E = Sn, E' = Ge) crystallized in a closely related orthorhombic group. The structures
consist of chains of molecules fitting head-to-tail and with the triphenyl groups of one
chain fitting the clefts of the neighbouring ones, with adjacent chains oriented in opposite
directions for the triclinic structure and in the same direction for the orthorhombic one.
Pannell found the missing link compound, Ph3;GeGeMes, was isostructural with the
triclinic group, defining more closely where the morphotropic change occurs. In addition,
the two well-defined pairs of values for the isomers — Si—-Ge = 239.4(1) and 238.4(1) and
Ge-Sn = 261.1(1) and 260.1(1) —does give a firm indication of the electronic effects.
Relationships between structure, force constants and NMR properties are discussed for
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FIGURE 8. Representations of more complex structures containing E—E bonds
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the now-extensive range of ArgEE’ compounds®*®. These studies illustrate the potential
for refined analysis in favourable cases.

When E—E is part of a larger structure, it is of interest to see how far the bond length
accommodates to constraints. Table 16 collects E—E data for bonds in more complex
situations, as part of larger rings or with increased coordination, and Figure 8 (structures
A to G) summarizes some geometries.

The E—E bonds can accommodate substantially to imposed constraints, as in the classic
case of the acetates, [R;SnO,CR],, where the two O—CR—O groups bridge the Sn—Sn
bond giving 5-coordinate Sn A in the usual trigonal bipyramid configuration with axial
oxygens with non-linear OEO. The Sn-Sn distance is reduced some 8 pm, and varies
a little with R, in both cases of R” = Me or Ph, presumably reflecting the bite of the
bridging acid groups. The germanium analogue, [Ph,GeO,CCl3],, shows a similar though
smaller contraction.

Similarly, Sn—Sn in (ClSnMe,),, is short at 277.0 pm and there is relatively weak
intermolecular Sn. .. Cl interaction, giving a double chain and trigonal bipyramidal coor-
dination. Similar geometry is found with MeN(CH,; CH;CH3),; which bonds through two
C and N in the Sn—Sn linked dimer.

An interesting case is provided by the 1,2,4,5-tetrastannacyclohexanes (Figure 8, G).
Of the four compounds which have been crystallographically characterized, two are in
the boat form and two in the chair. Where tin bears 2 Me groups, the octamethyl3®’
and decamethyl3°® compounds are boat while the dodecamethyl®®® is chair, explicable
by the increasing 1,4 axial interaction between, respectively, the two CH,, CHMe and
CMe; groups. For these three, the SnCSn angle decreases steadily with increasing methyl
number from 116° to 111°. However, when SnMe; is replaced by SnPhy, the chair form
is found in the octaphenyl species®®®, showing that interactions between groups on the
Sn are also important in determining the stereochemistry.

Contractions are seen when single Ge—Ge bonds are found in GeGeX three-membered
rings B, where X is a small group like CH,, NPh or S, even with bulky ligands on Ge.
Where X = Te, or in larger rings C, D or E, the Ge-Ge values revert to the normal
range. In complex cyclobutenes®’® D, Ge-Ge remains normal at 245.9 pm and Sn-Sn at
280.3 pm.

The Sn—Sn bond in the azadistannirane B is unusually short while most of the other
ring values are normal. The enlarging effect of 7-butyl and polysubstituted phenyls persists
in the rings.

An unusual Ge—Sn situation arises in the product from the reaction where
two molecules of the germylene, cp*Ge(Bsi), add to (Me3Sn),C=N, to give
[cp*Ge(Bsi)(SnMe3)]NNC[cp*Ge(Bsi)(SnMe3)]377, where the two Ge-Sn distances are
equal (264.8 and 265.2 pm) as are Ge-cp* (205.6 pm). The Ge—C(Bsi) vary slightly
with the longer (198.4 pm) matching the longer chain bond (GeC = 193.5 pm) and the
other (196.9 pm) on the N-bonded Ge (GeN = 188.3 pm). The linking chain is linear
(CNN = 174.2°) and has GeCN = 150° and NNGe = 130 pm.

C. Polynuclear Compounds
1. General

Polysilanes, whose heavier analogues have not yet been structurally characterized,
include:

(a) Highly sterically crowded molecules”® like the octasilane [(Me3Si)3Si], and other
species with multiple (Me3Si)3Si (‘supersilyl’) or similar ligands, including the novel
TI1—-TI bonded species’”® [{Me3Si)3Si}>Tl],.
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2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 155

(b) Other highly substituted/bulky ligand species, such as a cyclopentadiene ring with
four disilane substituents, in the Lappert®®C issue of Journal of Organometallic Chemistry.

(c) [Si(H)CH;Ph]g, a cyclohexane analogue with a nearly flat ring381.

(d) A more extended series of E-paracyclophanes including [nn] and [nnn] Si; bridges
and a heptasilane bridge382 (Me;Si)7(CeHy).

(e) Sheldrick*® includes cases such as [SiMe,], with n greater than 6; n = 7, 13 and
16 are listed and a wider range of very long bonds as in Bu’ substituted trisilanes.

As for dinuclear compounds, perphenyl compounds represent the largest single group of
structurally characterized polynuclear species. Straight-chain and monocyclic alkane ana-
logues are established for up to 6 Ge or Sn atoms (Tables 17 and 18). Although there are
no crystal data for analogues of the larger silicon rings, like (Me>Si)13 or 17, Spectroscopic
evidence for larger units is strong. A significant number of interesting structures involve
sterically demanding ligands like mesityl or ¢-butyl, usually stemming from work on RyE
species. The «,w-dihalides in the list reflect ring-closure/ring-cleavage preparations and
reactions. Mixed-element chains, usually three-membered, are well represented.

Lengths of E—R and E—X bonds in polynuclear compounds match those seen in sim-
pler compounds. The average E—E and E—E/' values, excluding very bulky ligands, tend
to be a little higher than the dinuclear values. There is a high proportion of polyphenyl
species, whose structures are dominated by the need to minimize phenyl-phenyl interac-
tions with propeller orientations of EPh3 units and adjacent units conforming. For Ge—Ge
particularly, there are several cases where there are two independent molecules in the unit
cell, or where there is no crystal symmetry constraint on chains and rings, and these
indicate a 0.5-3 pm variability in ‘independent’” Ge—Ge values with identical ligands.
Differences between central and outer Ge—Ge bonds in the longer chains are also of this
order. The difference in Ge—Ge between GegMej, and GegPhy, is striking.

2. Highly branched species

A further, and undoubtedly increasing, class are those compounds like
[{(Me3Si)3Si},GeCl], which can be viewed either as a highly branched mixed element
chain with 18 E elements, or as a dinuclear species with bulky group 14 ligands.

An anion, [Ge(SiMe3)3]~, has been isolated*Y” as a lithium-crown salt and shows a
pyramidal structure (Ge-Si = 236.7 pm, SiGeSi = 102.6°). As expected, the angle is
more acute than for R3Si™ ions but less so than for Ph3ELi (E = Sn, Pb) (Section II.D).

Series with changing E allow useful insight, as in the growing set (Me3Si);E—E(SiMe3)s.
The known members are prepared by elimination/coupling reactions of the Li salts. Various
attempts at forming the E = C member have failed, probably because of excessive steric
interaction between the two ends of the molecule. The Si, Ge and Sn compounds are
established. (Me3Si)3GeGe(SiMe3)s is disordered but crystal structures of the Si and Sn
species are reported. The structure?®® of (Me3Si)3SiSi(SiMe3)s shows long Si—Si bonds
(240 pm for the central bond, 239 pm for the outer ones) and other features consistent
with appreciable steric strain. The Sn analogue (Table 17) shows a normal Sn—Sn bond
but with dihedral angle distortions away from D34 suggesting there is still some, but much
less, need for steric accommodation.

The structural parameters of E—E’(SiMe3)3 species have been calculated*® for E = C,
Si, Ge or Sn and E’ = (a) Si and (b) C. Cone angles decrease in the (a) series from 199° for
E = C through 182° (Si), 175° (Ge) to 168° for E = Sn. The (b) set cone angles are each
some 20° larger. The structure cited in Table 17 for {(Me3Si)3Si}»SnCl, shows a good
match with calculation with an experimental cone angle of 166°; the calculated Si-Sn
distance of 161 pm matches the experimental value also. The effect of the larger cone angle
is well illustrated by the attempt to prepare the Ge analogue, [(Me3Si)3Si]oGeCl, (angle
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2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 165

175°), which gave instead, by cleaving one Ge—Si, the digermane [(Me3Si)3SiGeCl,]»
and the cyclotetragermane [(Me3Si)3SiGeCl]s, listed in Table 17. Note the very similar
structure of [Bu’GeCl]4. Further indications of the extent of steric effects come from
the lead*!? compounds (Me3Si)3SiPbPh3 and [(Me3Si)3SiPbPh,]>. Molecular mechanics
calculations on the former indicated very little distortion, in contrast to lighter congeners,
while the diplumbane shows distinct lengthening of the Pb—Pb and Pb—C bonds compared
with PbyPhe. Thus the steric effects of (Me3Si);Si fade, but do not disappear even for
lead species.

The ligand series has been extended to E/ = Sn, including the transition metal
complexes cited in the Table, and just recently to E' = Ge. This work®® produced
{(Me3Si)3Ge},SnCl, where the cone angle at 168° was indistinguishable from that of the
E’ = Si analogue. The full E—E'(E"Me3); set, with E, E/, E” all permutations of the
group 14 elements, thus offers an accessible series (apart from those of high Pb content)
of chemically similar species with a range of cone angles covering some 70° from 216°
down. These will undoubtedly lead to further detailed insight into steric effects on products
and structures.

3. Rings

Three-membered rings are intimately linked with divalent and double-bonded species
and are discussed separately below.

For four-membered rings, both planar and puckered rings occur. Whether folding occurs
is the result of the balance of the E-E distance and the steric requirements of the ligands.
Examples in Table 18 exhibit these features. A borderline case is GesPhg where the
folding is very slight. The GeSi3 rings listed (Figure 9, H) fold less markedly than the
Si4 analogues. Marked folding is also seen in rings with different substituents of different
bulk on E like [CIGeBu']4, where the fert-butyl groups are on alternate sides of the ring
(Figure 9, I) and the ring puckers and the groups twist to reduce interactions.

4. Clusters

Forming further E—E bonds in E,, chains and rings creates double and multiple rings and
further steps in this process culminate in the formation of nets, open clusters and finally
closed polyhedral solids like prismanes and cubanes. The challenge and aesthetic attraction
of such platonic and ideal solid structures was felt earlier by carbon chemists with the first
report, that of cubane**®@, appearing in 1964. Only in the last five years has this challenge
been met for the heavier Group 14 elements but development has been striking.*33(®

Rz Ge

St

(H) (D
FIGURE 9. Schematic structures for polynuclear rings
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First, however, we should note briefly a second class of clusters, represented mainly
by the E;~ anions. While the first class of clusters is electron-precise, the second class is
usually electron-deficient, best treated by multi-centred cluster orbitals. While there are
not yet organometallic examples, this class adds a further dimension to the self-bonding
properties of E elements. These were first indicated by highly coloured solutions formed
when the elements were added to sodium solutions in liquid ammonia, e.g. a 9/4 ratio of
Pb to Na atoms suggested a [Pby*~ ], cluster. Such large anions could not be isolated and
structurally characterized until the advent of polydentate O and N ligands to give large
coordinated cations to stabilize the solids. A range of heavier Main Group cluster ions
has been characterized, largely by the work of Corbett*>® and his colleagues There is a
recent report440 of a substituted cluster of this type — [(CO)s CrSn]e2~ containing a regular
octahedron of tin atoms and isolated as the K[2.2.2]cryptand salt. Since the Sn—Cr(CO)s
unit is isolobal with Sn—CH3, there is no formal reason why organometallic clusters of
this second class should not be preparable.
Theoretical studies in 1985 and later**! indicated that a range of (EH), structures
should be stable, and that the preferred shape was the n-prismane. Tetrahedrane, E4Hy,
with only triangular faces has similar strain energies for C, Si and Ge but, while the strain
energy increases for C compounds from tetrahedrane to prismane to cubane, the reverse
pattern is found for Si, Ge, Sn and Pb—matching the effects in the corresponding four-
membered rings, [EH»]4. The first syntheses of Si, Ge and Sn prismanes were reported
almost simultaneously in 1988-9.

Present syntheses are relatively undirected, giving low yields of the characterized prod-
ucts and undoubtedly other interesting species in the mixture. No doubt similar compounds
were among the long-known ‘ER;’ and ‘ER’ species, with identifications like hexaphenyl-
hexagermabenzene, formed in reductions of less bulky REX3 species.

Figure 10 (J to N) shows some of the products structurally characterized to date. In
reductive dehalogenation of monogermanes, products depend on R with RGeCl3 giving
[RGels J for R = CH(SiMe3),*? or [RGe]s K for R = CEt;Me or 2,6-Et,CgH3**3. For Si,
RSiX3 gives the cubane K for R = r-BuMe,Si***, CMe,CHMe,** and 2,6-Et,CgH3*.

An alternative product, L, the tetracyclo[3.3.0%70%%]octasilane or germane, which may
be seen as the trans isomer of the penultimate intermediate en route to the cubane, was
isolated from a similar dehalogenation of Bu'EX;EX,Bu’ (E = Ge, X = Br; E = Sj,
X = Cl) with Li naphthallide. The silicon reaction was characteristically complex**® with
several products mostly in small yields—L (5%) and including a cyclotetrasilane (20%)
and the analogous tricyclo[2.2.0.0? hexasilane (6%) which was also structurally charac-
terized. The Ge system*#4% was much cleaner with 50% of L and no cyclogermane.
The enantiomers of L. were paired in the unit cell, and it was unusually stable to heat
and to air and moisture. The separation of the last two halogens presumably precludes
the final step to the cubane.

An alternative synthesis was used in tin studies. Thermolysis of the cyclotristannane,
[(2,6-Et,CgH3)2Sn]3, at 200 °C, gave449 not only the cubane K, but also pentagonal
prismane M and the propellane N, which may be seen as three triangles sharing a common
edge. These products derive from the initial stannylene, RySn, by aryl transfer, part of
which appears as the distannane SnyRe.

Typical parameters found for representative [n] prismane clusters are given below.

ER Ref. E—E, n-face E—E, square Notes
J GeCH(SiMe3); 442 258.0 252.1 angles 60° and 90°
K GeCgH4Et, 443 247.8-250.3 same angles 88.9-91.1°

M SnCe¢H4Et 449 285.6 285.6 angles 108° 90°
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FIGURE 10. Some cluster structures for germanium and tin

The structures are essentially ideal ones. The Sn—Sn distance in tin K is 285.4 pm. The
values indicate lengthening of Ge—Ge in the trigonal prism, but little effect in the cubanes
or K. This is in accord with calculations of strain energies for the [n] prismanes*>® which
show strain energy decreasing from n = 3 to 4 to 5, then rising so that n = 8 is less
stable than n = 3. Calculated bond lengths in the n = 5, 6, 8 and 12 prismanes differ
little with n, averaging 252 for Ge—Ge and 288 for Sn—Sn with the square faces less
than 1 pm longer apart from n = 12, where the difference rises to 2 pm for Sn. The same
calculation shows the pagodane [edges 249-253 (Ge) and 285-290 (Sn)] is less strained
and the dodechedron (250.3 and 286.2, respectively) even less so, which presents a nice
challenge to synthesis. The same papers also examine other structures including possible
aromatics (D3g more stable than planar) and tetrahedranes (where the lead member is less
unstable relative to the lighter elements than for other structures).

Germanium provides two examples of the tetracyclooctagermane L, with R = ¢-Bu
and X = Cl or Br; Ge—Ge bonds range from 244-254 pm, with those involving GeX the
shortest.

Tin forms the propellane N (R = dep), which has normal outer bonds (284-287 pm)
and a long central bond (Sn-Sn = 336.7 pm), 10% longer than any other Sn—Sn.
Calculations*! show that the central bonding interactions decrease on descending the
group. A tetracyclic heptastannane derivative RgSn7*>2 may be seen as the propellane
with two of the wingtips linked by an Sn-Sn bridge. The central Sn—Sn remains long
(334.9 pm), the bridge Sn—Sn = 290.2 pm and the remaining values range from 282 to
286 pm. An earlier study*? produced [P(SnMes)3], which has two trigonal PSn3 units
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joined by Sn-Sn edges — but with no central bond (P...P = 518 pm)—not a propellane
but a nicely symmetric cage. A simpler relation®* had a (PSn;Mey), six-membered ring
with the two P linked by a fifth SnMe, group. In these molecules, Sn—-Sn = 279 pm
and Sn-P = 251-253 pm. The first bicyclic hexastannane®?, Depi0Sne, consists of two
four-membered, puckered rings sharing a common edge at a dihedral angle of 132°. The
shared edge is the shortest (281.8 pm) by a little over the rest (283.5-293.1 pm).

Recent reports of further structures for silicon indicate further likely developments for
the heavier elements. Most striking is the synthesis of the tetrahedrane, SisR4, despite the
unfavourable strain energy, by use for R of the ‘supersilyl’ highly bulky SiBuj ligand.
There are two slightly distorted tetradranes in the unit cell with Si-Si lengths ranging
from 231.5-234.1 pm (calc for SisH4, 231.4 pm). Exocyclic Si-Si was 235.5-236.5
while Si-C was 191.7-196.2 pm; compare with Si-Si = 268.5 pm in Si;Buj which co-
crystallizes456. Also to be noted is the mixed-element cubane®’, (+-BuSiP)y, the analogue
of K with alternating Si and P in a distorted cage which can be described as a large P4
tetrahedron interpenetrating a smaller Si4 one.

Finally, we note two larger clusters containing Ge. There is a distorted rhombohedron
structure in the dimer*38, {t-BuGe[As(SiR3)3Li]3}2, where the Ge is bonded to 3 As
(244.6 pm) and the Et (199.8 pm) in a regular tetrahedral array. The two GeAs3 groups
are linked by six Li triply bridging between As. The high symmetry Nig(GeEt)(CO)g*°
has a cube of NiCO face-bridged by GeEt and with a central Ni, the first such structure
with Group 14 face bridges.

VII. DIVALENT SPECIES AND LOWER VALENT CLUSTERS
A. General

For all the elements E = Si to Pb, the simple divalent ER; molecules have the lone pair
in a single orbital (singlet S') and this orbital has increasing s character for heavier E, so
that the bond angle in simple ER, species approaches 90°. Such relatively closed angles
persist through to higher coordination numbers, i.e. bonds tend to be bent away from the
lone-pair direction. Thus we find complexes of divalent species, especially those of tin(Il),
which retain the lone-pair site and become trigonal or square pyramidal for the addition
of 1 or 3 additional bonds with the lone pair completing the tetrahedral or octahedral
configuration. For two added bonds, the commonest configuration is the C, one, which
results from the lone pair occupying an equatorial position in a trigonal bipyramid. Similar
remarks apply to REX species. A second manifestation is in formally 7-bonded systems,
as in Ecp;.

R3E and REX are found in combined forms:

(a) as formally double-bonded dimers, R,E=ER;,

(b) formally doubly bonded to other elements, such as R,E=CR,, R;E=PR’ or
R,E=ML,,

(c) as reaction products with unsaturated systems, for example after reaction with A=B
as three-membered EAB rings; some larger ring products formed similarly, such as EEOO
and EECC, have been included in Section VLB,

(d) by polymerization into rings or clusters, discussed in Section VI.C,

(e) as complexes with donors, RyE-Dy.

Such products are often formed reversibly and so also act as sources of RyE or
REX.

In the following sections, we examine R;E and these further products. The role of
Group 14 ER; in transition metal chemistry has been reviewed by Lappert and Rowe*°
and recent advances in bivalent organic chemistry by Lappert*©!.



2. Structural aspects of compounds containing C—E (E = Ge, Sn, Pb) bonds 169

B. RoGe Species

In contrast to silicon, germanium has a well-established though limited chemistry of
inorganic compounds in the +II state which are of reasonable thermal stability though
usually air-sensitive. Divalent organogermanium(II) species known at present fall into
three groups:

(a) Simple R,Ge species, which are now well-established by chemical means, have
been isolated in low-temperature matrices, and have calculated spectroscopic properties
which give respectable matches to observations on the matrix species. These species are
of transient existence at ambient temperatures.

(b) Related RyGe species with bulky ligands R whose higher stability has allowed
structural characterization in the solid.

(c) m-Bonded systems, stable at room temperature, exemplified by germanocene.

In addition, there are neutral and ionic complexes of Ge(Il) with coordination numbers
from three upwards of variable stability.

1. Small-ligand germylenes

Dimethylgermylene, Me,Ge, and similar species have long been postulated as a reaction
intermediate and the evidence for such compounds is now very firm and ably reviewed
by Neumann*62463,

In brief summary, germylenes are usually produced by thermolysis or photolysis of
a precursor and identified by the products, either oligomers or trapped species. Pre-
cursors are either strained organic derivatives like 7-germabenzonornadiene, or strained
or weakly-bonded inorganic compounds like cyclotrigermanes, R,Ge(SeR’), or germa-
nium mercurials. Characterization includes products from insertion into sigma bonds like
C-halogen or E-H, addition to alkenes, alkynes, dienes and the like, and isolation of
oligomers. Some products containing Ge—Ge bonds, including three-membered rings,
arise from the intermediate formation of the digermene, R,Ge=Ge,. The chemical evi-
dence, supplemented by matrix and theoretical studies, gives very satisfactory evidence for
the singlet germylene and not the triplet, nor alternative reaction paths such as those with
radical intermediates. As Neumann warns, however, ‘Nevertheless, some UFO’s (uniden-
tified factual objects) are still crawling through the landscape of photolytic germylene
generation.’ !

2. Germylene structures

Theoretical calculations of RyGe give bond parameters and vibrational frequencies. For
example, Me,Ge has calculated GeC = 202 pm and CGeC = 98° with the Ge-C stretches
at 560 cm™! (A;) and 497 cm~! (By). As the latter agree reasonably with experimental
values from matrix-isolated species (527 and 541 cm™!), the structural values are probably
good indications.

Some of the doubly-bonded R,Ge=GeR, compounds dissociate in solution (e.g. R =
Bsi by Lappert, see Section VIII). The gas-phase electron diffraction of (Bsi),Ge*** shows
Ge-C = 203.8 pm and CGeC = 107°. Other determined germylene structures are of non-
organic species and show angles ranging from 86° to 111° 4!, Isolation of R,Ge was
first reported for the even more hindered R = 2,4,6-Bu5CgHy. To produce a germy-
lene stable enough to allow an X-ray structure required the addition of a further SiMe3
group to Lappert’s compound in (Tsi)Ge(Bsi)*®>. The Ge—C(SiMe3)3 length = 206.7 pm,
Ge—CH(SiMe3); = 201.2 pm and the CGeC angle = 111.3°. The additional silyl pre-
vents dimerization (shortest Ge. ..Ge = 570 pm). Going the other way, the compound*®*
with one silyl less than Lappert’s — (Sim)Ge(Bsi) — decomposes at —20°C.
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A Kkinetically stabilized diarylgermylene, Tb(Tip)Ge, is also stable in hexane solu-
tion with no tendency to dimerize. The structure has not yet been measured but it was
characterized as the base-free mononuclear transition metal complex formed with the
reactive M(CO)s5. THF adduct (M = Mo,W). The crystal structure of the W complex466
shows Ge=W = 259.3 pm, Ge-Tb = 198.8 pm, Ge-Tip = 199.9 pm, CGeC = 108.4°,
TbGeW = 138.9° and TipGeW = 112.2°. Thus the Ge is pyramidal and the structure
is obviously the result of a balance of steric repulsions between the carbonyls, Tb, and
Tip. Older work on similar Ge=W compounds, RR'Ge=W(CO); with RR" = Cp*(Cl)
or (Bsi);*7, show Ge=W lengths of 251.1 and 263.2 pm, respectively, indicating the
combined steric and electronic effects.

3. Germanocenes and related compounds

Dicyclopentadienylgermanium(II), (CsHs)>Ge, was the first germanium 7 complex to
be synthesized, by Curtis and Scibelli in 1973 followed five years later by the monomethyl-
cyclopentadiene analogue. Through the 1980s, a rapid and substantial development of this
branch of germanium(Il) chemistry has ensued with a major contribution from Jutzi and
his group®s.

Common syntheses are by coupling the dihalide with the anion and varying ratios may
yield the mono- or di-substituted product:

GeXs + CsRs™ = (C5R5),Ge or (C5R5)GeX

Disproportionation between (CsRs),Ge and GeXj, coupling with different anion or
removing one cp ring gives further product types such as (CsRs5)GeR”, (C5R5)Ge(C5R’5)
or [MesCs5Ge]t GeClz~.

These germanium(II) organometallics are thermally stable though sometimes air-
sensitive. The larger the substituted cp, generally the more stable. The structures
(Figure 11)*% indicate Ge(II) configurations with a lone pair. In (C5Rs),Ge (Figure 11a)
the rings are not parallel (Ds, or Dsq) but are instead bent towards each other (Cyy) by a
combination of bending the angle at Ge made by the centroids of the rings with small tilts
of the ring planes to produce an angle « between the planes of the two rings which lies
in the range 34°-50°. In (C5R5)GeR (or X) the angle at Ge is around 110° and the Ge
is displaced from above the ring centre towards an edge, and is thus effectively dihapto
(Figure 11c). The Ge-ring distances vary from 210-225 pm to the centroid in Figure 11a
or b (pentahapto structures) to differences in GeC distances up to 60 pm for asymmetric,
dihapto, placings.

& e -
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FIGURE 11. Common 7-bonded E configurations
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The bent structure for germanocene may be understood on qualitative MO grounds by
noting that the highest filled orbital in the co-planar Dsq structure is the antibonding ajg
orbital formed by the out-of-phase combination of Ge 4s with the rings. Of the remaining
six orbitals, the higher are two pairs of degenerate orbitals which are m on the rings
and non-bonding or only weakly bonding, while the lowest are a pair of sigma bonding
orbitals involving the Ge s and p, orbitals. Bending to a Cy, configuration makes little net
change in the energies of these six orbitals, but does allow mixing of Ge p character into
the highest orbital, creating a lone pair pointing away from the rings. Thus this interaction
with the rings goes from antibonding to weakly bonding, substantially stabilizing the bent
configuration.

In the cation, with one ring removed there is an outward pointing hybrid holding the
lone pair with a weakly bonding interaction with the ring, together with two p orbitals to
the 7 bond. Finally, the cpGeR molecules can be envisaged as a Ge—R unit with the Ge
using an sp? hybrid to bond to R, another to sigma bond to the ring and the third for the
lone pair. This leaves a p orbital for  bonding to the ring. Ab initio MO calculations give
good matches to the structural parameters and ionization energies of cpGeR and cpGe™.

The mixed ligand cp*GeTsi shows a more dihapto interaction (GeC of cp* values 224.6
and 229.4 and two of 260 pm) with Ge-C(Si)3 = 213.5 pm. The angle at Ge of the mid-
point of the C—C bond and C is 118°. Similar geometry if found for cp*GeTtb with
GeC(cp*) 322.5 and 230.4 pm and Ge-C(Ttb) = 208.7 pm with the angle reduced to
101°470,

When GeCl, reacts with (MesCsH)SiMe>(MesCs) ™, it gives a Ge cation with a penta-
hapto link to the dienyl (GeC = 224-231 pm) and a dihapto one to the diene (GeC = 318
and 334 pm, the rest at 372-416 pm). The coordination is completed by a long interaction
to 2Cl (324 and 339 pm) of the GeCl3 ™~ counterion. A similar Sn product was formed and
isolated as a dimer with two SnFBFSn links through the BF4~ counterion (SnC values
averaging 250 pm in the penthapto, 322 and 390 in the dihapto and Sn-F = 274 and
282 pm)*7L.

The indenyl complex cp*Ge(1,3-(SiMe3)>CoHs)*7? has approximately pentahapto bond-
ing from both rings (Ge—C for cp* values of 233.2, 233.1, 238.6, 244.5 and 241.5 pm;
for indenyl, 273.2, 276.7, 272.5, 270.4 269.0 pm; centroid-Ge-centroid angle = 163°).

The lone pair can be used for further bonding, especially to transition metals. The
early examples were Cr or W carbonyls, MesCsGeL——— W(CO); where L = Cl, Me,
CH(SiMe3), or N(SiMe3),. Crystal structures show these species retain the dihapto coor-
dination of ring to Ge with a reduction of the ring—Ge-R angle from 110° to 101°
(L = CI) or 102° (L = CH(SiMe3);) and very similar Ge-L distances of 224 pm for
the chloride and 199 pm for the disilylmethyl. The W(CO)s group lies over the ring with
Ge-W = 263 pm and the ring—Ge-W angle around 135°.

A further related class of m complexes is that where the 5-membered ring is provided
by the CB4, C2B3 or CP (or As) B3 face of a nidoundecacarborane or heterocarborane.
Examples are found with Ge—R or with an outward-pointing lone pair. While there
has been no crystal structure report, the structure with the Ge completing the closo-
dodecacarborane structure is compatible with B!! and other NMR data. 2-carba, 2,3-
dicarba, 2,4-dicarba, 2,3-phospha(or arsa)carba and 2,4-phosphacarba skeletons are all
represented.

C. R,Sn(ll) Species

Calculated parameters for Me;Sn are Sn—C = 220.3 pm and CSnC = 95.3°.
Zuckerman and colleagues*’> postulated the first monomeric stannylene on the
basis of Mossbauer results on [2,6-(CF3),CgH3]2Sn in 1981. Ten years later the first
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crystal structure was reported, of the related trisubstituted ring analogue474, bis[2,4,6-
tris(trifluoromethyl)phenyl]stannylene, (Arf),Sn. The Sn—C distance is 228.1 pm and the
CSnC angle is 98.3°. The two nearest ortho-F...Sn distances average 267 pm while the
closest intermolecular Sn. . .F is 351 pm; compare the van der Waals sum of 364 pm. Thus
there is significant intermolecular interaction but little intermolecular effect. The barrier to
oligomerization is probably provided in part sterically and in part by weak intramolecular
donation from F to Sn.

This solid state structure is comparable with the first stannylene gas-phase structure
reported475 by Lappert. In [(Me3Si)2CH]>Sn, the Sn—C distances were 222 pm and the
CSnC angle was 97(2)°, essentially equivalent to the above.

Ar(f);Sn reacts with a cumulene with transfer of one Ar(f) group to form
Ar(f)SnC(PPh3)C(O)Ar(f)*’® where the Sn is two-coordinate to C and the CSnC(P)C
skeleton is planar with CSnC = 108.4°, SnCC = 113.3° and SnCP = 135.2°. The
Sn-Ar(f) distance (225 pm) is normal for Ar—Sn but the Sn-C(P) length of 212 pm
is shorter than a single bond (Table 1 and 2) though longer than the value calculated
for HySn=CH, (198.2 pm) and matches a picture of a multiple bond delocalized over
the Sn—C—C—O frame. A similar study477 with C=N—-R yielded Ar(f);SnCNR with
Sn-CN = 239.7 pm, Sn—Ar(f) = 231 pm, SnCN = 154° and angles at Sn of 83°, 103°
and 105°.

The stannylene (Bsi);Sn gives two Zr—Sn bonds in cpzzr(SnBsiz)z‘”g; Sn-Zr =
287.2 pm, Sn-C = 224 pm and there is no tin-tin bond (Sn...Sn = 424 pm). The
geometry at Sn is distorted planar with CSnC = 102.4° and the two ZrSnC angles are
widely different at 136° and 121°.

Alkyltin(IT) compounds formed?*”® using the anion R™ = CsH4N[C(SiMe3),]~ which
bonds to the Sn through C and N in a four-membered chelate. For SnRj, there are three
independent molecules giving Sn—-N = 238.4-244.9 pm, Sn-C = 233.4-237.7 pm and
NSnC at 60° with the angles between the two ligands NSnN = 141° and CSnC = 125°.
In RSnClI (Sn-Cl = 244.3 pm) and RSnN(SiMes); [Sn—N(amine) = 214.4 pm] the ring
SnC and SnN and angle values are similar.

1. Stannocenes and related compounds

Tin(II) has a similar*¢8, though richer, 7 complex chemistry to germanium. (CsHs)>Sn

was synthesized in 1956 followed by the methylcyclopentadiene analogue in 1959. For
two decades these were the only stable organometallic tin(Il) species known. Through
the 1980s, many other examples were added including those with Me3Si- and Me3Sn-
substituted rings. A spectacular example was the synthesis of (PhsCs),Sn by Zuckerman
and colleagues in 1984, later followed by the Ge and Pb analogues*®. Unlike the oth-
ers, this has parallel rings —the first group 14 ferrocene-type structure. With less bulky
substituents, the structures are the bent ones found also for the germanocenes. The Sn
atom tends to be off-centre and the structure thus tends towards a dihapto form and the
individual Sn-C distances vary in a 10% range upwards from 253 pm. It is interesting
that the differences for the two independent molecules in the unit cell of (CsHs),Sn are
quite significant—in particular, the displacement from the centroid of the Sn-ring per-
pendicular is 21 pm in one and 36 pm in the other, corresponding to a 5-10% difference
in the distance to the ring and in the angle between the ring planes, «. This illustrates the
flexibility of these molecules which also shows up in the spectroscopic observations.
Reaction*3! of cp,Sn with further cp~ produces [cp3Sn]~ which has three 1 bonded cp
rings arranged trigonally around Sn (centroid—Sn = 257.1 pm, centroid-Sn-centroid =
118.8°). The Sn-C distances going stepwise round the ring are 262.1, 280.5, 309.2, 312.6
and 286.2 pm. A similar reaction replaced cp to form an [SnR3]™ anion when R is the
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much larger fluorenyl, to give a product which is clearly pyramidal (Sn-C = 234.6 pm,
CSnC = 91.3°-102.9°). A similar species with the [Na{(Me;NCH,CH;);NMe}]™
counterion sees one of the cp rings bridging between the Sn and the cation with
Sn-cp = 273.3 pm and cp—-Na = 255 pm (compare the other two non-bridged cp—Sn
at 254 pm)*82. Reaction of cppSn with LiN=C(NMe,), gave a four-membered ring*3>
[cpSnN=C(NMe,)2], where the SnNSnN is centrosymmetric with almost equal sides
(Sn—N = 219.6 and 218.5 pm; angle at Sn 75.4°, at N 104.6°). The cp rings are trihapto
and trans across the central ring (Sn—centroid = 243.2 pm).

An n6 coordination of Ar = MegCg is found*®* in [ArSnCI(AICl4)]s where the seven-
coordinate Sn also has 6 Cl bridges to 2 Al and a second Sn in a centrosymmetric tetramer.
Bis-arene coordination from triptycene (R = Cy9Hj4) completes a distorted octahedron*®?
around Sn in the dimer [RCISnCl,AlCl;], with Sn bridged by two Cl to the second
Sn (257.8 and 268.0 pm) and by two CI to the Al (280.7 and 307.0 pm). Sn-centroid
distances are 290 and 338 pm. A tris-arene interaction with Sn was achieved*®® by using
the paracyclophane (p-C¢H4CH,CH;)3=R, in [RSn]?T with AICl4~ counterions. There
is a weak interaction (Sn-Cl = 307.3 pm) with one ion. The Sn—centroid distances are
slightly varied because of this (253, 262 and 266 pm) but the Sn(centroid)3 configuration
is close to trigonal planar. The same study produced a germanium(II) product, [RGeCI]*,
with Ge-centroid distances averaging 274 pm and GeCl = 222.4 pm.

2. Sn(ll) complexes

The same type of bidentate ligand bonding through C and N that gives higher coordi-
nation tetraorganotin complexes (Section IV.A.1) also yields Sn(IT) compounds'!3. Thus
Sn(NC), coordination is found for alkylamine-substituted phenyl or naphthyl ligands, or
for trimethylsilyl substituted pyridine. Coordinations include shapes derived from both
the trigonal bipyramid with equatorial lone pair and square pyramid with axial lone pair.
Tridentate ligands bonding through two N and C give similar products LSnCl or LSnR
with equatorial CI or R in shapes including equatorial lone pairs.

D. Pb(ll) Species

The first structure*®’ of a stable diaryllead depended, like the SnAr; above, on use of
the tris(trifluoromethyl)phenyl ligand. In [2,4,6-(CF3)3CgH>]>Pb, the Pb—C length was
236.6 pm and the CPbC angle was 94.5°. As for the Sn analogue, there were close
intramolecular lead-fluorine interactions with the shortest pair of Pb...F distances aver-
aging 279 pm.

While plumbocene has been known since 1966, little recent work is reported. The
diazaplumbocene488 [2,5-(Bu’),C4NH;],Pb has ring planes tilted at 143° and Pb-C dis-
tances in the range 260.4-283.2 pm and Pb—N = 287.8 and 285.4 pm.

E. Three-membered Rings
Three-membered rings are linked to lower valent compounds by the relation (E, E/,
E” = Si, Ge, Sn)
R2E + R,E'=E"R”; = cyclo — RyER,E'R",E”

This reaction is a common basis for ring synthesis and may be reversed by photolysis,
or often by heating, making the rings convenient sources of the -ylenes and the -enes.
Such reactions are reviewed by Weidenbruch*®.
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(a) Cyclopropane analogues, (ER»)3 for E = Si, Ge, Sn. These were seen to be inac-
cessible up to about 1980 because of the expected high reactivity of the strained ring.
Various synthetic routes failed. For example, reduction of dihalides or similar species,
R>EX5, yielded (RyE), only for n = 4 or more and the larger rings extruded R,E to form
the (n — 1) ring for n = 5,6 etc but not for n = 4. Such reactions involved R = Me, or
other small substituents, and the key to forming three-membered rings was the use of bulky
R groups. Thus, Masamune and his colleagues prepared*®® the first cyclotrisilane, Si3Rg,
by using R = Dmp. Analogues with R = Mes, #-Bu and similar groups followed**!
quickly, including the striking persilylated member**?, the nonasilane [(Et3S1),Si]3. A
similar strategy soon produced the cyclotri-germanes and -stannanes listed in Table 18.
Preferred reducing agents include alkyllithiums, Li or Na naphthalenide, or Mg metal.
While mechanisms are not proven, a reasonable and common postulate is formation of
R>E, then R,E=ER>, followed by addition of the two, or a similar process. Photolysis of
the rings yield R, E=ER;.

The first mixed-E rings were not reported until the 1990s. Coupling*®® [CIMes,Ge],
with Cl,Mes,Si produced the SiGe, ring, while reaction** of GeCl, with tris(tri-
methylsilyl)silyllithium gave a GeSi; ring in [(Me3Si),Ge]ls, the analogue of the above
nonasilane.

Structural details of these E3 and EoE’ rings are given in Table 18. By comparison with
the chains and larger rings, these all show E—E bonds some 10 pm longer than the norm.
These extensions reflect the bulky ligand rather than an adjustment to ring size. Thus
(comparing the sterically similar ligands 2,6-dimethylphenyl and 2,4,6-trimethylphenyl)
the Si—Si bond length495 of 240.7 pm in SizDmpg and the Ge—Ge value in GezMesg
give a good prediction of Ge—Si in SiGesMesg. Another comparison is with the linear
Mes3zGeGeMes(H)SiEt3 where both the Ge—Ge and Ge—Si bonds are lengthened despite
the presence of the non-demanding Ge—H bond. Similar lengthening of bonds between
E atoms with large substituents is seen in larger rings.

When the trigermane values are compared with the corresponding trisilanes (compare
the invaluable review by Tsumuraya and colleagues*®®), it is seen that the Ge—Ge bond
length in (2-Bu)sGes falls into the same range as for other substituents while the Si-Si
value of 255.1 pm for (z-Bu)Si3 substantially exceeds the Si-Si range of 238-244 pm
found for ligands like Dmp, Mes and neopentyl.

So far there is only one reported cyclotristannane structure, Snzdepg, and no mixed ring
containing tin. The closely related 2,4,6-triisopropylphenyl tristannane has been shown*”
to be in thermal equilibrium with the distannene over a wide temperature range. Not unex-
pectedly, there are no lead compounds of this class. It is an interesting sidelight**® on ring
stability that the dominant mode of fragmentation in electron impact mass spectroscopy
is the loss of R as alkene, leaving the ring apparently intact for E = Si, Ge and Sn.

(b) Three-membered species with EC> and E>C rings. A further significant group are
three-membered rings containing C which were also once thought to be too reactive to
isolate. Syntheses usually involve divalent or unsaturated species, as in the formation of
EC; rings by addition of R;E to alkynes or alkenes.

Recent interest in the structures has led to the crystallographic characterization of a
significant proportion of the possible types. Known cyclopropane analogues, ‘-iranes’,
include E,C, EE'C and EC; rings while cyclopropene analogues, ‘-irenes’, are found for
the EC, composition. Most structures are of rings with bulky substituents on E reflecting
syntheses from stabilized ER,, but this is not a precondition for stability, as shown by
the report of a dimethylgermirene.

The first structure reports were of germirene and stannirene in the 1980s follow-
ing closely the first silirene. In a pair of germirene*” and stannirene®® structures, the
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C=C ring edge is shared with a seven-membered sulphur-containing ring in a 4-thia-8-
germa(stanna)bicyclo[5.1.0]Joctene. The first saturated germirane rings were reported ten
years later™!| along with a germirene with a second type of bicyclic structure — this
time a diazagermabicycloheptene. In most of the reported structures there are bulky
R = CH(SiMe3), groups on E, which stabilized the germ(stann)ylene reagent.

Compounds were air-sensitive and some decomposed in the X-ray beam, so the data are
of variable quality. Within the error limits, the Ge—C bond lengths in the two germirane
rings match at 196 pm, while the two germirenes are distinctly shorter at 191 pm. The
external Ge—C bonds are normal and the external CGeC angle is wide, ranging from
114° to 126° in different compounds. Table 19 shows the critical ring CC bond lengths
and CGeC angles.

The C=C length is similar for E = Ge and Sn while the angle at E is smallest for
Sn. This angle is markedly smaller than in E3 compounds, an indication that the bonding
at E is adjusting to CC and EC bond length limitations (compare, for example, the
pioneering®®® CNDO calculations on C,X). There may be a trend from mols 2 to 4 to 3
reflecting delocalization from the external double bonds in 4, but the large error makes

R,
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FIGURE 12. Core structure for Table 19
TABLE 19. Some germirene rings
Compound” CC length CEC angle ECC angle

(pm) (deg) (deg)
1 133.1 40.5 70.3,69.2
2 139 432 68.4 C, axis
3 151,162 45,47.7 68,71 2 mols in unit cell
4 146 44 66.7,68.3
5 134.0 36.6 71.7 ext CSnC = 110°
Some calculated CcC GeC GeSi GeGe
values>??
GeCyHg 154.3 1944
Ge,CHg 199.6 237.3
GeSiCHg 201.3 231.2

(SiC = 188.7)

Ge3Hg 246.2
Ge,SiHg 240.2 246.0
GeSirHg 239.9

(SiSi = 233.6)

%Compounds (compare Figure 12):

1. R = Me, A = CMe,, Z = CH,CH,.

2. R = Bsi, A = CMey, Z is NN shared with a CONPhCO ring.
3. R =Bsi, A=CO, Z=NPh.

4. A is =CMej, no Z.

5. Sn analogue of 1.
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this uncertain. For the tin compound®®*, NMR studies suggest the R,Sn addition to the
alkyne is reversible and the system is in further equilibrium with R4Sn;.

Using ab initio calculations®®, the stabilities to decomposition to :EH, + HyE'=E"H,
were evaluated for the ten rings containing combinations of E, E', E” = C, Si and Ge.
The germirane ring, GeCy, is substantially the least stable with a value only two-thirds
of the remaining Ge-containing rings, which are all quite similar, and about half of those
for Si rings. The tin analogues should be even less stable while plumbirane is almost
certainly thermodynamically unstable. Such results match the experimental experience,
where it took some 10 years after the first cyclotrigermane and germirene syntheses before
germiranes appeared, and then the rings were supported by the C substituents. Similarly,
while cyclotristannanes and a stannirene are known, there is not yet a stannirane.

Addition of a CH; group to the digermene formed by photolysis of the cyclotrigermane,
Ges(Dep)s, using diazomethane, gave the first structurally characterized digermirane>’,
(Dep)aGeyCHjy. The external Ge—C bonds were normal at 198.4 and 197.5 pm and the
angle between them was 112.6°. The phenyl rings are all twisted some 65° in the same
sense. Within the three-membered ring, values are close to the calculated values, with
GeGe = 237.9 pm and GeC = 197.0 pm; the angle at C is 74.3° and at Ge, 52.9°.

(c) Hetero-rings containing elements from other groups. There are several examples of
E>X rings where X comes from Group 15 or 16. In a similar reaction to the digermirane
formation, reaction of a digermene with phenylazide gave®® the azadigermiridine, Ge;N
ring. Such reactions earlier produced Ge;X rings for X = S, Se, Te as in Table 16.
Similar syntheses have given SnpN and Sn;Te rings. Ge—Ge is normal length in the
telluradigermirane and shortens progressively through Se and S to the N and C rings; the
GeXGe angle increases in parallel.

A substantial number of GeXY rings have been identified spectroscopically, but crys-
tallographic determinations are rarer and include the following:

(i) The GeSC ring in 3-(2-adamantyl)-2,2-dimesityl-1,2-thiagermirane is forme:
by the addition of germylene to the C=S bond of adamantanethione. The two crystallo-
graphically independent rings are very similar with Ge-S = 222.2 pm, Ge-C = 197.1 pm
and SC = 187.9 pm. The ring angles are 52.9° at Ge, 70.4° at C and 56.8° at S. The
Ge-Mes lengths are normal at 195.4-196.9 pm. These values interpolate reasonably with
those in digermirane and sulphadigermirane. This ring is air-stable but easily oxidized with
the insertion of an oxygen and formation of S=O to give the four-membered GeOS(O)C
ring, probably via the thiagermirane S-oxide. Two of the GeC distances are little altered
at 195.9 pm (ring) and 197.1 pm (Mes) but the second Ge—Mes lengthens to 203.3 pm.
The ring is folded 24.3° across the GeS diagonal.

The analogous SnCS thiastannirane ring was formed®* using the stannylene (Bsi),Sn to
react with Bu,=C=S. The ring has SnS = 243.8 pm, SnC = 212 pm and CS = 179 pm
and angles of 46° at Sn, 58° at S and 77° at C. The Sn tolerates a more acute angle than
the Ge or Si analogues. The external Sn—C averages 217 pm and the CSnC angle is 116°.

(i) A GePS ring is found in Mes,GeSPAr (Ar = 2,4,6-tris-z-butylphenyl) formed>!°
by S insertion into Ge=P. The ring parameters are GeP = 231.6 pm, GeS = 222.7 pm,
SP = 217.6 pm; angles are 57.2° at Ge, 59.3° at P and 63.5° at S; Ge-Mes = 196.1 pm.

(iii) While single GePP rings have been identified spectroscopically, the crystal data>!!
are for the linked pair of GePP triangles which share a P—P edge in the 1,3-diphospha-2,4-
digermabicyclo[1.1.0]butane, [z-Bu(Mes)Ge],P;. The GeP length is 231.1 pm, Ge-Bu is
199.0 pm, Ge—Mes is 197.2 pm, all normal values, while PP at 238.3 pm is 7% longer
than in simple diphosphines. The ring angles are 58.9° at P and 62.1° at Ge, and the
molecule is bent across the PP edge shown by the GePGe angle of 86.8°. The two Mes
groups are in pseudo-axial positions, also describable as cis to the double ring. We might
include here the data from the same study for the corresponding four-membered ring

407,508
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cyclo-[t-Bu(Mes)GePH], where there is no P—P bond. Here the Ge-C distances are the
same but GeP is longer at 234.7 pm, and the ring is planar with angles of 95.3° at Ge and
84.8° at P. The pairs of organic groups are in trans positions across the ring. Replacement
of P—H via Li by HgR, then photolysis to remove 2HgR, forms the transannular P—P
bond of the bicycle. A related product in the system contains two Ge,P> rings linked
through a linear P—Hg—P bond and with a terminal P—Hg—¢-Bu group on the second
P. Here the Ge-P (Hg bridge) length is 234.2 pm while Ge-P (Hg terminal) is a little
longer at 236.6 pm. The rings are slightly bent across the Ge. ..Ge diagonal and the Mes
groups are now cis across the four-membered ring. The —Ge(Bsi);P=CBu’— ring has
also been established'2.

Viil. DOUBLY BONDED GERMANIUM, TIN AND LEAD

Early ideas of doubly bonded Si or Sn were dispersed when Kipping and his contem-
poraries demonstrated in the 1920s that the EoR4 species were not alkene analogues but
small rings. Some fifty years later, the discovery by Lappert and his colleagues of genuine
R4E; species reopened the whole question and led to an intensive period of experimental
and theoretical examination of the concept of an E=E double bond.

It is first worth noting some calculated parameters®'> for the radical cations MegE,+
(E-E = 265, 257, 342 and 305 pm and E-C = 183, 192, 212 and 217 pm, respectively,
for E = Si, Ge, Sn and Pb) which warn of the interplay of orbital energies down the
Group. Double bonds involving transition metals and unsubstituted Ge, Sn and Pb are
noteworthy>'4.

From the 1970s, the presence of intermediates with double bonds to Ge was
well established by chemical studies which identified the species by recovery of
its polymer, or by use of a trapping agent. Satgé and coworkers®’>~3!7 have
written a valuable and intriguing series of reviews which shows the development
of the field over the years. Thus, Et,Ge=CH; was established by identification
of the dimer, 1,3-digermacyclobutane, and of the germacyclohexene by trapping
by dimethyldibutadiene. Interestingly Me,Ge=C(Me)GeMes; formed the digermane
head-to-head dimer Me3;GeCHMeGeMe,GeMe,C(=CH;)GeMes. Many similar studies
established transient R, Ge=0, RoGe=S, R,Ge=NR, R,Ge=PR’ and R,Ge=BiR’ as well
as a range of examples of RyGe=CR), and several digermenes RoGe=GeR, but much
more limited Sn and Pb chemistry. The excellent 1991 review**® and a further survey
in 1993°!% of the heavier Group 14 and 15 element pr interactions show that the major
emphasis of work is still on Si. In their 1994 review>!> Satgé and colleagues list some
15 E=E and E=X (X=N, P and S mainly) systems which are established with stable
species, although there are also noticeable gaps such as Ge=Sn or any As or Se species.
Structural studies so far cover a much narrower sub-set.

In 1976, Lappert and his colleagues®'® reported the preparation of E;R4 [R = Bsi]
species for E = Ge, Sn and Pb. The crystal structure defined R,SnSnR;, while the
Ge and Pb compounds were identified as analogues by comparing properties, with the
assignment of a strong Raman band at 300 cm~! to the Ge=Ge stretching frequency. The
compounds dissociated to ER; in solution. This discovery initiated an interesting decade
of effort through the 1980s when the set of structurally characterized ethene analogues
was extended to include examples of silene (sti:CR/z), disilene (R,Si=SiR,), germene
(R2Ge=CRY},), germasilene (R,Si=GeR}) as well as further digermenes (R;Ge=GeRy).
The silicon species and theoretical approaches have been reviewed by Sheldrick*®
to 1989.

For the digermenes, Lappert later reporte the full crystal structure of R,Ge=GeR;,
R = Bsi and a refinement of the tin structure while Masamune has characterized the analog

d520
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TABLE 20. Structural parameters of doubly bonded species

(A) Compounds of formula R, E=ER; (see Figure 13B)

E R(a) E-E (pm) E-C (pm) Fold (x) Ref.
C Mes 136.4 149.4 0 531
Si Mes 216.0 187.1 18 532
Dep 214.0 188.2 0 533
Bu’, Mes 214.3 188.4 0 531
Ge Dep 221.3 196.2 12 521
Mes, Dip 230.1 198 (av) 36 521
Bsi 234.7 201.0 32 520
Sn Bsi 276.8 221.6 41 520

(B) Compounds of formula R,E=E'R),

E R E'R’ E-F E-C Ref.
Ge Ar(1) fluorenylidene 180.3 193.6 522
Ge Mes PMes 213.8 533

where R = Dep?! and also the unsymmetrically substituted RR’Ge=GeRR’(36)°'° with
R = Dip and R’ = Mes. Data are included in Table 20.

Not until 1987 were the first characterized germenes reported522. In Mesy,Ge=CR;
(CRy = fluorenylidine) the Ge=C bond is 180.1 and 180.6 pm in two independent
molecules which is clearly shortened over normal single bonds (compare with Tables 1 and
2). This shortening is even more marked compared with the bond in Mes;GeH—CHR;,
where Ge—C at 201 pm is unusually long, showing the intense steric pressures. Similarly
there is a distinct shortening in Ge—Mes to 193.1 and 194.4 pm in MesyGe=CR; com-
pared with 196.5 pm in Mes,GeH—CHR;. These values are all in accord with expectation
for sp? Ge.

The 1976 structure of R,Sn=SnR,, R = Bsi showed that, while formally an ethene
analogue, the conformation at Sn was pyramidal, not planar, and the Sn,C4 core adopted
a trans-folded Cy;, structure instead of the Dj;, ethene form. This was reflected in ab
initio calculations by Trinquier and colleagues following pioneer work by Gowenlock and
Hunter. These researchers found that, while HGe=CH, was planar Cyy7?3 like ethene and
silene, the planar formulation of digermene®** was about 15 kJ mol~! less stable than the
trans folded form. In this, HGe=GeH, was the exception as all other HyGe=X systems
examined (X = O, S, NH, PH as well as CH,) were planar like the Si analogues. Lappert
and others reached similar conclusions from ab initio calculations for digermene®?? and
for distannene®®. Relativistic extended Huckel calculations have been performed>2° for
digermene, distannene and diplumbene, as well as MNDO calculations®?’ for distannene.
These, and other contributions to the burst of theoretical work through the 1980s, were
ably summarized by Grev>%® in 1991.

The results of calculations on EoHg are worth summarizing (Figure 13), and were
discussed in detail by Sheldrick?2. Rearrangement barriers from HoGe=EH, to H3EGeH
have also been evaluated>?°. Three structures are found among the most stable forms: the
planar Dy, structure (A) of ethene, the trans folded Cyp structure (B), and the H3EEH
isomer (C) involving one divalent E atom and a singlet lone pair. There are also several
excited states including the triplet state of (C) and a twisted diradical (D) (where the EH;
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E=E'=C,a=133pm

H\ /H E=E’=Si,a=212pm
E—LF E=E =Ge,a=223pm
/ \ E=S,E'=C,a=170 pm
H H E=Ge,E'=C,a=176pm
(A) E=Ge,E"'=Si,a=217 pm
Hy
Y A4 SiSi, =216 pm, x =30°
R GeGe,a =229 pm, x =38°
H/I_{ GeSi,a=221pm, x =31"at Ge, 34°at Si
®) SnSn, a =271 pm, x =46°
H
/E—EH3 .____;Ea_E/
H H/l H
H
© D)

FIGURE 13. Some calculated structures for EoHy species

group is planar for E = C but pyramidal for E = Si, Ge, Sn, Pb). The singlet and triplet
forms of (D) are of similar energy.

For ethene, all other isomers are 250-300 kJ mol~! less stable than planar (A). How-
ever, in disilene the folded structure (B) is just below (A) and becomes increasingly stable
relative to (A) as E gets heavier. Although isomer (C), methylmethylene, is 300 kJ mol !
less stable than (A), this gap drops to about 30 kJ for E = Si while for E = Ge, isomer (C)
actually lies between (A) and (B). The trans folded structure (B) is also the most stable
for SnpH4. EE'Hy species vary in a similar way. Although the gap decreases enormously
compared with CyHy, the planar, Cy, form of silene (A) is some 17 kJ mol~! more sta-
ble than methylsilene (C) and this order is actually reversed for germene, reflecting the
increased relative stability of Ge(Il). The twisted diradical (D) forms are some 130 kJ
higher for each element, with other structures including the methylene isomers of (C)
higher still. The species corresponding to (B) with pyramidal Si(Ge)H, was apparently
not considered in these studies. Germylsilene resembles germene in having the silyl-
germylene isomer (C) as the most stable form at 25 kJ below (B). However, it is closer
to disilene than digermene in the small size of the gap between (B) and (A).

The established R4E; structures (Table 20) may be compared with the ER, monomers
(previous section). They agree with the calculations on the hydride models in showing
the predicted stable structure: the trans folded structure (B), with the fold angle a good
match to the calculated one. However, the substituents on E are extremely bulky and have
varying electronic properties, so distortions are found. In several cases the fold angle is
substantially diminished, but the groups twist and often the two E-R distances also differ.
Thus, aspects of both (B) and (D) isomers are present. All the E=E bonds show shortening
over the single-bond values (compare Section VI.B and Table 15) by 2-12%, tending to
decrease for larger E. Despite the variation in observed single bonds, this contraction is
significant.

The first crystal structure of a germaphosphene®®® was of Mes;Ge=P(2,4,6-
trirertbutylphenyl) formed by dehydrofluorination. The Ge=P length was some 20 pm
shorter than Ge-P values at 213.8 pm. The molecule shows an almost planar double-
bond configuration with an angle at P of 107.5°. The Ge-Mes distances were normal and
the (Mes)Ge(Mes) angle is 112.9°.
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Lappert’s compounds E;R4 readily dissociated to ER, monomers in solution, emphasiz-
ing the relationship and leading to the very natural simple description of these CH(SiMe3 ),
compounds as a double donor—acceptor complexes. For Dip, Dep and mes species which
are more stable in solution, the structures are still close to those of the Lappert compounds.
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I. INTRODUCTION

It is the purpose of this chapter to summarize what is currently known about the stereo-
chemistry and conformation of organogermanium, tin and lead compounds. Coverage is
selective rather than exhaustive. The first section deals with compounds in which substi-
tution by four different groups causes the metal atom to be stereogenic. We have limited
our discussion to those cases in which at least three of the four substituents are alkyl or
aryl. In this section we also briefly discuss pentacoordinated triorgano halostannanes.

The second section examines organogermanium, tin and lead compounds in which
chirality resides in the organic group attached to the metal center. We have organized this
section according to the nature of the chiral organic substituent which in turn reflects the
method of synthesis. We have only briefly noted applications of the foregoing compounds
as reagents for organic synthesis.

Il. CHIRAL ORGANOMETALLICS OF TYPE R'R2R3R*M
A. Germanium
1. Synthesis

The first chiral nonracemic germanes were prepared from the tetraphenyl derivative
through a series of successive electrophilic and nucleophilic substitutions as illustrated in
Scheme 1. Brook and Peddle were able to separate the diastereomeric (—)-menthyloxy
derivatives 1 and 2 by fractional crystallization'. Treatment of each diastereomer with
LiAlHy afforded the (4) and (—) enantiomeric hydrides R-3 and S-3, respectively,

The assignment of absolute configuration to these hydrides was based on their mix-
ture melting point behavior with the analogous silanes of known absolute configuration.
Thus, R-3 admixed with its R-(+) sila analogue behaved as a solid solution with a
melting range of 1°C or less over a range of concentrations. Admixture of R-3 with
the S-(—) sila analogue resulted in mp ranges of 10-25°C. Additional support for the
assigned configuration was secured through application of Brewster’s rules of atomic
asymmetry?.

An independent and virtually simultaneous report by Eaborn and coworkers described
the preparation of germyl hydride (5), the ethyl analogue of 3, by an analogous route
(equation 1)3. However, only one of the diastereomeric menthyloxy derivatives (4) could
be separated by crystallization; the other was not readily purified. Assignment of absolute
configuration was not made for 5 but, based on the sign of rotation, it is most likely R.

EtMgBr 1.Brp Bry
Ph3;GeBr — > Ph;GeEt 2 2NpMaBr Np,PhGeEt ——>
Np
NaOMen LiAIHy | (1)
NpPhEtGeBr —— > NpPhEtGeOMen ———> Ph";Ge\
@) [o]p -64.6 H Et

R)-(5) [a]p 23.6
The isopropyl homologue R-6 of the chiral germyl hydrides 3 and 5§ was prepared

by Carré and Corriu as outlined in equation 2*. The route closely parallels that of the
previous investigators.
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B 2B
Ph,Ge —2» PhiGeBr —2MEBT o pp.GeMe —2»

PhMeGeBr, —PMEBT  [NpPhMeGeBr] HAM: NpPhMeGeH

P —)-MenOH
NBS o NpPhMeGeBr —2OM¢ > NpPhM eGeOMe] ~ 2t

NpPhMeGeOMen + NpPhMeGeOMen
M) ol 493 L—— @)1, 596
separate
lUAHh l LA H,
I "’
_Ge _Ge
Ph '/ \ H/ \
H Me Ph  Me
(R)-Q3) [aly 26.7 (5)-3) [a] -25.5

SCHEME 1. Np = 1-naphthyl, Men = (—)-menthyl, (—)-MenOH =
s
HO

PhyGeBr 22T . ph.Ge(iPr) S NpPh(LPIGeBr RELLLTNG
Np
NpPh(iPr)GeH 5 1o NpPh(i Pr)GeOMen —22H4 _/cl}e @
.NaOMen Ph 7 \
(o], -75.1 H ipr

(R-(6) [0t];, 1.6

The absolute configuration of germane R-6 was determined by conversion to the
methylated derivative S -8 via the chlorogermane S-7 as depicted in Scheme 2*. The enan-
tiomeric germane R-8 was prepared analogously from the known methylgermyl hydride
R-3. It is assumed that chlorination of the hydrides R-6 and R-3 proceeds with retention
and the reaction of chlorogermanes S-7 and S-9 with MeLi and i-PrLi proceeds with
inversion of configuration.

Recently, Terunuma and coworkers reported a novel synthesis of nonracemic tetraorgano
germanes containing an amine substituent. Reaction of diazomethane with GeCly led to
the (chloromethyl)germyl chloride, which could be sequentially substituted by various
Grignard reagents (equation 3)°. Ammonolysis of the triorgano chloromethylgermanes
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Np Np Np
| Cl, | MelLi |
.- Ge\ e - Ge\ > /Ge\
- e inversion e
Ph H/ i-Pr retention Ph CI/ i-Pr Meph/ i-Pr
(R)-(6) ($)-(7) [a] -84 ($)-(8) [a],3.0
Np Np Np
| Ch | i-PrLi |G
-~ Ge CCl .-, Ge inversion . ./’/ S
Ph/ / \Me retention Ph/Cl/ \Me l_PIi)h/ Me
(B-(3) [0 ,25.0 ($)-(9) [al, -4.0 (R)-8) [a],-5.3

SCHEME 2. Np = I-naphthyl

led to the amines, which could be resolved as salts of a-phenylpropionic or tartaric acid.

The ee of the resulting amines was shown to be > 90% by 'H NMR analysis of the
Mosher amides.

1.RIMgX
CH,N 2.R2M¢gX NH
GeCly, —=> Cl1GeCH,Cl ﬁ RIR?MeGeCH,Cl —>
3.MeMg
RCO, H i i
RIRMeGeCH, NH, 2 diastereomeric salts
(separate)
3)
R! R?
Ph o-tolyl
Ph Bn
o-tolyl Bn
Pp-MeOCsHa Bn

In a report describing the first enzymatic synthesis of a chiral nonracemic tetraorgano
germane, Tacke and coworkers subjected the prochiral cis-hydroxymethyl derivative (10)
to acetylation catalyzed by pig liver esterase (Scheme 3)°. The resulting monoacetate
(11) was shown to be of 55% ee through '"H NMR analysis of the Mosher ester deriva-
tive.

2. Interconversions— Walden cycles

Lithiation of the germyl hydride S-3 with BuLi in ether and subsequent protonolysis
led to recovered hydride of [a]p — 18.5 (86% retention)?. It is assumed that both steps
proceed with predominant retention of configuration. Carboxylation of the lithio derivative
afforded the carboxylic acid R-12, also with retention of configuration (Scheme 4). The
corresponding methyl ester underwent decarbonylation upon heating to afford the methoxy
derivative R-15, which was subsequently reduced with LiAlH4 to the (—)-hydride S-
3. Thus the decarbonylation and reduction steps must both proceed with retention or
inversion of configuration. From a consideration of Brewster’s rules and by mixture
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CH;N, PhMgBr CF;SO;H
GeCl, —o—> CLGe(CH,Cl), ——-> Ph,Ge(CH,Cl), ————>
Ph Ph Ph
TFO—Ge—CH,Cl XMy Me—Ge— CH,Cl 2225 Me—Ge— CH,0Ac
CH,CI CH,CI CH,0Ac
Ph Ph
_HAM: o Me—Ge—CH,0OH — = » Me—Ge— CH,OAc
Z0ac
CH,OH CH,OH
(10) an [o]p-11.4

SCHEME 3. PLE = pig liver esterase, Tf = CF3S0,

HO
+ retention |
Np Np Np
| BuLi | CO; |
retention retention
H _;Ge\ Li ,;Ge\ HO, ,;G e\
Ph Me Ph Me Ph Me

($)-Q3) [a];-25.5

Ch
retention

Np

cl ,;Ge\
Ph Me

(R)-(13) [a] | 6.32

LiA1H4
inversion

Np

_Ge ($)-(3) [a], 225

Ph ™\
H Me

(R)-(3) [(x]D 249

(R)-(12) [o] ) 5.15

CH2N»

Tp
Me0,C5 0%
Ph°  Me

(R)-(14) [0(]D 3.1

heat
retention

LiAH, Np
inversion |

MeO'}Ge\

Ph Me

(R)-(15) [or] | 9.8

SCHEME 4. Np = 1-naphthyl
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melting point determination with the sila analogue of the methoxy derivative R-15, it
was concluded that both of these reactions proceed with retention.

In a second Walden cycle, germane S-3 was converted to the chloro derivative R-13,
which was reduced by LiAlHy to the enantiomeric germane R-3%. The configuration of the
chloride R-13 was assigned by mixture melting point with the known R sila analogue and
from consideration of Brewster’s rules. Thus, chlorination must proceed with retention
and hydride reduction with inversion of configuration.

The free radical chlorination of germane R-3 was studied in some detail by Sakurai and
coworkers’. They showed that the intermediate germyl radical abstracts Cl atoms from
CCly more rapidly than it inverts when the latter is employed as solvent. Progressive
dilution with cyclohexane gave rise to increasing amounts of the racemic chloride. An
activation energy of 5.7 kcalmol~! was estimated for the inversion process (equation 4).
Attempted preparation of a nonracemic bromogermane through bromination of the hydride
R-5 in CCly led to racemic product’.

" " "
‘ccl 5.7 keal
_-Ge — _-Ge ~ _-Ge
Ph"y ~ N Ph 7 N 2N
H Me . Me Ph Me
R)-(3
(R)-(3) lCC14 ccl,
€]
1’ "
ph-~; 9% cr;9¢
Cl Me Ph Me
($)-(13) (R)-(13)

Corriu and coworkers noted that chlorogermanes such as 7 racemize when allowed to
stand in certain donor solvents (Table 1)®. Nondonor solvents such as benzene were inef-
fective in this regard, and racemization was appreciably retarded in mixtures of benzene

TABLE 1. Racemization of chlorogermanes in var-
ious solvents

N N
C-/ N\ Ph"/ Ge\
Ph Me a Me
R $)-)
Half-life in minutes
Solvent R =Me R=i-Pr
THF 1.5 20
HOAc 1.5 55
Ac,0 0 0.5
MeOCH,CH,;0OMe 0 0.5
EtOAc 3 90
PhCO,Et 0 36
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S
Np Np | Np
o0—
L ol — |
_Ge e —Ge—Me ——= Ge
Cl-7/ '\ 7/ | Ph-7/ "\
Ph Me S—0" b al Me
®)-7) \ A7)
R
\ octahedral complex /
S R Ph Me
\O/ Cl- \\ /,Np
\Ge/
| + |
Cl,/Ge\\ 0
“Np
Ph Me S/ \R

tetragonal pyramid

FIGURE 1. Solvent participation in the racemization of chiral chlorogermanes

and donor solvents. A mechanism involving a hexacoordinated octahedral germane was
proposed for these racemizations (Figure 1). It should be noted that racemization could
also proceed through a tetragonal pyramid intermediate.

Alkylations of the germyllithium derived from germane R-5 were found to proceed
with retention or inversion depending upon the nature of the alkyl halide employed
(Scheme 5)°. Todides gave rise to inverted products, whereas the corresponding chlorides
or bromides yielded products with retention of configuration at Ge.

N \? N
BuLi RX
Py 0% Teenion” ph, 0% Twenion” ph-g 0%
H Et Li Et R Et
(R)-(5)
R . R =Me, Bu, i-Pr, +-Bu
mversion X — Cl or Br
Tp
-Ge
RN
Ph Et

R = Me, i-Pr, allyl, Bn
SCHEME 5. Np = 1-naphthyl

The assignment of configuration to these products was made by analogy with the
R = CHj3 system’. In that case, the two methylated enantiomers were compared with an
authentic sample prepared from the known germyl hydride R-5 via the chloro derivative
as outlined in equation 5.
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Np Np Np
| . |
Ph.”—Ge\ retention Ph"—Ge\ ! inversion R-->Ge

Li Et 1 Et Ph SEt

FIGURE 2. Proposed pathway for alkylation of germyllithium reagents with alkyl iodides

Np Np Np
S S S
Ph 7y "X retention Ph 7y "N inversion Me ¢ X
H Et Cl Et Ph Et

(R)-(5) (+) =) (+)

)
Il\Ip inversion 1|\Ip
BulLi MeBr )

retention Ph”;Ge\ retention Ph”;Gf\:\
Li Et Me Et

=)

It was suggested that iodides undergo metal-halogen exchange with the germyllithium
reagent, followed by Sy2 attack of the resulting organolithium on the iodogermane
(Figure 2)°. In keeping with this proposal, lithiation of germane R-5 with BuLi in the
presence of Mel leads to appreciable amounts of the butylated germane®. Lithiation in
the presence of MeBr, in contrast, gives the methylated product and only a trace of
butyl adduct.

An alternative route to chiral tetraorganogermanes entails additions of organometallic
reagents to chiral alkoxygermanes. With chlorogermanes, such reactions are known to
proceed with inversion® !, However, the steric course of the alkoxy displacement differs
for alkyl- and allyllithium reagents'®. The former displace the OR group with retention,
whereas inversion is seen with the latter (Scheme 6). Thus, reaction of allyllithium with the
menthyloxy derivative R-19 leads to the product R-17 of negative rotation. Hydrogenation
of this product affords the levorotatory propyl derivative R-18. Direct displacement of the
menthyloxy group in R-19 by propyllithium leads to the dextrorotatory propyl derivative
S-18. S-18 is also produced by treatment of the chlorogermane S-7 with propyllithium,
a reaction presumed to proceed with inversion of configuration. It therefore follows that
the reaction of allyllithium with the menthyloxygermane R-19 occurs with inversion. The
methoxygermane R-16 behaves analogously but affords the substitution product R-17 of
lower ee. This may reflect a lower ee of the methoxy derivative R-16 or a decreased
stereospecificity for such displacements on R-16 vs R-19.

It should be noted that the hydrogenolysis of methoxygermane R-16 by LiAlH4 proceeds
with retention of configuration®.

3. Digermanes

Displacements on halogermanes and alkoxygermanes by germyllithium species have
been found to occur with inversion at the electrophilic and retention at the nucleophilic
germanium center (Schemes 7 and 8)!!. Thus, the known menthyloxygermane S-19, upon
hydrogenolysis with LiAlHy (retention) and chlorination (retention), affords the chloroger-
mane S-7. Reaction with triphenylgermyllithium yields the levorotatory digermane R-20.
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1’ 1’

MeOH LA H,

_Ge -Ge
Ph~ iPr MeO~ retention

a’ Nipr M P’ Nipr
($)-(Nl0x] 7.6 (R)-(16)[0r] -3.4
Li
i
Np Np
| inversion |

Ph— Ge\ Ph *;Ge\

/—/ i-Pr Pr i-Pr
(R)-(17)[0x] -0.39 (R)-(18)[01] -1.34
R)-(AD[0t] 104 H,/Pd

L Np
aand |

-Ge
MenO~
Ph/ N i-Pr

inversion

(R)-(19)[] -49.0

203
Irp
-Ge
H o
Ph \i-Pr

($)-(6)[a] ,-0.52

Np

Pr— 2Ge\
Ph i-Pr

($)-(18)[01], 1.36

PrLi

retention

SCHEME 6. Np = 1-naphthyl, Men = (—)-menthyl

r r
i ClL
Ph /;Ge re]:;:lni—(l)n . /;Ge\ retenztion
MenO i-Pr PhH i-Pr
($)-(19) [a] -74.6 (R)-(6) (+)
Ph;GeLi Ph;GeLi
inversion inversion
Np Np
| | PhyGeLi
Ph, Ge/}Ge\ Ph/;Gc inversion
Ph i-Pr Ph;Ge i-Pr
(R)-(20) (-) (8)-(20) (+)

Np

-Ge
Ph~
Cl/ N i-Pr

$)-(7) (=)
MeOH

-Pro,NH
inversion

l\llp

_-G
MeO ¢ e\
Ph i-Pr

®)-(16) ()

SCHEME 7. Np = 1-naphthyl, Men = (—)-menthyl

This same germane was secured through displacement of the menthyloxy grouping of S -
19 with Ph3GeLi. Methanolysis of chlorogermane S-7 proceeds with inversion to afford
the levorotatory methoxygermane R-16. Reaction with Ph3GeLi leads to dextrorotatory
digermane §-20. Accordingly, displacements on chloro and alkoxygermanes S-7, R-16,

and S-19 by Ph3GeLi must proceed with inversion.



204 James A. Marshall and Jill A. Jablonowski

The stereochemical fate of the nucleophilic germanium component of these reactions
was probed as outlined in Scheme 8'!. Hydrogenolysis of the known menthyloxygermane
S-19 afforded the hydride R-6 with retention of configuration. Lithiation and subsequent
reaction with Ph3GeBr led to the digermane S-20 of positive rotation. On the other hand,
displacement of the menthyloxygermane S-19 with Ph3GeLi, a reaction known to proceed
with inversion, afforded digermane R-20 of negative rotation. Therefore, the germyllithium
R-21 derived from hydride R-6 must retain its configuration in the reaction leading to
digermane S -20.

Np Np Np
R R Y |
Ph /;Ge\ retention Ph/’Ge retention Ph- 'Ge\
i-Pr Li i-Pr Ph;Ge i-Pr
(R)-(6) (+) (R)-(21) ($)-(20) [o] ; 2.4
LiAH,
retention
Np PhiGeLi Np
— T >
Gl inversion C!
-Ge -Ge
Ph~ ¢ Ph;Ge™ 4
MenO \i-Pr Ph \i-Pr
(5)-(19) [O(]D—74.6 (R)-(20) [O(]D—2.06

SCHEME 8. Np = 1-naphthyl, Men = (—)-menthy]l

Additional support for these conclusions was obtained as outlined in Scheme 9'!.
Accordingly, the lithiogermane R-21, prepared from the known menthyloxygermane S -
19 by hydrogenolysis (retention) and lithiation (retention), was treated with the known
menthyloxygermane R-19 to afford the dextrorotatory digermane S,S-22. Hydrogenolysis
and lithiation of menthyloxygermane R-19 gave rise to the lithiogermane §-21, whose
reaction with menthyloxygermane S-19 afforded the levorotatory digermane R, R-22. As
expected, combination of lithiogermane S-21 with menthyloxygermane R-19 yielded the
inactive digermane, meso-22.

4. Other reactions

The hydrogermylation of phenylacetylene has been shown to proceed with retention at
germanium'2. Addition of the germyl hydride R-3 in the presence of a Pt or Rh catalyst
led to the adduct S-23 as the major product. The enantiomer R-23 was prepared by
addition of trans-p-styryllithium to chlorogermane S-7 prepared as shown in Scheme 10.
The isopropyl analogues of S-23 and R-23 were similarly prepared from hydride R-6'2.

In a study designed to test the feasibility of a germanium aza Brook rearrangement, the
N-benzyl derivative 25 of amine 24 was treated with BuLi'3. After subsequent addition
of water, the hydride 28 was obtained as the sole Ge-containing product (Scheme 11).

Treatment of hydride 28 with dichlorocarbene, a process known to proceed with reten-
tion of configuration'®, afforded the insertion product 27. Hydrogenolysis with BuzSnH
led to the monochloro derivative 26, which afforded the amine 24 of nearly identical



3. Stereochemistry and conformation

l\llp
Ph”Ge retention
Li i-Pr Np /Np
(R)-(21) —> ___.Ge—Ge-_
N i-Pr”/ \ "Ph
p Ph i-Pr
Cl inversion
MenO "y~ 8, $)-(22) [0] 18.5
Ph i-Pr inversion
(R)-(19) [ot] .-49.0 Np Np
D \ /
_Ge—Ge~_
1. LIA Hy 5 i-Pr” 4/ \ “i-Pr
2.Buli Ph Ph
Np meso-(22) (o] 0
| retention
._-Ge _—
Li“g™ N -
Ph i-Pr retention Np Np
el
S)-(21 .Ge—Ge~_
(5)-(21) - Ph*7/ N pr
Np i-Pr Ph
ph- 0% e (RR)-(22) [o] -16.3
MenO i-Pr

($)-19) [oc]D—57.7

SCHEME 9. Np = 1-naphthyl, Men = (—)-menthy]l

r r
_G _— -
Ph7 4 e\ H,PtCl, Ph~, Ge\
H Me retention — Me
(R)(3) 0] 25 Ph ($)23) [0 >0
CL, CCL
retention
Np U Np
C! Ph /\/ Cl
Ph’; e\ inversion /%—’; e\
Cl Me Ph Ph Me
($)-(7) [0] ,-6.1 (R)-(23) [@] 5.9

SCHEME 10. Np = 1-naphthyl
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Ph Ph Ph
Me —Ge—CH,NH, 2", Me_— Ge— CH,NHBn % Me — Ge—Li
| retention |
Bn Bn Bn
(24) [o] 20.5 (19.7) (25)
H,0
NH; retention
Ph Ph Ph
Me—Ge—CH,Cl <255 Me— Ge—CHCl, <FMHeCChBr \jo o H
retention |
Bn Bn Bn
(26) [0(]D 24.3 27) [ot]D 59.7 (28) [(x]D 25.1
SCHEME 11
Ph Ph y Ph
1
Me — Ge — CHLNHBn —P"H 5 Me 62D ch, L/;/ — > Me—Ge—1Li
| | “Ba |
Bn Bn Bn
(25)
aza-Brook
Ph CH,Li

Me — Ge —N

Bn Bn

FIGURE 3. Possible reaction pathway for Ge—C bond cleavage in amine 25

rotation to that of the starting sample. Thus, cleavage of the Ge—C bond of germane 25
must proceed with retention of configuration. A possible reaction pathway is shown in

Figure 3.
B. Tin
1. Configurational stability

The successful preparation of nonracemic tetraorganogermanes stimulated investiga-
tions on the synthesis of related stannanes. By the late 1960s, it was apparent from
'H NMR studies that chiral stannanes should be capable of existence and that their stability
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Met  Meb X Me Me Meb Me x
>/\/\ \ / >/\/\ \ /
Sn e — Sn
Ph “ph Ph “SPh
(5)>29) X = Cl R-29) X = Cl
(R-30)X=H )30 X=H

FIGURE 4. Configurational stability of chiral organostannanes according to 'H NMR analysis of
diastereotopic methyl signals

would depend upon the substituents on the tin atom'>. From chemical shift differences of
diastereotopic protons in appropriately substituted triorgano halo- and hydridostannanes
such as 29 and 30, it proved possible to study stereochemical inversion as a function of
temperature and solvent (Figure 4)!°.

It was found that the geminal methyl substituents of chlorostannane 29 are nonequiv-
alent in nonpolar solvents such as benzene, toluene or CCly at concentrations less than
0.2 M. At higher concentration peak coalescence was observed, indicating rapid intercon-
version of the enantiomers on the NMR time scale. The addition of DMSO, acetone or
HCI also caused coalescence, even in nonpolar media. It was concluded that inversion at
tin in 29 was occurring by self-association in nonpolar solvents or through ligand addition.
In each case, a transient five-coordinated Sn species is a likely intermediate.

The stannyl hydride 30, in contrast, showed nonequivalence of the geminal methyls for
the neat sample up to 222 °C. Furthermore, no noticeable line broadening was observed
in DMSO-dioxane at 160 °C. Thus, it may be concluded that the hydride 30 is configu-
rationally stable while the chloride 29 is not.

2. Synthesis

In 1973, two laboratories announced the preparation of tetraorganotin compounds with
measurable optical rotations!718. Tn one of these, the diastereomeric menthyl esters,
secured through addition of racemic NpArMeSnH to (—)-menthyl acrylate, were separated
by column chromatography and purified by recrystallization to afford a pure diastereomer
of [a]p — 24 (Scheme 12)!7. Addition of MeMgl to this ester led to the chiral stannane
32 of high optical purity but unknown configuration.

The second synthesis involved preparation of the (—)-menthyloxystannane 33 and
subsequent displacement of the menthyloxy grouping with benzylmagnesium chloride
to afford stannane 34, [«¢]p 4.6, of unknown configuration and enantiomeric purity

(equation 6)'8,
Ph Ph Ph
: LiOMen , BnMgCl . |
iPr—SnBr ———> iPr—SnOMen ———> i-Pr—SnBn ©)
Me Me Me
33 (34) [a], 4.6

The use of a chiral alcohol to prepare diastereomeric alkoxystannanes from racemic
triorganostannyl halides, then displacement with a Grignard reagent, constitutes a general
route to nonracemic tetraorganostannanes. Chinconine has proven particularly effective as
the chiral alcohol (equation 7)!°.
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SnCly 1.MeMgl HCI
—_— — ————
ArsSn Ar,SnCl, > NpMgBr NpAr.MeSn

NpArMeSnCl 228 o NpArMesnH -SHz —=CHCO:Men
1Tp Tp Np
Me —/’Sl'l WOM en + Ar” ’/’SH \/\”/OM en Ar— SI'ICHZ CHzc(OH)Me/z
Ar Me |
O (0] Me

(él‘)—(31) (1|€)—(31) (32) [a], 9.0

MeMgl

separate [OL]D -24

SCHEME 12. Np = 1-naphthyl, Men = (—)-menthyl, Ar = p-MeOCgH4

IR2R3 . * IR2R3 * 4 IR2R3 4
R'R*R SnX LiOR . R'R“R SpOR R'MgX RR.R SI.IR
racemic mixture of diastereomers enantioenriched

Ph
|
/ —»-BnMgBr t-Bu—Sn—Bn 7
|
H Me
[(X]D—22.6

chincony| ether

Enantionmerically enriched pairs of p-stannylated benzoic acids (+4)/(—)-35 and
(+)/(—)-36 were obtained by resolution with brucine or strychnine (Scheme 13)%0. Again,
neither the configuration nor the enantiomeric enrichment could be determined.

A series of nonracemic triorganotin hydrides (37-39) was prepared by reduction of
racemic halostannane precursors with a chiral alkoxy hydride reagent (Scheme 14)2!.

Stannane 37 lost 50% of its optical activity when allowed to stand as a 0.2 M solution in
benzene for 17 days. Addition of AIBN to the solution at 80 °C caused complete racem-
ization after 30 min. With added hydroquinone, the benzene solution at 80°C showed
no decrease in rotation after 2 h. It was thus concluded that racemization proceeds by
homolysis.

Racemization of stannane 37 was also observed in donor solvents as shown in Table 2.
Although stable for short periods in phenethylamine and acetonitrile, stannane 37 is appre-
ciably racemized in DMSO, HMPA and especially MeOH. Pentacoordinated tin species
are likely intermediates. Interestingly, exposure to HMPA leads to significant formation
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o 1
AMEBr . Ar,PhSIR ——>

PhySnR —2— PhRSnl,

-XC B .
ArPhRSnl P XCHMEBT ) bhRSnCH, X-p %»
. 2

Brucine or

ArPhRSnC¢H,CO,H ————> separate diastereomeric salts
Strychnine

Ph Bn
|
i-Pr— SHC6H4 COzH i-Pr— SHC6 H4CO2H

Me Me
35) [oc]D 0.37 and -0.50 36) [oc]D 0.73 and -0.60

SCHEME 13. Ar = p-MeOCgHy

Ph Ph

LiA IH(OA 1),0R* |
R—SnCH,C(Me),Ph —————>— » R—SnCH,C(Me),Ph

Br H

(37)R=Me[al, 6.4

(38) R =rBu o], -3.5
Np Np
LiAH(OAT),0R* |
Ph—Snl —— >  ph—SnH
| |

Me Me
39) [OL]365 2.0

SCHEME 14. Ar = 3,5-Me;CgH3, R* = (—)-MeaNCH(Me)CH(Ph)

of the racemic hexaorganodistannane product. Hydrides 38 and 39 were found to be less
readily racemized in benzene than 37.

Hydride 38 is converted to the methyl derivative 40 upon treatment with diazomethane
in the presence of Cu (equation 8)?!. Presumably this insertion reaction proceeds with
retention of configuration.

Ph Ph

CH,N
z.Bu—|SnCH2C(Me)2Ph #» t.Bu—|SnCH2C(Me)2Ph ®

H Me

(38) [0t]3¢5 0.9 (40) [o]345 1.5
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TABLE 2. Racemization of stannane 37

Me— SlnCHzC(Me}z Ph
H
37) [od365 6.4

Solvent t (h) Racemization (%)
PhCHMeNH, 2 0
MeCN 1 0
DMSO 1 51
HMPA 1 90
MeOH <1 100

Finally, it should be noted that several chiral tetraorganostannanes have been partially

resolved by column chromatography on microcrystalline cellulose triacetate®?.

3. Interconversions

The reaction of hydride 37 with CCly affords the chlorostannane 41. When this reaction
was followed by ORD, an initial increase in optical rotation was observed until 65-70%
conversion — at which point the rotation gradually decreased to zero following first-order
kinetics (equation 9)21,

Ph Ph
cal,
Me—=SnCH,C(Me),Ph — > | Me——SnCH,C(Me),Ph | —> (41) 9
racemic ®
H Cl
(37) [0]545 14 (+)-(41) [0]545 28

Chlorination does not occur in the presence of hydroquinone, hence a radical process is
implicated. It is inferred that the stannyl radical retains configuration en route to chloride
(+)-41, which then racemizes by a dissociative process. It is estimated that racemiza-
tion of chloride (+)-41 in CCly at 0.18 M concentration requires about 10 min at room
temperature.

The deuteride (+)-37D undergoes exchange at 40 °C with Ph3SnH, affording the hydride
(+)-37 with an estimated 93% retention of configuration (equation 10)>"-23. A chiral rad-
ical intermediate is probably involved here as well. ESR studies of hindered triarylstannyl
radicals suggest a nonplanar arrangement with a 14-15° out-of-plane angle for the aryl
substituents?*.

Ph Ph
Ph3SnH
Me—SnCH,C(Me),Ph ——> Me—SnCH,C(Me),Ph
40°C (10)
D H

(37D) [0t]365 5.8 (37) [a]365 5.0
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TABLE 3. Stereochemistry of nucleophilic substitution at tin
Me Me
i—Pr\ i-Pr\
Sn Sn
/ \ / \\
Ph Me Ar Me
R)-(44) pCHCHL (R*)- (45)
Me Me
i-Pr\ i-Pr\
Sn Sn
\ \
Me Ph Me Ar
(§%)-(44) (§%)-@5)
(R*):(S*)-(44) Solvent T (<C) (R*):(S*)-(45)
6:1 EtO 27 6:1
4:1 THF =175 1.1:1
Rl Ph o+ Ar -+
L L
AN N R | Y
.Sn” “Li “Sgp—R! —= “Ssp=—R!
R /z/ \\Ar// R /| R /|
K Ar Ph
in ether in THF

FIGURE 5. Ligand exchange mechanisms in tetraorganostannanes

Reich and coworkers have studied the exchange of organolithium species with
tetraorganostannanes and found that reaction of the bicyclic stannane 42 with CD3Li
proceeds with retention in ether (equation 11). Known mixtures of diastereomeric
acyclic stannanes R*-44 and S*-44, of unknown configuration at tin, underwent Ph/p-
tolyl exchange with clean retention in ether upon treatment with p-tolyllithium. In
THF, however, racemization at tin was observed (Table 3). In the former case, a
configurationally stable four-center transition state is proposed. Reaction in THF is thought
to proceed through a long-lived configurationally labile pentacoordinated ate complex

(Figure 5).

CDsLi
TH/MC ﬁ). Sn/CD3 (11)
Me Me
42) 43)
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4. Distannanes

Upon exposure to 10% Pd/C in pentane, the nonracemic stannyl hydride 37 is converted
to a mixture of meso and enantioenriched distannanes 46 . Dimerization of 37 can also
be achieved by treatment with LiAlH4 or MeyHg, but these reactions lead to mixtures of
meso and racemic distannanes (equation 12).

Ph
Ph |
| Me— SnCH,C(Me),Ph
Me—SnCH,C(Me),Ph  ~2<» | =
| Me— SnCH,C(Me),Ph (12)
H
37) [0]365 13.2 Ph
(46) [0t];q5 -28.9

5. Pentacoordinated triorgano halostannanes

The configurational stability of triorganotin halides is considerably enhanced by the
presence of an amine ligand that can coordinate intramolecularly with the tin atom. This
was demonstrated by analysis of the 'H NMR spectrum of the stannyl bromide 47 depicted
in Figure 62°. Below 30 °C, both the N -methyl and the benzylic protons are diastereotopic;

HP HP
BT M D Me
1 . Me? 1 . Me?
NA NA
Ph
L L™
n n
| M | Npn
Br Br
47) ent-(47)
Wlfast 11&151
Me'. Mea\
Meb =~ H M N B
SH SH
Ph Me
M Me ,CPh
S si
\ \
Br Br
(5)-48) (R)-(48)

FIGURE 6. Inversion of pentacoordinated triorganotin halides 47 and ent-47 according to 'H NMR
analysis
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TABLE 4. Equilibration of diastereomeric pentacoordinated triorga-
no tin halides

R
Me Me
N’AMe N’AMe
| e | e
T =Me T"Ph
Br Br
49) (50)

R 49:50
Me 60:40
Et 60:40
i-Pr 80:20
t-Bu >98:2

above 30 °C, the N -methyl signals coalesce, indicating rapid dissociation to S-48 or R-48.
However, the benzylic protons remain nonequivalent to at least 125 °C, suggesting that
interconversion of S-48 and R-48 is slow on the NMR time scale.

The diastereomeric pentacoordinated bromostannanes 49 and 50 were found to
equilibrate at —13°C in toluene to a mixture of diastereomers?’. The composition of
the equilibrium mixture is dependent upon the R substituent (Table 4). As the size of
this group is increased, the equilibrium is shifted in favor of the sterically less congested
diastereomer 49.

Similarly, the (—)-menthyl substituted stannyl bromides 51 and 53, whose
diastereomeric purity was confirmed by single crystal X-ray structure analysis, were found
to slowly equilibrate to nearly 1:1 mixtures of diastereoisomers on standing in solution
(equation 13)%8.

M?\/I M?\/I
/ e / e
N N~
| _-Ph room temp. | _.Men
| 2.5 days |
Br Br
(51) 47%) (52) (53%)
Me Me (13)
///Me ///Me

N room temp. \ / N

/,Me 5 days /.Men
SH‘M SI’I‘M
| en \ / | e

Br Br
(53) (46%) (54) (54%)
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C. Lead

To date, few chiral organolead compounds have been prepared?. The route outlined in
Scheme 15 for the preparation of plumbane 55 is similar to the approach employed for
the pentacoordinated organostannanes 47-54 described in the previous section. The X-ray
crystal structure of 55 resembles that of the diphenyltin analogue but the structures are
not isomorphous®’. The configurational stability of 55 could not be determined because
both the N-methyl and benzylic H signals appear as singlets in the '"H NMR spectrum.
This is attributed, at least in part, to the small disymmetry of 55. Presumably, replacing
one of the aryl groupings with an alkyl or a naphthyl substituent would enable studies
comparable to those described for the analogous stannanes to be conducted.

1. CeH5CH, 1. MeOCeHs
CLCHCO,H Me
Pb(OAc), ——— > p-CHsCoHiPb(OAc); ~—n0M o Me
2.HOAc > HOAG N/
Nal 0-Me NCH,CeHLi _Ar!
Ar'APPb(OAc), —=» Ar'Ar’Pb, ——————> Ph e
i r
I
(55)

SCHEME 15. Ar!' = p-MeCgHu, Ar?> = p-MeOCgH,4

Ill. GERMACYCLOPENTANES AND CYCLOHEXANES
A. Cyclopentanes

A cis/trans mixture of 1,2-dimethylgermacyclopentanes 56 and 57 was prepared as
outlined in Scheme 1632. The isomeric germanes are stable and can be separated by
spinning band distillation. Stereochemical assignments were made by comparison of the
chemical shifts of the methyl carbons in the 3C NMR spectra with those of the analogous
dimethylcyclopentanes and silacyclopentanes.

BngJ_>7MgBr mel O\ —2- O\
Me /Ge Me /Ge\ Me
Ph \Ph Ph Br
MeMgl O\ Br, O\ LATH, \
s Me csE Me & Me
/\ / \ / \
Ph Me Me Br H Me
(56) trans
(57) cis
SCHEME 16

Hydrogermylations by these hydrides were found to proceed with retention of
stereochemistry at Ge (equation 14)32.
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O‘Me R [}‘Me

Ge Ge
VAN H,PtClg / N
H Me RCH,CH, Me
(56)/(57)  70:30 70:30 R = H or Bu
(14)
O‘Me O‘Me
S wa” _ %
\ 2Pt \
H Me ~/ Me
(56)/(57) 70:30 70:30

Chlorination with Cl,, CCly, SO,Cl, or CICH,OMe also took place with predominant
retention of configuration®>. Reduction of the chlorogermanes with lithium aluminum
hydride proceeded mainly with inversion to complete the Walden cycle (equation 15).
Bromination, on the other hand, led to a nearly 1:1 mixture of cis and trans bromoger-

manes.
O\ Clz O\ L]AH-I4
— ——y
G? Me CC G(\e Me G\e Me (15)
/ / /
H Me Cl Me Me H
(56)/(57) 80:20 70:30 (57)/(56) 65:35

A series of studies was carried out on various 1,2-dimethylgermacyclopentanes bearing
electronegative substituents at germanium in order to determine the steric course of substi-
tution reactions by various hydrides and Grignard or organolithium reagents (Figure 7).
It was found that inversion was most favored for the chlorogermanes, whereas the amino
and phosphino derivatives underwent substitution with predominant retention. Of the
hydrides, LiBH4 most favored inversion while DIBAH tended to give mainly reten-
tion. Allylmagnesium bromide showed the highest preference for inversion; butyllithium
tended toward retention. The overall trends are comparable to those observed with chiral
silanes.

Mechanisms involving pentacoordinated germanes were proposed for these substitutions
(Figure 8).

B. Cyclohexanes

Takeuchi and coworkers prepared a series of methyl and phenyl substituted germacy-
clohexanes to evaluate conformational preferences of these substituents (Scheme 17)35:36,
Based on analysis of 3C NMR spectra and molecular mechanics calculations, they con-
cluded that a C-methyl prefers the equatorial orientation by ca 1.4 kcalmol™! but the
Ge-methyl substituent actually shows a slight intrinsic preference for the axial orientation
(Figure 9). A similar conclusion was reached for the Ge-phenyl substituent.
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RM N
QM‘: retention QM&:
/ A

\ \
Z Me R Me

RM
inversion RM
inversion
RM
-
Me retention

Me

e /G?

\ \

Me R Me zZ

inversion |:‘> retention

Z=Cl>SR >OR > PR, > NR,

RM = LiBH, > LiAlH,;/THF > LiAlH,/Et, O > DIBAH/Et, O

RM= MgBr > PhLi, PhMgBr, BuMgBr > BuLi
P A g g g

FIGURE 7. Trends in nucleophilic displacements on germacyclopentanes

Rl\ z R!
2_/766, M M..R.e...Ge eooZ...M
R 3 . . // // \
R’ R R2 R3
retention inversion

FIGURE 8. Sy mechanisms in triorganogermyl Z systems

R R Me
/ AU /
GeCly J LAH,
o A N
MgBr cl o cl H H
MePhGeBr,
R R R
/- / /-
Br, LiATH,
—_— E—
A A A
Me Ph Me Br Me H

SCHEME 17. R = H or Me
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H H Me
Ge\ GE\
m A iy
6.18 4.61
H Me H
Ge Ge
% e e/ Sume /D
5.18 5.42
Me H
Ge
% T
Me
5.28

FIGURE 9. Calculated energies (kcal mol~!) of methyl and dimethylgermacyclohexanes

IV. ORGANOMETALLICS OF TYPE R*MR3;
A. Chiral Acyclic Systems

In the first systematic study on nucleophilic substitutions of chiral halides by Group IV
metal anions, Jensen and Davis showed that ($)-2-bromobutane is converted to the (R)-
2-triphenylmetal product with predominant inversion at the carbon center (Table 5)%.
Replacement of the phenyl substituents by alkyl groups was possible through sequen-
tial brominolysis and reaction of the derived stannyl bromides with a Grignard reagent
(equation 16). Subsequently, Pereyre and coworkers employed the foregoing Grignard
sequence to prepare several trialkyl(s-butyl)stannanes (equation 17)3. They also devel-
oped an alternative synthesis of more hindered trialkyl derivatives (equation 18).

Ph Ph
AN AN
SnPh; SnB 1) SnR,
! 2 Br, 2 RMgBr ! Br,
(16)
Br
AN
SnR2 SnR;
\/\ S \/\
SnPh; SnBr; SnR;
3Bn RMgX ( 1 7)
R = i-Pr, Bu, i-Bu, s-Bu
Cl R
SnPh; SHPhZ SIIPhQ SnR;

MeOH

R = Me;CCH,, Et,CH
(18)
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TABLE 5. Sy2 displacements on (S)-2-bro-
mobutane by Ph;MNa

H, Br Ph; M, H
\/\< Ph;MNa \/\<
—
M [olp Inversion (%)
Ge —2.33 67
Sn —3.54 88
Pb —4.16 67

Displacement of 2-chlorobutane by trimethyl- and tributylstannylsodium was found to
proceed with nearly complete inversion of configuration (equation 19). Displacements
on 2-octyl tosylate, chloride and bromide by Me3SnLi and Me3SnNa afforded inverted
product with varying degrees of enantiomeric purity, depending on reaction conditions
(equation 20)*°. Addition of the bromide to solutions of the stannane gave product of
34-83% ee. Selectivity was better for Li than for Na. Higher selectivity was also observed
at lower temperatures. Addition of the Me3SnM to the bromide, on the other hand, resulted
in product of 93-100% ee. The tosylate and chloride displacements were relatively insen-
sitive to reaction conditions. Product of 90% ee or greater was secured irrespective of
conditions. It is suggested that a free radical process can occur with the bromide but not
with the chloride or tosylate.

Cl SHR3
R3;SnNa !
= (AL (19)
R =Me, Bu
X SnMes
! Me;SnM
> (20)
n-CsHp Me n-CsHp Me
X =0Ts, Cl, Br

The corresponding reaction with Ph3SnM proceeds with complete inversion regard-
less of addition mode (equation 21). In this case, radical reactions appear unimportant.
Displacement of the tosylate by a trimethyltin cuprate was also found to take place by
inversion.

Br OTs SnMe;
! (Me;Sn),Culi
n—Cf,HB Me n—C(,HB /\Me n—Cf,HB Me
lPh3SnLi lPh;SnLi [a]y-26.1
2n

SnPh3 SnPh3
I

n-C¢Hp /\Me n-CsHpz Me

[OL]D—23.3 [OL]D 23.3

A comparison of displacements on (R)-2-octyl tosylate, chloride and bromide by
Ph3;CLi, Ph3SiLi, Ph3GeLi and Ph3SnLi is summarized in Table 6. In each case, the
Sn2 product is formed with inversion. The basicity of the triphenylmethyl anion caused
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TABLE 6. Sy2 displacements on 2-octyl derivatives by
PhyMLi

X
| MPh3

|
A PhsMLi
n-CeHiz Me ——mM88> n-CeHiz Me

X =0Ts, Cl, Br M=C, Si, Ge, Sn

Rate for X = Cl Yield of Sy2 product

M=C~Si>Ge>Sn M =C;Cl > OTs > Br?
M = Si; Cl > OTs > Br’
M = Ge; Br > OTs > Cl
M = Sn; Br > OTs > Cl

“@Mainly elimation product.
>Mainly n-octane.

extensive elimination. The triphenylsilyl anion effected hydrogenolysis to n-octane by
an unknown pathway. Reactions of the triphenylgermyl and triphenylstannyl anions gave
mainly the Sy 2 products. In each case, the bromide proved more reactive than the tosylate
or chloride.

B. Cyclohexyl Systems

Traylor and coworkers examined Sy displacements of some cyclohexyl derivatives
with Me3SnLi to determine the stereochemistry of such reactions (Scheme 18)*. cis-4-1-
Butylcyclohexyl bromide underwent substitution with retention of configuration, as did 1-
bromoadamantane and 1-chlorocamphane*?. However, trans-4-t-butylcyclohexyl tosylate
was found to react with inversion to give the cis product 56. The trans isomer 57 was
prepared by addition of Me3SnCl to 4-z-butylcyclohexylmagnesium bromide. The two
isomers showed distinctive differences for the Me3Sn protons in the 'H NMR spectra. A
mechanism involving halogen—metal interchange was proposed for the retention pathway.
Somewhat conflicting results were reported by Kitching and coworkers*>. They found that
cis-4-methyl- and cis-4-t-butylcyclohexyl bromide gave roughly 2:1 mixtures of trans and
cis substitution products with Me3SnLi, suggesting predominant inversion of configuration
(Scheme 19).

Interestingly, the analogous reaction with Me3zGeLi proceeded mainly with retention to
give a ca 70:30 mixture of cis and trans substitution products. The inverted products were
assumed to arise through backside displacement of bromide. A two-step metal-halogen
exchange mechanism was proposed for the cis products, but the possibility of electron
transfer leading to radical intermediates could not be ruled out.

Both Me3GeLi and Me3SnLi react with cyclohexene oxide to give the trans product

(equation 22)**. These reactions most likely proceed by Sy2 mechanisms.
OH
MesMLi
SN2
(Sn2) R 22)
MMC3
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f‘ 8=0.13

Br SnMes OTs
|
Me;SnLi Me;SnLi
e D S
THF THF
(retention) (inversion)

R R R

(56)

f 6=-0.04
MgBr SnMes
|
@ Me;SnCl
—_—>
R R
(57)

Me;SnLi
—>
Br (relentlon) SnMes
C SnMe3
Me;SnLi
—>
(relentlon)

SCHEME 18. R = t-Bu

%E

Evidence for a free radical pathway in the foregoing cycloalkyl bromide reactions was
secured by San Filippo and coworkers, who found that cis and trans-4-t-butylcyclohexyl
bromide afford nearly identical product mixtures with Me3zSnLi, Me3SnNa and Me3zSnK
under a given set of conditions (Table 7%, Of the various combinations examined, that
of cis-bromide and Me3SnLi appeared to be most favorable to Sy?2 displacement.

Reactions of the corresponding tosylates with Me3SnLi proceeded in low yield, but
products of inverted configuration were produced. The cis and trans chlorides led to
extensive loss of configuration at carbon with a slight preference for inversion.

In support of a radical pathway for such reactions, both cyclopropylcarbinyl bromide
and iodide gave rise to appreciable homoallylic substitution product with the forego-
ing metallostannanes. In contrast, the corresponding chloride and tosylate gave only the
unrearranged product.
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QTS MMe;
|
Me; SnLi
5,2) D Br
R R Me; ML
MgBr MMe;

|
Me; SnCl R
— -
R M trans:cis
Me Sn 70:30
R

t-Bu Sn 67:33
Me Ge 30:70
t-Bu Ge 30:70

SCHEME 19

TABLE 7. Reaction of cis- and trans-4-t-butylcyclohexyl
bromides with Me3SnM reagents

Br SnMe3 SnMe 3
|
Me3SnLi Q +
Me Me Me
trans cis
cis-bromide
0°C -70°C
M Yield (%) trans:cis trans:cis
Li 76 70:30 82:18
Na 79 61:39 64:36
K 71 65:35 68:32
trans-bromide
0°C -70°C
M Yield (%) trans:cis trans:cis
Li 86 74:26 70:30
Na 59 64:36 64:36
K 88 64:36 65:35

An analogous set of experiments with cis- and trans-4-methylcyclohexyl bromide
and the germyl nucleophiles Me3GeLi and Ph3GeLi revealed a similar scenario
(Table 8)°. In this case, the cis products were favored. Reaction of these
germyllithium reagents with 6-bromo-1-heptene led to mixtures of Sy2 product
and (2-methylcyclopentyl)methylgermanes. The latter are products of free radical
cyclization.
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TABLE 8. Conversion of cis- and trans-cyclohexyl
bromides to germane derivatives

Br GGR:; CI;BR:;
I
R;GeLi
+
solvent
Me Me Me
cis trans
cis-bromide
R Solvent cis:trans
Me HMPA 70:30
Ph THF 55:45
trans-bromide
R Solvent cis:trans
Me HMPA 70:30
Ph THF 66:34

These studies were subsequently extended to the analogous stannanes and the
3-methyl and 2-methylcyclohexyl bromides (Table 9)*7. The MesSnLi reactions, as
expected, afforded similar ratios of isomeric product from a given set of stereoisomeric
bromides. However, Ph3SnLi led to clean inversion with 4-methyl and trans-3-
methylcyclohexyl bromides. Evidently, the Ph3Sn radical is not easily formed under these
conditions.

The presence of Me3Sn and Me3Ge radicals was ascertained by reactions of the lithio
reagents with cyclopropylcarbinyl bromide and 6-bromo-1-heptene, whereupon products
of free radical reactions were produced along with those from direct displacement.

TABLE 9. Stereochemistry of substitution reac-
tions on methylcyclohexyl bromides by Me3SnLi
and Me3GeLi

Br NIMeg
Mes ML
—
\ solvent \
Me Me
Bromide M Solvent trans:cis
trans-1,4 Sn THF 68:32
cis-1,4 Sn THF 70:30
trans-1,3 Sn THF 24:76
cis-1,3 Sn THF 33:67
trans-1,2 Sn THF 85:15
cis-1,2 Sn THF 90:10
trans-1,4 Ge HMPA 27:73

cis-1,4 Ge HMPA 30:70
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C. Allylic Systems

Displacements on allylic chlorides by stannyl and germyllithium reagents have been
found to proceed with high regio- and stereoselectivity. Thus, cis- and trans-5-methyl-
3-chlorocyclohexene, as unequal mixtures of isomers, afforded like mixtures of inverted
substitution products upon treatment with Ph3SnLi or Me3SnLi (Scheme 20)*8:49 Evalu-
ation of the 3C/""”Sn coupling constant revealed a strong preference for the axial SnR3
conformer in the trans product49. A consideration of substituent A-values (CH3 = 1.7,
MezSn = 1.0, Ph3Sn = 1.5) is in accord with this finding— particularly in the case of
Me;3Sn. In addition, it is proposed that o-m interactions should favor an axial carbon-tin
bond. Nonetheless, the cis stannanes were found to prefer the depicted diequatorial con-
formation. Accordingly, such orbital interactions must make only modest contributions to
the conformational preference of the stannyl substituent.

Cl SnR;
' H
R,SnLi _AG
Me * SHR3
Me Me H  yans
(70:30 cis:trans) (70:30 trans:cis) 3 s v, = 13.6 Hz
Cl SnR;

SHR3
R;SnLi —A( *
M ez(*

Me Me H cis
(85:15 trans:cis) (72:28 cis:trans) 3JI3C_119Sn =50.0Hz

SCHEME 20. R = Me or Ph

The question of regiochemistry was addressed by displacements on deuterated 5-methyl-
3-chlorocyclohexenes as exemplified in Scheme 21%°. These experiments were rather
complex, as reactions were performed on cis/trans mixtures of chlorides containing deu-
terium at both C-1 and C-5. However, careful analysis of the resulting product mixtures
by 'H, 2H, '3C and '°Sn NMR showed that virtually all products were the result of Sy2
displacement®®.

Reactions of the isomeric 5-methyl-3-chlorocyclohexenes with Me3GeLi (Scheme 22)
were complicated by the formation of by-products resulting from double bond migration
58 and disproportionation 59 and 60*°. These side reactions could be minimized by careful
control of conditions. The predominant process was found to be Sy2 displacement for
both isomers, with the trans chloride showing somewhat higher specificity than the cis
isomer.

D. p-Organometallo Ketones

Recently, it has been shown that Me3zGeLi undergoes conjugate addition to cyclo-
hexenones to give B-Me3zGe cyclohexanones (Scheme 23)°!. The intermediate enolate
can be trapped with Mel to afford the trans methylated product.
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Cl SnR3
|
O\ - /@\
Me” 3 I'D Me D
cis trans
Cl SIIR';
|
/@\ - /@\

trans

SCHEME 21. R = Me or Ph

GeMe;
Me ;Geh
THF HMPA
Me R
78:22 cis:trans 60:40 trans:cis
86:14 trans:cis 90:10 cis:trans
GeMe; Ge(Me),GeMe; Me
l\I/I e
e
Me
2
(58) 59) (60)

SCHEME 22. R = H or Me

It has been known for some time that trialkylstannyllithium reagents readily afford
1,4-adducts with conjugated ketones 2. Kitching and coworkers found that Me3SnLi adds
exclusively 1,4 to 5-methyl-2-cyclohexen-1-one®3. The resulting product is an 82:18 mix-
ture of frans and cis isomers (Scheme 24). By analysis of vicinal 3C-11Sn coupling
constants, they estimated the trans product exists as a 60:40 mixture favoring the axial
CH3 conformer. This finding is unexpected in view of the A-values for CH3 vs Me3Sn.
It is suggested that the equatorial C—Sn bond experiences a stabilizing orbital interaction
with the carbonyl grouping. The higher-order cyanocuprate, Bu3Sn(Bu)Cu(CN)Li,, also
gives 1,4-adducts with conjugated ketones>*. The reagent is highly selective for transfer
of the Bu3Sn moiety. Addition proceeds from the less hindered face of the double bond
(equation 23).
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[::%::] MeGeLi__ [::f::]\\ MeOH [::%::1\\
GeM e3 GeMe;
Me ;Ge Li
GeMe;

SCHEME 23

/@ ) SSHLI /ilj\ /ilj\
Me Sl’lMeg SnM €3

trans (82%) cis (18%)

GeMe;

Me o Me
7 .
N\
Me;Sn Me:Sn 0
60:40
SCHEME 24
o (6]
Bu;Sn(Bu)Cu(CN)Li,
\‘SnBu3
(23)
(6] o
(CHz)GCOQMC —> /,(CHQ)(JCOQMG
7
Et3 SiO Sl'lBll3

Et;SiO
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As might be expected, R3PbLi compounds also react with enones by 1,4- addition

(equation 24)%.
=
Bu3 PbLi
THF
CH;0 CH;0
(24)

Tetraalkylstannanes show little affinity for Lewis base donor atoms. But when one
of the alkyl substituents is replaced by an electron withdrawing group such as halogen,
interactions with even weakly basic donor atoms become favorable. Thus, the cis-3-
trialkylstannyl cyclohexyl benzoate 61 exists in the diequatorial conformation exclusively
(Figure 10)°. However, the halostannane 62 adopts the diaxial arrangement. In this con-
formation, the ester oxygen forms a pentacoordinated donor—acceptor complex with the
tin atom. Evidence for this interaction was obtained from the '3C-11"Sn coupling con-
stants and '°Sn chemical shift data, with additional confirmation from single crystal
X-ray structure analysis of the chloro derivative (X = CI). The 13C NMR spectrum of
this compound showed nonequivalence of the two CH3 carbons at —28 °C. These sig-
nals coalesced at 4°C. A dissociation—inversion process is postulated, with an activation
energy of 13.8 kcal mol~!.

As expected, both frans analogues 63 and 64 of stannanes 61 and 62 adopt the chair
e/a conformation. The halostannane 64 shows no tendency toward intra- or intermolecular
association.

The foregoing stabilizing 1,3-diaxial interaction was shown to have potentially useful
applications for stereochemical control of addition reactions>®. The S-trimethylstannyl
cyclohexenone ketal 65 affords a nearly 1:1 mixture of isomeric cis-diols 66 and 67
when hydroxylated with OsOg4 (equation 25). However, the chlorostannane 68 upon
hydroxylation with OsOy, then Sn methylation, yields a 94:6 mixture favoring the o,«,-
diol 66. Evidently, the conformational change induced by the 1,3-diaxial donor—acceptor

L CeHsI0 X/Sn .
Me; Sn m/OCOPh _BE-OBL 0
2.NHX

61) (62)
X=F,Cl, Br
1. C¢H510
BF; « OEt,
OCOPh e OCOPh
2. NH;X
Me; Sn Me;Sn —X
63) 64)
X=F,Cl, Br

FIGURE 10. Preferred conformations of cis and trans 3-trialkyl and 3-dialkylhalostannyl cyclohexyl
benzoates
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interaction in chlorostannane 68 effectively blocks the B-face of the double bond, as
shown.

O 0
HO\ HO
o 0s0,
— +
/ SnMe; ,
(e ﬁ HO/ SnM €3 HO

SnMe;
(66) 49% (67)51%
(65)
1.CgHs10, BF» OEt,
2.NH4Cl 05)
Me Me
\y _Cl
...... Sn”
o )\
[O’ )\t e 66(94%) 67 (6%)
(68)

E. a-, p- and y-Organometallo Esters

Crotonic esters and certain homologues, when converted to their enolates with LDA and
treated with stannyl and germyl chlorides, afford the y-metallo derivatives (Table 10)°7.
In contrast, silylation of these enolates leads to the O-silyl derivatives. Interestingly, the
halostannane derivatives show a strong preference for the (Z) geometry suggestive of a
donor—-acceptor interaction between the carbonyl oxygen and the electropositive tin atom,

TABLE 10. Preparation of allylmetallics from conjugated

esters o o
Et Et
= =
W 1. LDA
o 2.YMCI o
™

Y M Yield (%) Z:E
Buj Sn 83 87:13
Bu,Cl Sn 75 >95:5
BuCl, Sn 44 >95:5
Clz Sn 68 >95:5

Ph3 Ge 50 83:17
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as noted above. The regiochemistry of germylation depends upon the structure of the ester
and the nature of the germyl chloride. Thus Me3;GeCl adds « to ethyl S-methylcrotonate
(Scheme 25) but Ph3GeCl adds to the y-position (Table 10). The enolate of ethyl tiglate,
on the other hand, gives only y-addition with Me3;GeBr (Scheme 25).

GeMe3
= OEt | ipa
2.MesGeBr
O
G3M63 GeMe3
= OMe Me OMe
W 1.LDA W .\ =
2.Me3GeBr
O (0]
75% 25%
= M OMe
\)\H/O e LA Me,Ge /\)\’(
2.Me3GeBr
O O
SCHEME 25

Hydrostannation of conjugated esters and nitriles leads to S-stannylated derivatives by
a free radical mechanism (equation 26)°®. The additions are highly stereoselective, but
the relative stereochemistry of the adducts was not determined. Since both (E)- and (Z)-
alkenoates gave rise to the same stereoisomeric adduct, it can be concluded that a stepwise
process is involved.

2

R
R! \)\ R;SnH
= CO,Me AIBN CO,Me

R'g Sn (26)
CN
R SnH
Z g2 TAIBN W)\
R3 Sn

F. a- and p-Oxygenated Organometallics

The first chiral a-oxygenated stannanes were prepared by Still>®. Addition of Bu3SnLi
to a-methyl-B-phenylpropionaldehyde followed by MOMCI led to a separable 1:1 mixture
of syn and anti alkoxy stannanes (Scheme 26). Lithiation with n-BuLi and addition of
acetone gave the respective adducts with overall retention of stereochemistry. Thus, it is
implied that the intermediate «-alkoxy lithio derivatives retain their configuration.



3. Stereochemistry and conformation 229

Me Me Me
Ph H 1.Bu3z SnLi
———> Ph SnBu; 4+ Ph SnBu,
2. MOMCl1
I
O OMOM  separate OMOM
1.n-Buli 1.n-Buli
2.Me, CO 2.Me,CO
Me Me OH Me Me OH
Ph\/H)LMe Ph\/K)LMe
|
OMOM OMOM

SCHEME 26. MOM = MeOCH,

a-Methyl-8-(benzyloxymethoxy)propionaldehyde (68) afforded an 89:11 mixture of
anti and syn adducts by the analogous sequence (equation 27)°°. Lithiation followed
by methylation yielded an 8:1 mixture of the methylated products.

Me Me
H .BusSnLi SnBus 1.n-BuLi
2. MOMCI | 2.(Me0)S0,
BOMO 0 BOMO OMOM
(27)
(68) BOM = PhCH,OCH> Me
Me
|
BOMO OMOM

It was further shown that the nonracemic stannane 70 can be prepared from the Mosher

ester derivative 69 through reductive cleavage and BOM protection (equation 28). Lithi-

ation and methylation gave the nonracemic ether with retention of conﬁguration59.

H MeO CF; H
/ . .
0 cH 1.G(-Bu)AIH 7 OBOM 1.BuLi
(SR 2.BOMCI 2.(Me0)2S02
Bu;Sn 0 Bu; Sn
©69) (70) =
H
/\{,»OBOM
Me

The nonracemic o-menthyloxymethoxy allylic stannanes 71 and 72 were obtained from
crotonaldehyde by addition of BuzSnLi and etherification with (—)-menthyloxymethyl
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chloride (Scheme 27)%°. The diastereomeric ethers 71 and 72 are separable by column

chromatography. It was found that on heating with mainly aryl aldehydes, these allylic
stannanes give the anti adducts, stereospecifically. A cyclic Sg2’ transition state was

proposed.
J\
\
0
a—/

WH Bus SnLi \/YSHBUB
—_—
o ol i-Pra NEt

= SnBu; \/\/ SnBuj
\:/ \/
O\/O
separate

(71) (72)

lArCHO, 150°C ArCHO 150°C
OH OH
I
ArM Arm
|
Me (@) \/OMen Me (0] \/OMen

SCHEME 27. Men = (—)-menthyl

An alternative route to nonracemic a-alkoxy stannanes entails the reduction of acyl
stannanes with chiral hydrides®!-%2. Accordingly, conjugated stannyl enones yield (S)-
a-alkoxy allylic stannanes by reduction with (R)-(+)-BINAL-H. As expected, (S)-(—)-
BINAL-H gives rise to the enantiomeric (R)-a-alkoxy allylic stannanes (equation 29)%!.
Upon treatment with Lewis acids, these stannanes undergo a stereospecific anti 1,3-
isomerization to the (Z)-y-alkoxy allylic stannanes®!.

1 1
R P SnBu; 1. (R)-®-BINAL-H R U snBu, |,
I ———— —
W 2.R%Cl, i-ProNEt \/\(
o OR?
1
R

Bu;Sn OR2
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1 1
R = SnBus | .($)-(-)-BINAL-H R = (B)_ SnBu, LA
\/Y . A > \/\( >
2.R’Cl, i-PrNEt
(0] OR?

Rl (®) (29)

X

I
Bu;Sn OR2

R'=Me, Bu, c-CHi;; R> = MeOCH», BnOCH,; LA = BF;  OEt,, Bu3SnOTf, LiClO,

y-Alkoxy and silyloxy allylic stannanes have been used as chiral reagents to prepare
nonracemic 1,2-diol derivatives (equation 30)%4.

OIH

R! R!

S) N R'CHO AR Rs
LA |

Bu;Sn OR? OR?

(30)
OH

1 1

R (R) N R’CHO R o~ R?
-

! LA
Bu;Sn OR?2 OR?

A second route to nonracemic y-oxygenated allylic stannanes utilizes an
enantioselective deprotonation of allylic carbamates by BuLi in the presence of
(—)-sparteine. The configurationally stable «-lithio carbamate intermediate undergoes
enantioselective Sg2’ reaction with BusSnCl and Me3SnCl (Scheme 28)%°. Once formed,
the y-carbamoyloxy stannanes can be inverted by successive lithiation with s-BuLi and
stannation with R3SnCl (Scheme 29)%. The former reaction proceeds with Sg2’ retention
and the latter by Sg2’ inversion. Nonracemic allylic carbamates can also be used to
prepare chiral stannanes. Deprotonation with s-BuLi-TMEDA proceeds stereospecifically
with retention (Scheme 29)%.

/ _;
\/Y 1|3rl \/\(/‘NIEI

(0] N Buli R;SnCl
S — : —
T ™~ Pr-i (-)-sparteine OTN(I'PI)Z
O
. (0]
racemic

N Me

\/Y 0O N( i—Pr)z
| X
R;Sn 0 N(-Pr), " W \[(

T RySn Me O

o

R = Bu; 87:13 (80% ee)
R =Me; 92:8 (60% ee)

SCHEME 28
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WMG
I
]

s-Buli
Bu;Sn OTN(i-Pr)z TMEDA
0
Me
K\[/, H
s-Buli
E——

OTN(i-Pr)Z TMEDA
(0]

James A. Marshall and Jill A. Jablonowski

Li
' gMe

g

(0]

=

Me;SnCl
NG-Pr),| —>

\Me

OT N(i-Pr)2

(6]
Y
o

N(-Pr)
T }

RSSH\\‘/YMe

OTN(i-Pr)z

(0]
R =BuorMe, >90% ee

Me;Sn

R;SnCl
-

H Li
K\(, Me K\[/,Me
s-BuLi
. R,SnCl
OTN(l_Pr)Z TMEDA OTN(i—Pr)z >
O O

R =BuorMe, >90% ee

RﬁnWMe

OTNU—PI)Z

0)

SCHEME 29



3. Stereochemistry and conformation 233

A third route to nonracemic «-alkoxy and a-hydroxy stannanes employs the chiral acetal
73 prepared from (R,R)-2,4-pentanediol (Scheme 30)°°. Addition of various Grignard
reagents to this acetal in the presence of TiCly results in selective displacement yielding
(8)-a-alkoxy stannanes. The corresponding a-hydroxy derivatives can be obtained after
oxidation and mild base treatment. Organocuprates can also be employed to cleave this
acetal but with somewhat lower selectivity®”.

. o SI]BU3
SHBU.3 : Y RMeB
E0— . _pTOH _RMgBr_
OFt HO (R) (R) OH O TiCl,
I
I

(73)
()
R SnBuy R SnBu
N ~ 3 ©
I ! R SnBu
O OH Swern O O K2C03 \/ 3
Z |
\;/\r \:/\r E— OH
R dr
Et >95:5
Bu 92:8
CH, =CHCH, >95:5
C6H5 60:40
Me 65:35
SCHEME 30

Addition of BuzSnLi or Me3SnLi to 4-t-butylcyclohexanone affords mixtures of trans
and cis adducts in ratios that depend on reaction conditions (Table 11)%®. In THF, a
93:7 mixture is obtained with both reagents. This ratio is thought to represent the ther-
modynamic distribution—the axial stannane being favored. In ether, the cis isomer
predominates, suggesting a kinetic preference for equatorial addition. Each of the two
isomers can be lithiated with BuLi. Subsequent treatment with alkyl halides or carbonyl
compounds affords the substituted alkoxy cyclohexanes with retention of stereochemistry.

a-Hydroxy alkylstannanes can be transformed into the «-halo derivatives under neutral
or mildly basic conditions (Table 12). Upon treatment with BuLi, these halostannanes are
converted to dimeric olefins®®.

The mesylate derivatives of nonracemic a-hydroxystannanes undergo Sy 2 displacement
by alkoxides to afford the inverted a-alkoxy derivatives (equation 31)7°.

/\/ SnBu;s  RcH —CHCH,0K /Y SnBus
—_—

| Et,0

OMs 0 (31

\/\/R
R =H, Me

A series of B-hydroxy organometal derivatives was prepared by reaction of the triph-
enylmetallo anion with various epoxides (equation 32)’!. Upon treatment with acidic
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TABLE 11. Additions of trialklystannyllthium reagents to 4-z-butylcyclohexanone

SnR3
/O
7 1.R; SnLi
t—Bu\% — > ,Bu OMOM
2.MOMCl1
trans
OMOM
t+-Bu SnRg
cis
R Solvent T(°C) trans:cis
Bu THF — 78 937
Bu THF — 40 93.7
Me THF — 78 937
Bu ether — 78 45:55
Me ether — 78 45:55
Bu ether —100 25:75
Bu DME — 40 50:50

TABLE 12. Conversion of a-hydroxy stannanes to a-halo stan-
nanes

Ph SnBuy Ph SnBuy
\/Y W

OH X
Reagent X Yield (%)
p-TsCl, pyridine Cl 65
Ph3;P, DEAD, CH,Cl, Cl 65
Ph3P, CBI‘4, CH2C12 Br 100
Ph3P, DEAD, CH3l 1 60

methanol, a stereospecific anti elimination to the olefin was observed, with relative rates
of M =Pb > Sn > Ge > Si for a given substitution pattern.

R2 o R. R2
. R3 + PhyMNa ——» PhsM OH 32)
R* R R3
R“R*=HorMe M= Si, Ge, Sn, Pb

B-Hydroxy stannanes can be prepared by cleavage of epoxides with Bu3SnLi or cleav-
age of epoxy stannanes with organocuprates (equation 33)’2. The two methods are stere-
ochemically complementary. The higher order cyanocuprate, BuzSn(Bu)Cu(CN)Li,, also

affords B-hydroxy stannanes by reaction with epoxides>*.
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Me
0 .
/<l/\ Bu3SnLi
Me OH Bu;Sn OH

OH
(0] Me O

/<Cf/lk Me, CuLi I
Bu;Sn OEt Bu;Sn OEt

OH

(33)

Thermolysis of the syn and anti f-acetoxy stannanes, obtained by addition of BuzSnLi
to trans- or cis- 1,2-dimethyloxirane and subsequent acetylation, led to (Z)- or (E)-2-
butene, respectively, by a stereospecific anti process (equation 34).73. It is postulated that
a hyperconjugative interaction of the C—Sn bond facilitates departure of the acetate group
in these acyclic systems. The trimethylstannyl and triphenylstannyl analogues likewise
undergo anti elimination.

(0]
Me
1L Bu,SnLi heat Me
Ho A oGH Tacan™ OAc =% e
Me Me ’ Bu;Sn N
M
© (34)
0o Me
]_BugsnLi heat
H-~ «'Me “2.AcCl /K/OAC M
Me H P Bugsn | N Me
Me

Certain §- and e-oxygenated allylic stannanes have been found to transmetallate with
SnCly to give chiral pentacoordinated chloro stannane intermediates which add stereos-
electively to aldehydes (Scheme 31)74. These reactions proceed with net 1,5-and 1,6-
asymmetric induction.

Enantioenriched «-alkoxyorganolead compounds have been prepared through lithiation
of stannane precursors and trapping of the lithiated species with a triorganolead halide
(equation 35)>. In the presence of TiCly, these plumbanes add to aldehydes to afford
monoprotected syn-1,2-diols. The use of BF3-OEt, as a Lewis acid promoter leads mainly
to the anti adducts (Table 13)7°.

OMe OMe OMe
1.BuLi PhCHO
AT T pae -
SnBujy 2.BusPbBr PbBu; TiCl (35)
93.7% ee OH
94.5% ec

G. a-Aminostannanes

Upon treatment with dibenzyl iminodicarbonate under Mitsunobu conditions,
nonracemic o-hydroxy stannanes are converted to o-imino stannanes with inversion of
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Me

M /\ﬁ’
(S
Buysn” N N Snly, RCHO .
| Cl—Sn—0__
OBn /N Bn
Cl Cl
OH
|
WMG
R
|
OBn
Cl Cl

OBn \
OBn RCHO
—_—

V4
W SnCl, Cl—Sn
= >
Bu;Sn \/K)

| AN
Me
|
Me
OH OBn
RW
|
Me
Br Br
OBn N/
| SnBry Br—Sn OBn RCHO
/\/\/\
Bu;Sn Me
- “Me
OH OBn

| |
RWMG
SCHEME 31

configuration (equation 36)’°. The reaction can also be effected with phthalimide to yield
the phthalimido analogues.

o BnOzc\N/ CO,Bn
HN(CO,Bn), \
HNCOBm, . (36)
Ph;P,DEAD

Et™  “SnBu; T Et/\SnBu3

An alternative synthesis of nonracemic a-amino stannanes is outlined in equation 3777,
The diastereomeric stannanes, obtained by sequential lithiation and stannylation of the
starting nonracemic piperidinooxazoline, can be separated by chromatography. Subsequent

removal of the chiral auxiliary and N-methylation completes the synthesis.
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TABLE 13. Additions of a-methoxy organoplumbanes to aldehydes

OMe OMe OMe
BF;OE
)\ + Rao —iOtty R+ 1/'\/RZ
R! PbBry R! R i
l
OH OH
syn anti
R! R2 syn:anti
C7H15 C()HS 99:1¢
C7His C7His 39:61
C—C(,H]] C7H|5 30:70
c-CgHyy c-CgHyy 11:89

“TiCly was employed as the Lewis acid.

Separatf:
LsBili
D 2Bu,sd NT/O + N_ O
g e
Bu;Sn N BusSn N

i a

\Me \Me
I

Bu;Sn Bu;Sn
(37

V. PROPARGYL/ALLENYL SYSTEMS

Chiral allenylstannanes can be prepared by Sy2’ displacement of propargylic halides
sulfinates or sulfonates with tin cuprates (Table 14)’8. The nonracemic propargylic mesy-
late (74) afforded a nonracemic allene, [¢]p —570, whose configuration was assigned
by application of Brewster’s rules (equation 38)’8. Displacements on the steroidal mesy-
lates 75 and 76 afforded the allenic products with complete inversion of configuration
(Scheme 32)78.

H H
Ph3SnCu e

»  ——

Ph;Sn Ph

S
I N (38)
(74)

An alternative route to allenyl stannanes involves organocuprate displacements on
propargylic chlorides bearing an alkynyl Ph3Sn substituent (equation 39)7°. Interestingly,
transmetallation by attack of the cuprate on the tin substituent is not observed in these
systems. A parallel strategy can be employed for allenylgermanes (equation 39)7°. The
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TABLE 14. Synthesis of allenylstannanes by Sy2’ displacements

X R3Sn R}
R! %QRS R; SnCu >: . :<

R? R! R?
R! R? R R X Yield (%)
H H H Ph Br 90
H H H Ph OMs 90
H H Me Ph OAc 80
H H Me Ph OMs 80
H H Ph Ph OMs 90
H Me Me Ph OMs 95
H H Pr Me OMs 90
H H t-Bu Ph OMs 80
Me Me Me Ph OMs 90
Me H Pr Ph OMs 56

-- Sl’lR3

MeO

MeO

SCHEME 32. R = Ph or Me
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nonracemic steroidal mesylate 77 reacts with inversion to yield the allenylgermane

derivative (equation 40)7°,

Ph3 Ge Me

Cl R R2
RCu 7
Ph M >:‘
T — {\Rz (>90%) "R
R1 Ph3M
M = Geor Sn
RLR2=MeorH
R = Et, i-Pr, +-Bu,
GePh
oM 3
o
| MeCu |
H 95%) H
MeO MeO
(77)
1
1 ($) OMS g SnLi CuBr-sme, R ® M
R —H ” — _\ RZ
R? Bu;Sn
1 2
1 (B) _OMs  pysnlicubr-sMe, N s R
R pr— \~R2  ——
H Bu;Sn H
Rl = Et, R2 = C6H13
TL—Selectride
OEt
:< R
O C¢H
Bus—— & heat, H, (s ot
3 - "CsHyp3 T Ng
H Bll3 Sn
R = CO,Et
R = CH,OH
R = CH,0Ts

SCHEME 33



240 James A. Marshall and Jill A. Jablonowski

Various nonracemic allenylstannanes have been prepared from nonracemic propargylic
mesylates and (Bu3Sn),CuLi. The stereochemistry of the displacement was shown to be
anti by correlation with an allenic stannane prepared through Claisen orthoester rear-
rangement of a propargylic alcohol of known configuration (Scheme 33)30.

The foregoing allenylstannanes participate in stereospecific Sg2’ additions to a-
branched aldehydes to afford homopropargylic alcohols with a high degree of
diastereoselectivity (Scheme 34)30. In the presence of SnCly, the allenylstannanes undergo
Sg2’ exchange with inversion’®. The intermediate propargylic trichlorostannanes afford
allenic alcohols upon addition to aldehydes (Scheme 35)8!. If allowed to equilibrate, the

Ve Me  Me
I I
S / Me HW\/V OBn oBr, OBn
>: + —==p é
(0) R OH

BU} Sn
. Me Me Mo
® _H H OBn . . \_ _*_ _OBn
>: —_Q Mo + BF; -OEt > 4 ;
Bu;Sn 0 R OH

SCHEME 34. R = CH;0Ac or Et

N M mao R?
N4 BF,-OEt, =
anti R! OH

SHC13
R! RZCHO R /
(R {\\'Me
(R) M
Cl;Sn
3 : (R) <Me RZCHO /k/
R! H

SCHEME 35. R! = CH,0Ac, C7H5; R? = i-Pr, BhOCH,CH(CH3),
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propargylic trichlorostannanes isomerize to allenic isomers with retention. These stannanes
react with aldehydes giving anti homopropargylic alcohols stereoselectively and in high

yield®!.
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l. GERMANIUM COMPOUNDS
A. Enthalpies of Formation

A casual user of thermochemical data for germanium organometallic compounds will
be surprised when comparing the information provided by the two main comprehensive
reviews on the subject, one by Pilcher and Skinner' and the other by Tel’noi and
Rabinovich? (Table 1). Although the latter review is only about two years older, the
number of enthalpies of formation listed for organogermanium compounds is about twice
that given in Pilcher and Skinner’s survey. In addition, examination of recommended data
in both papers reveals that some values of the enthalpies of formation differ consider-
ably, despite the fact that they rely on the same original references. This unfortunate state
of affairs is mainly due to the interpretation of the experimental results obtained from
static-bomb combustion calorimetry, a technique which was used to probe the thermo-
chemistry of most of the organogermanium compounds. As noted by Pilcher?, the structure
assigned to the solid combustion product GeO; (amorphous, hexagonal or tetragonal) has
a significant influence on the final enthalpy of formation values: the enthalpies of tran-
sition GeOy(am) —— GeO;(c, hex) and GeOy(am) —— GeO;(c, tet) are —15.7
and —41.1 kI mol~!, respectively. Therefore, the discrepancies in Table 1 result from the
fact that the Manchester group recalculated all the static-bomb results on the basis of
amorphous GeO#, whereas the Gorki thermochemists in their 1980 review have probably
considered a hexagonal state for germanium dioxide. In addition to the data quoted from
the two aforementioned surveys, Table 1 contains values taken from Sussex—-NPL Tables®
(where the amorphous state for GeO, was assumed) and from an NBS compilation®. More
recent results are also included” ™ '3.

TABLE 1. Standard enthalpies of formation of organogermanium compounds (kJ mol~!)?

Compound AH[ () Method/Ref.? AH, or AH;C AH[ ()
GeHy, g RC/6 90.8 £ 2.1
GeyH, 1 137.3 RC/6 25.0 1623+ 1.3
Ge;Hs, 1 193.7 RC/6 33.1 226.8
Me,Ge=CH, g IMR/7 464
GeMey, 1 —98.3+£9.4 SB/1 27.3+£04¢ -71.0+£9.4
—117.2+£8.4 SB/2 —89.9+8.4
—131.1£38.3 SB/8 ~103.8£8.3
Me3Ge(¢-Bu) IMR/9 —232.8
Et;GeH, 1 —167.4+£8.4 SB/2 41.9 —125.5+£12.6
GeE, 1 —206.4 7.5 RB/1 45.74+0.4¢ ~160.7 £7.5
—213.4£84 SB,RB/2 —167.7£8.4
GePry, 1 —288.3+4.9 SB/1 61.5+4.2 —-226.8£6.5
—305.4 £ 4.2 SB/2 2439459
GeBuy, 1 —384.9+£4.2 SB/2 50.2 —334.7+£42
Ge(i-Bu)s, 1 —464.4 £ 4.2 SB/2 46.0 —418.4 £ 4.2
Ph,GeH,, 1 224+33 SB/10
PhyGe(C=CH),, ¢ 656.9 £ 8.4 SB/2 133.9 790.8 £+ 8.4
658 £ 8.4 SB/11 791.9 £ 8.4
Ph,Ge(CHp)4, ¢ 343+ 10.0 RB/12 104.6 £2.8 138.9 £10.4
Ph;GeCH=CH,, ¢ 263.9 £ 7.0 RB/13 98.7+ 1.6 362.6 £7.2
GePhy,c 288.6 £23.6 RB/1 156.9 £4.2 445.5£23.9
280.3 £12.6 SB,RB/2 437.2+£13.3
Ph3;GeC=CPh, ¢ 4714 £79 RB/13 1075+ 1.5 578.9 £ 8.0
GeBzy, ¢ 2233£11.9 RB/1 168.6 £ 8.4 391.9 £ 14.6

217.6 £8.4 RB/2 184.1 401.7 £ 12.6
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TABLE 1. (continued)

Compound AH; (I/c) Method/Ref.” AH, or AHC AHfo (2)
Ge(PhCH=CH)4, ¢ 832.6 £ 12.6 SB/2
HCEC\ C==CH
pn G Ph
Ph Ph L c
866.1 8.4 SB/2
868 + 8.0 SB/11
Me3GeOEt, 1 —397.5+8.4 RC/2 33.5 —364.0 £ 12.6
Et3GeOO(#-Bu), 1 —486.2+7.0 SB/1 43.5+4.2 —442.7 + 8.1
—502.1 £4.2 SB/2 —458.6 5.9
Ge(OMe)y, 1 —842.2+4.6 SB/5 40.2+0.4 —802.0 4.6
—861.9+4.2 SB/2 —821.7+4.2
Ge(OEt)y, 1 —1006.9 4.8 SB/5 43.14+04 —963.8 4.8
—1025.1 +4.2 SB/2 —982.0+4.2
Ge(OPh)y, 1 —458.1 +£6.7 SB/5 374+£04 —420.7 £ 6.7
—472.8 +4.2 SB/2 —43544+4.2
Me3GeNMe,, 1 —154.8 +8.4 RC/2 33.5 —121.3+12.6
Et3GeNEty, 1 —342.5+6.1 SB/1 46.0 4.8 —296.5+7.8
—359.8+4.2 SB/2 —313.8+6.4
Me3GeNs, 1 117.2 +4.2 RC/2 37.6 154.8 = 8.4
Me3GeSBu, 1 —272.0+ 8.4 RC/2 41.9 —230.1 £12.6
Me;GeCl, 1 —301.2+8.4 RC/2 334 —267.8+12.6
MesGeBr, 1 —2552+84 RC/2 37.6 —217.6 £12.6
(GeMe3 ), IMR/9 —261.3
(GeEt3),, 1 —3729+ 119 SB/1 62.8 2.1 —-310.2 £ 12.1
—410.0 8.4 SB/2 —347.2+8.7
(GePh3),, ¢ 453.7 £ 14.2 RB/1 209.2 +4.2 662.9 + 14.8
4477 £ 8.4 RB/2 656.9+9.4
(GeEt3),0, 1 —611.3+11.9 SB/1 58.6 4.2 —552.7+12.6
—631.8+8.4 SB/2 —573.24+9.4
(GePh3),0, ¢ 161.1 &= 10.6 RB/13 98.0x 1.5 259.1 £ 10.7
(MexGeO)y, ¢ —1514.5+£259 SB/1 68.2+4.2 —1446.3 +26.2
—1585.7+ 8.4 SB/2 —1517.5+94
(Et2GeO)y, ¢ —1519.3 £ 27.6 SB/1
—1589.9 +£20.9 SB/2
Me3GeSiMes IMR/9 —310.1
MesGeSnMes IMR/9 —165.9
(GeEt3),Hg, 1 —101.0+9.5 SB/1 62.8 4.2 —38.2+104
—133.9+4.2 SB/2 —71.1£59
[Ge(i-Pr)3]oHg, 1 —273.4+9.7 SB/1 54.4+4.2 —219.0 £ 10.6
—309.6 +4.2 SB/2 —25524+5.9

“@See text for a detailed explanation of the tabulated enthalpies of formation.
PIMR = ion-molecule reactions; RB = rotating-bomb combustion calorimetry; RC = reaction calorimetry; SB =

static-bomb combustion calorimetry.

“The enthalpies of vaporization or sublimation recommended in References 1 and 2 are in agreement, except in the

case of GeBzy.

4The value relies on the proton affinity value of NH3, which is taken here as 854 kJ mol =1,
¢Values from M. H. Abraham and R. J. Irving, J. Chem. Thermodyn., 12, 539 (1980).
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Because of the controversy surrounding the use of static-bomb calorimetry for deter-
mining enthalpies of formation of organogermanium compounds’-2, the reliability of most
data in Table 1 cannot be fully assessed. It is, however, possible to discuss generally some
of the results.

The best experimental determination for AHf°(GeMe4, 1) is probably the one obtained
by Long and Pulford who used a highly purified sample and made a careful analysis
of the final states (GeO;, c, hex) of the static-bomb combustion experimentsg. The val-
ues for AHfo (GeEty, 1) and AHf°(GePh4, 1) were derived from rotating-bomb measure-
ments (GeO», c, hex) and these are preferred to the ones recommended by Tel’noi and
Rabinovich?, which are averages of static and rotating-bomb results. Although the two
values listed for AHf°(GeBZ4, ¢) are both derived from the same original reference (GeO,,
¢, hex), it is not clear from the review articles how the authors corrected the results. The
two values listed for the enthalpy of formation of Ge(n-Pr)4 are both corrected from the
same original reference (GeO,, c, hex) but the value given from Reference 1 has been
further corrected to refer to amorphous GeO,.

Assessing the remaining data in Table 1, particularly those that were determined from
static-bomb calorimetry experiments, is difficult. For example, the errors due to the uncer-
tainty in the germanium dioxide state will be proportional to the number of germanium
atoms in the molecule. It is therefore not surprising that the enthalpies of formation of
the compounds (GeR3);, (GeR3),0, (R2GeO),4 and (R3Ge),Hg (Table 1) given by Pilcher
and Skinner! differ considerably from those in Tel’noi and Rabinovich’s review?.

A classic method!* for examining the thermochemical regularity of an organic homol-
ogous series is plotting the standard molar enthalpies of formation versus the number of
carbon atoms in the compounds. The linear relationship may be expressed as equation 1
where all the enthalpies of formation are in either the gaseous or a condensed phase, « is
the slope, B is the y-intercept and n is the number of carbon atoms in the compound.

AHf = aelnc] + B (N

In general, more reliable constants are obtained'* when ne > 4 (per alkyl substituent), but
in the present analysis there are not enough data to fulfill this condition. Accordingly, when
the preferred gaseous enthalpy-of-formation values for tetraethyl, tetra-n-propyl and tetra-
n-butyl germanium compounds (GeO», ¢, hex) are subjected to a least-squares analysis'”,
an excellent straight line results (#2 = 0.99985, o = —21.92 4+ 0.53, 8 = 16.68 £ 7.4).
The methylene increment, «, is not too different from the purported ‘universal’ methylene
increment of —20.6 kI'mol~! derived from the homologous n-alkanes and is within the
range of variation observed for functionally substituted alkanes. The resulting straight line
for the liquid-phase enthalpies of formation of these same germanium derivatives is also
fairly good (r> = 0.9988, @ = —21.66 + 1.62, 8 = —40.71 & 21.79). A notable aspect
of the « values for the gaseous- and liquid-phase germanium series is their near identity.
However, a lack of regularity in the enthalpies of vaporization for these species in Table 1
shows they cannot all be correct. For other homologous series!# the liquid-phase o values
are generally 4-5 kJ mol~!' more negative, consonant with an earlier analysis'®.

For all homologous series studied, the enthalpy of formation of the methyl substi-
tuted species deviates from the otherwise linear relationship established by the higher
members of the series!*. The direction!” of deviation depends on the electronegativ-
ity of the attached atom relative to carbon: for atoms of greater electronegativity, the
methyl substituted species has a more positive enthalpy of formation than calculated from
equation 1 (a positive deviation) and for atoms of lower electronegativity, the methyl
substituted species has a more negative enthalpy of formation than calculated (a negative
deviation). The absolute magnitude of the deviation generally increases with increasing
electronegativity'® or increasing electropositivity (relative to carbon) of the attached atom.
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FIGURE 1. The relationships between the methyl deviation, §(CH3z—Z), and Pauling electronegativity
of the bonded Z atom in various homologous functional group series, CH3 —(CH;), —Z. See References
17b and 18

We have shown!? that there are separate but nearly parallel linear relationships between
the methyl deviations, §(CH3z—Z), of methyl substituted species CHz—Z and the elec-
tronegativity of the atom in Z bonded to carbon for functionality in the second row of
the periodic table (Z = —OH, —NHj, —CH3, —B<) and in the third row of the periodic
table (Z = —Cl, —SH, —Al<). If the methyl deviations for CH3Br and (CH3)4Ge, both
containing fourth-row atoms, are now calculated and the results plotted versus the Pauling
electronegativity, the two new points fall on the line established by the third-row series
(Figure 1).

Another simple method that has been used for assessing the data for many families of
compounds, say ML,,, consists in plotting AH;(MLn) versus AH;(LH), with ML,, and
LH in either their standard reference states (their stable physical states at 298.15 K and
1 bar) or in the gas phase?. It has been observed that many?! of the above plots which
involve reliable thermochemical data define excellent straight lines. This empirical linear
relationship may be expressed as equation 2.

AHf (ML) = a[AH7 (LED)] + b &)

The meaning of this observation is seen by considering Scheme 1. AH°(3) and
AH®(4) are the enthalpies of hypothetical reactions of a ‘family’ of compounds ML,,
where reactants and products are in the standard reference states and in the gas phase,
respectively, and AHy, are vaporization or sublimation enthalpies.

AH®(3)
ML, (rs) + nHY (rs) —— MY,, (rs) + nLH (rs) 3)
AHy, nAHy, AHy 4 nAHy,
AH®(4)
ML, (g) + nHY (g) —— MY, (g) + nLH (2) )

SCHEME 1
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Observation of the empirically linear equation 2 for the gas-phase enthalpy-of-formation
data implies that AH °(3) is constant for the series of compounds ML, 20a.b - AF°(3) can
also be expressed in terms of the bond dissociation enthalpies (equation 5) by again using
Scheme 1.

AH®(3) = n[D(M—L) — D(L—H)] + [AH}| — nAHy,] +nAH;,
+ [nD(H-Y) — nD(M=Y) — AHy;] (5)

The third bracketed term in equation 5 is constant for a given Y, implying that
{nlD (M—-L)—-D((L—-H)]+[AHy, —nAHy ]} is also constant for the series of compounds
that obey the linear correlation. It is therefore very likely that D(M—L) and D (L—H)
follow nearly parallel trends. Obviously, if the linear correlation holds for reactants and
products in the gas phase, then AH °(4) is constant and so will be [D(M-L)—D(L—H)].

The application of the above method to the gaseous germanium tetra-alkyls is shown
in Figure 2. The linear fit involving the preferred values for tetraethyl, tetra-n-propyl,
tetra-n-butyl and also tetrabenzyl germanium species (GeOy, c, hex) and the enthalpies
of formation of the corresponding alkanes RH?? leads to (2 = 0.99996):

AHf (GeRy, g) = (4.118 £ 0.017)AH; (RH, g) + (184.6 £ 1.7) (©6)

While the slope is slightly different from the ideal value of 4 (equal to the number of
ligands bonded to the germanium atom), the statistical behavior of the correlation is
good. The methyl species’ enthalpies of formation are not expected to fit this correlation
because tetramethyl germanium and methane deviate by different magnitudes from the
linear relationships of their respective homologous series in equation 1. If enthalpy-of-
formation values are calculated from equation 1 for MesGe (—71.0 kJ mol~!) and CH,4
(—63.8 kJmol~ 1) and then used in the correlation of equation 2, the fit is very good
(r? =0.9998, a = 4.118 £ 0.03, b = 186.1 = 2.71).

We now turn to the calculation of bond enthalpy terms. In a first approximation, the
enthalpy required to break all the chemical bonds in, say, gaseous GeR4, the so-called

-130 -120 -110 -100 -90 -80 =70 —-60 =50
| | | | | | | -0

Me (calculated) | —50

Me
o ——100
Et ——150

— =200

n—Pr

AH;*(GeRy, g)(kImol™)

— —250

n-Bu - =300

=350

AH;* (RH, g)(kJmol)

FIGURE 2. Enthalpies of formation of gaseous germanium tetra-alkyls versus the enthalpies of forma-
tion of the corresponding hydrocarbons. The point Me (cal’c.) is for the calculated values of AH;(CH4)
and AH;(GeMe4). See text
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enthalpy of atomization'4, can be identified with a sum of terms (E), each one representing
the enthalpy of a given bond. For example,

AH,,,, (GeMey) = 4E (Ge—C) + 12E(C—H),
AH,,,(GePry) = 4E (Ge—C) + 8E (C—H)J® + 8E (C—H); + 8E(C—C) + 12E(C—H),
AHa"mm (GePhy) = 4E(Ge—Cy) 4+ 24E (C,—Cp) + 20E (Cp,—H)
AH,,, (GeBzy) = 4E (Ge—C) + 8E (C—H)$® + 4E (C—Cp)

+ 24E (Cy—Cyp) + 20E (Cp—H)

where the subscripts p and s indicate primary and secondary carbon atoms, respectively,
b refers to a carbon from a phenyl group and the superscript Ge means that the carbon
is bonded to a germanium atom (a detailed description of this ‘scheme’, developed by
Laidler, may be found elsewhere)"'*. As the appropriate terms for hydrocarbons are
available, the selected enthalpies of formation in Table 1 can be taken together with
the enthalpies of formation of the gaseous elements to derive E(Ge—C), E (Ge—H)g36
and E(Ge—Cp)**. This exercise leads to E(Ge—C) = 257.09 kI mol~! (from GeMey),
E (Ge—C}p) = 262.91 kImol~! and to slightly different values for £ (Ge—H)SGe, according
to the germanium compound used as source (kJ mol_l): 404.22 kI mol~! (GeEty),
402.19 kITmol~! (GePrsy) and 402.69 kImol~! (GeBz)s. Let us take the values for
E(Ge—C) and E(Ge—Cy), together with E(Ge—H)g36 = 402.5 kImol~!, and predict
the enthalpy of atomization of the five-membered metallacycle PhyGe(CHy)s. The
value obtained, 15575 kJ molfl, is 54 kJmol~! lower that the experimental result,
15629 kJmol~!, calculated from the enthalpy of formation in Table 1, i.e. the compound
is predicted to be less stable than it actually is. Strain in the metallacycle, for which there
is no evidence from the X-ray structure’, would imply an opposite trend. Therefore, the
selected bond terms are apparently unsuitable to address this issue. Part of the problem
is probably caused by the value of E(Ge—Cp) which was transferred from GePhs to
PhyGe(CHy)4. Steric hindrance in tetraphenyl germanium will make E(Ge—Cp) smaller
than in the metallacycle compound, as indicated by data for tin compounds (see below): it
is observed that E(Sn—Cp) in SnPhy is about 15 kJ mol~! smaller than in Me; SnPh?. If
E(Ge—C}) used above (269.21 kITmol~!) is increased by that amount, the calculated
atomization enthalpy will be closer to the experimental value (but still 24 kJmol™!
lower).

The calculation of other bond enthalpy terms, such as E (Ge—Ge), E (Ge—O0), E(Ge—N)
and E (Ge—S), can be made from data in Table 1. However, due to the above-mentioned
controversy involving most of the data obtained with static-bomb combustion calorimeters,
we refrain from tabulating those terms.

B. Bond Dissociation Enthalpies

Photoacoustic calorimetry (PAC) studies by Clark and Griller have provided signifi-
cant insights into the bonding energetics of organogermanium compoundsZ®. The main
conclusion from those studies was that alkyl and aryl substituents have a rather small
influence on Ge—H bond dissociation enthalpies in germanium hydrides (Table 2). The
almost negligible effect of alkylation on D(Ge—H) had been observed for the analogous
silanes, where for example D (Si—H) in SiHy (378 £ kI mol~ 1) is indistinguishable from
D (Si—H) in Me3SiH%"-28. However, Griller and coworkers have also found that the sil-
icon-hydrogen bonds are considerably weakened by silylation, e.g. D[(Me3Si)3Si—H]
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TABLE 2. Bond dissociation enthalpies in organogermanium com-
pounds (kJ mol~!)

Compound Method/Ref.¢ D(M-L)"
Ge—H PIMS/32b > 225¢d
HGe—H PIMS/32b < 288
H,Ge—H PIMS/32b > 236
H;Ge—H KG/32¢ 346 + 10
PIMS/32b < 3588
Me3;Ge—H KG/32a 340 + 10
PAC/26 345.6 £2.1"
Me3;Ge—Me /32d 347 £ 17
VLPP/32¢e 339+ 13
Et;Ge—H PAC/26 348.5 +2.5"
BuzGe—H PAC/26 349.8 £2.5"
PhGeH,—H PAC/26 335.6 +2.9"
Ph,GeH—H PAC/26 336.8 +2.9"
Ph;Ge—H PAC/26 339.7 +3.3"
IGeH,—H KG/32f 3324+ 10
Mes3Ge—GeMes) ES/38 87+8
Tep3Ge—GeTep), ES/38 4448

“ES = equilibrium in solution; KG = kinetics in the gas phase; PAC = pho-
toacoustic calorimetry; PIMS = photoionization mass spectrometry; VLPP =
very low pressure pyrolysis.

bValues at ~ 298 K, unless indicated otherwise.

“Value at 0 K.

4 Authors recommend 264 kI mol ™.

¢ Authors recommend 277 kJ mol 1.

 Authors recommend 247 kJ mol~!.

& Authors recommend 343 = 8 ki mol 1.

"The value reported in the original paper is 4.2 kJ mol~! smaller because the
authors have used different auxiliary data to derive the equation relating the
experimentally measured quantity with the bond dissociation enthalpy.

Mes = mesityl.
JTep = 2,4,6-triethylphenyl.

is about 48 kImol~! smaller than D(H3Si—H)?, so that it is possible that germyla-
tion will reduce D(Ge—H). Regarding the aryl substitution effect, it seems that it is
smaller for germanium than for silicon: D(Ph3Si—H) is about 26 kJ mol~! lower than
D(H3Si—H)®.

The PAC results reported in Table 2 were obtained in benzene or isooctane solution
and may therefore be affected by solvation. The available evidence, however, indicates
that these solvation phenomena do not disturb significantly the energetics of the bond
cleavages’!, so that the PAC results can be compared with values derived from gas-phase
experiments>2. Indeed, it is noted in Table 2 that there is satisfactory agreement between
D(Me3Ge—H) obtained by PAC and from a gas-phase kinetic study by Doncaster and
Walsh322,

One of the interesting features in Table 2 regards the values of D(Me3Ge—H) and
D(Me3zGe—Me). Despite the uncertainties that affect the latter, these bond dissociation
enthalpies are remarkably similar, again resembling what is observed for the analogous
silicon compounds?’. Accepting D (Me3Ge—Me) = 339 + 13 kimol~! and taking the
selected enthalpy of formation of GeMe, in Table 1 together with the enthalpy of forma-
tion of methyl radical®3, one obtains AHfo (GeMes, g) = 88 £ 15 ki mol ™.
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The enthalpy of formation of trimethylgermanyl radical could also be derived from
the (probably more accurate) PAC value for D(Me3Ge—H), if the enthalpy of formation
of Me3sGeH were available. Although no experimental value of this quantity has been
reported, we trust that it can be estimated as —55.2 kJmol~' by using the Laidler
scheme mentioned above, namely the terms E(Ge—C) = 257.09 kJ mol~!, E(Ge—H) =
289.55 kJmol~! and E(C—H), = 411.26 kimol~! 243435 The estimated value for
AH;(Me3GeH, g) implies AH;(GeMe3, g) = 724 kImol™! [or D(Me3Ge—Me) =
323 kJ mol ! ], which is almost within the error bar assigned to the above 88415 kJ mol !,
but it is nevertheless significantly lower. Unfortunately, the discrepancy cannot be settled
with the present data. However, since the selected enthalpy of formation of GeMey
affects both methods of deriving AHf°(GeMe3, g), albeit with different weights, the
disagreement strongly suggests that either D (Me3Ge—Me) = 339 kI mol~! is an upper
limit or, less likely, D(Me3;Ge—H) is too low. In other words, it is possible that, unlike
the case of silanes, the germanium-hydrogen bond is 15-20 units stronger than the
germanium-methyl bond. Incidentally, this would be in line with a general trend observed
for transition metal-hydrides and -alkyls, where the differences D(M—H) — D (M—Me)
are smaller for more electropositive M>°.

The PAC result for D(Et;Ge—H), 348.5 kI mol ™!, together with AHf"(Et3GeH, g) from
Table 1, affords AHfo (GeEt3, g) =5+13kJ mol~!, which in turn leads to D (EtzGe—Et) =
285 kI mol 133, by using AH;(GeEu, g) = —160.7 kI mol~!. This germanium-carbon
bond dissociation enthalpy is, however, about 25 kI mol~! lower than expected on the
basis of two assumptions: (1) As suggested above, the difference D (Ge—H)—D (Ge—Me)
is ca 20 kimol™!; (2) the approximate relationship D (R3Ge—Me) — D(R3Ge—Et) ~
D(Me—H) — D(Et—H) = 18 kImol~! holds for the compounds under discussion.
One may invoke a substantial error in the experimental value of AHf°(Et3GeH, g) to
explain the apparent discrepancy. The use of Laidler terms, including E(Ge—C) =
257.09 kI mol~!, E(Ge—H)$¢ = 402.5 kI mol~! and E(Ge—H) = 289.55 ki mol~! 2434
yield AHf° (Et3GeH, g) = —87.5 kImol ™!, a result which is well above the experimental
one in Table 1 and leads to AH; (GeEt3, g) = 43 kImol~! and to the more sensible (but
probably too high) value D (Et3Ge—Et) = 323 kJ mol~ 1.

The enthalpy of formation of GeHs shown in Table 1 and D(H3Ge—H) in Table 2
yield AHf9(GeH3, g) = 219+ 10KJ mol~!. This value, together with AH;(GCZHﬁ)

from Table 1, gives D (H3Ge—GeH3) = 275 + 15 kJ mol~!. A similar exercise involv-
ing GeEty and GeyEte leads to D (Et3Ge—GeEt3) = 396 kImol~! or 320 kJmol~!
according to the value adopted for AH;(GeEtg, 2), 43 kimol~! or 5 kImol~!, respec-

tively. Although the latter result, based on AHfo (GeEt3, g) = 5 kJmolfl, is closer to
D (H3Ge—GeHs3), and therefore looks more reasonable (see below), it is likely that the
above calculation is affected by a large error in AHf°(GezEt6, g). In fact, the use of
the appropriate Laidler terms>*, including E (Ge—Ge) = 162.40 kI mol~! [obtained from
AH{ (GeyHg, g) and E(Ge—H)*], E(Ge—H)J® = 402.5 kJmol~!, and E(Ge—C) =
257.09 kI mol !, yield AHf°(GezEt6, g)=—1943KkJ mol~!, much higher than the exper-
imental result in Table 1. This estimated enthalpy of formation of hexamethyldigermane
implies D (Et3Ge—GeEt3) = 280 kJ mol !, quite close to D(H3Ge—GeH3).

The comparison of D (H3Si—SiH3) with D(Me3Si—SiMes3) has been recently addressed
in detail by Pilcher and coworkers’’. Although the question has not been settled, the

authors argue that those bond dissociation enthalpies ‘may be closer together than
previously thought’, and that ‘this lack of methyl group substituent effect on the Si—Si
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dissociation enthalpies would be consistent with the constancy of Si—H dissociation
enthalpies in the methylsilanes’?®. These conclusions may well apply for Ge,Ets and
Ge,Hg, supporting the similarity between D (H3;Ge—GeH3) = 275415 kJmol~! and the
value found for D (Et3Ge—GeEt3), 280 kI mol~!.

In contrast to the relatively high Ge—Ge bond dissociation enthalpies that have just
been discussed, the two last values of D(Ge—Ge) presented in Table 2, obtained from
van’t Hoff plots involving the equilibrium (GeR3z), = 2GeR3 in solution®®, are rather
low. This has been attributed to the steric effects caused by the bulky substituents in
the phenyl rings>®. Unfortunately, the obvious comparison with D (Ph;Ge—GePhs) is not
obtainable due to the lack of an experimental value of AHf° (Ph3zGeH, g), which, together
with D(Ph3;Ge—H) in Table 2, would afford AHf°(Ph3Ge, g). It is possible, however, to
make an estimate of the missing enthalpy of formation, having in mind the discussion
in the previous section about the Laidler term for Ge—Cp. Recall that it was shown
that £(Ge—Cy) in GePhy should be a lower limit and that in a strain-free molecule
the value should be increased by ca 15 kImol~!, ie. E(Ge—Cp) ~ 284 kJmol~!.
Accepting this value (as an upper limit) and using the necessary Laidler terms®*34,
one obtains AH;(PtheH, g) = 312 kI mol~! and AH;(Ph;Ge, g) = 434 kI mol 1.

Finally, the enthalpy of formation of hexaphenyldigermane from Table 1 (662.9 kJ mol~!)
implies D (Ph3Ge—GePh3) = 205 kJ mol 1. Assuming a strain-free Ge—Ge bond in
this molecule®®, one half of the difference D (Ph3Ge—GePhz) — D(R3Ge—GeR3) ~
75 kJmol~! (R = alkyl) should reflect the resonance stabilization of the GePhs radical.
We recall, however, the small effect of arylation on Ge—H bond dissociation enthalpies
in the hydrides (Table 2), which indicates a negligible stabilization of that radical. There-
fore, if the above estimated values for D (Ph3 Ge—GePh3) and D (R3Ge—GeR3) are correct,
one is forced to conclude that (GePh3), is also considerably destabilized by steric effects,
although these are rather more pronounced in the case of the two molecules with bulky
substituents in the phenyl rings.

Il. TIN COMPOUNDS
A. Enthalpies of Formation
With very few exceptions>® 2, the available enthalpies of formation of organotin com-
pounds have been compiled in the reviews by Pilcher and Skinner! and by Tel’noi and
Rabinovich? (Table 3). Nevertheless, in contrast to what has been noted for the germa-
nium molecules, the disagreements between the values recommended by the two groups
are now usually smaller than 4 kI mol™!, i.e. within the respective experimental uncer-
tainty intervals. This is not surprising because static-bomb combustion calorimetry, the
method used to probe the thermochemistry of most of the compounds in Table 3, usually
yields well characterized products; there is general recognition that the results obtained
with this technique are reliable>.

Let us use some of the methods applied to the germanium compounds to assess a few
values from Table 3. A plot of the three gaseous enthalpies of formation for tetraethyl,
tetra-n-propyl and tetra-n-butyl tin species versus the number of carbon atoms in the
compound (equation 1) shows that probably at least one of them is inaccurate. In the
liquid phase there is an additional enthalpy of formation, that for tetra-n-hexyl tin. A
plot of the liquid enthalpies of formation versus total carbon number shows that the
enthalpy of formation for tetraethyl tin is an outlier and the remaining three points define
a fairly good straight line’> (2 = 0.99953, « = —21.77 +0.80, 8 = 47.78 & 12.39). If
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TABLE 3. Standard enthalpies of formation of organotin compounds (kJ mol~!)

Compound AHfo B Method/Ref .4 AH, or AH” AHf0 (2)
SnHy, g RC/6 162.8 £ 2.1
Me,SnHp, 1 58.6 4.2 SB/2 29.3 87.9+4.2
Me>Sn=CH, g IMR/7 130¢
Me,SnEt;, 1 —121.3 +20.9 SB/2 41.8 —79.5+£20.9
MesSnH, 1 —8.4+4.2 SB/2 335 25.1£4.2
SnMey, 1 —523+£1.7 SB/1 32.0+0.8¢ -203+£19
Me3zSnCH=CHj,, 1 54.44+13.3 RC/1 37.24+2.1 91.7+13.4
MesSnEt, 1 —67.2+24 SB/1 37.7+£1.7 —29.5+29
Mes(i-PrSn), 1 —87.4+£43 SB/1 40.6 £ 2.1 —46.8 £4.8
Mes(¢-BuSn), ¢ —121.1 £ 4.5 SB/1 54.0+4.2 —67.1£6.2
Mes(¢-BuSn), g IMR/9 —104.1
Me3zSnPh, 1 60.8 £ 3.1 RC/1 52.34+4.2 113.1+£52
MesSnBz, 1 26.3+£3.9 RC/1 56.5+4.2 82.8£5.7
Et;SnHj, 1 126 4.2 SB/2 29.2 41.8+4.2
Et3SnH, 1 —46.0 £ 8.4 SB/2 46.0 0+84
Et3SnMe, 1 —2259+4.2 SB/2

Et3SnCH=CH,, 1 36.2+£3.2 SB/1,2 51.7 87.9+8.4
SnEty, 1 —959+£25 SB/1 50.6 +0.2¢ —453+£25
Sn(CH=CH,)4, 1 300.8 + 7.6 SB/1,2 50.7 351.5+84
Sn(CH,CH=CHj)q4, 1 —170.2+7.3 SB/1

Pr3SnH, 1 —133.9+4.2 RC/2

SnPry, 1 —211.3+53 SB/1 65.4 +2.5¢ —1459+59
Sn(i-Pr)y, 1 —188.0+ 5.6 SB/1 64.9+4.2 —123.1+£7.0
Et;SnBuy, 1 —2259+8.4 SB/2

BusSnH, 1 —205.0+4.2 RC/2

SnBuy, 1 —302.1 £ 3.7 SB/1 82.8 +2.1 —219.24+4.2
Sn(i-Bu)y, 1 —330.9+6.3 SB/1

PhySn(CH3)4, ¢ 195.0+5.2 SB/39 106.8 +5.5 301.8+7.6
PhySn(CHb)s, 1 214.0 + 6.8 SB/39 750+ 1.5 289.0 £ 7.0
Ph3SnMe IMR/40 406 £ 29
Ph3SnEt IMR/40 381 £29
Ph3;SnCH=CHjy, ¢ 4114+ 6.6 SB/41 114.1 £2.5 525.5+7.1
Ph3SnC=CPh, ¢ 596.2 + 7.8 SB/41 137.6 £2.0 733.8 £8.1
SnPhy, ¢ 411.6 £3.7 77RB/1 161.1£4.2 572.7+5.6
SnHexy, 1 —468.6 = 12.6 SB/2

Sn(cy-Hex)4, ¢ —364.7 + 28.6 SB/1

Me3SnOH, ¢ —380.7+4.2 RC/2 62.7 —-318.0+84
Me3SnOEt, 1 —305.4+4.2 RC/2 41.8 —263.6 = 8.4
Ph3SnOH, ¢ 50.2 £84 SB/2 129.7 1799 + 8.4
Me3zSnOCOPh, ¢ —491.7 £ 8.5 SB/1

Et3SnOO(¢-Bu), 1 —421.3+16.0 SB/1 48.8 £ 2.1 —372.5+16.1
Et3SnOCOPh, ¢ —575.8+4.5 SB/1

Et3SnOOC(Me),Ph, 1 —285.6 £ 8.6 SB/1 56.5 £2.1 —229.1 +£8.9
Me3SnNMe,, 1 —58.6 £4.2 RC/2 37.7 —209+8.4
Et3SnNEt,, 1 —210.3+44 SB/1 50.2+4.2 —160.1 6.1
MesSnNs, ¢ 188.3 +4.2 RC/2 62.7 251.0+ 8.4
Bu3SnNCO, 1 —368.2+4.2 SB/2

Me3SnSBu, 1 —196.6 +4.2 RC/2 41.8 —154.8 +8.4
MesSnCl, 1 —213.0+ 7.1 RC/1

MesSnBr, 1 —185.5+3.5 RC/1 47.3+4.2 —138.2+5.5
MesSnl, 1 —130.6 3.9 RC/1 48.1 +4.2 —82.5+£5.7

(continued overleaf)
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TABLE 3. (continued)

Compound AH; (I/c) Method/Ref.% AH, or AH? AH; )
Bu3SnBr, 1 —356.2+1.3 RC/1 83.7+12.6 —272.5+12.6
Ph3SnBr, ¢ 188.0 +7.7 RC/1

Ph3Snl, g IMR/40 381 £29
Ph3SnSPh, g IMR/40 431
Me,SnClp, 1 —330.3+7.7 RC/1

Ph,SnBr;, ¢ —19.5+6.8 RC/1

MeSnCl3, 1 —443.1+7.6 RC/1

(SnMe3),, 1 -771+£73 RC/1 50.2+4.2 —269+84
(SnMe3)s, & IMR/40 ~29.8
(SnEt3);, 1 —217.4+8.6 SB/1 62.8+4.2 —154.6 +£9.5
(SnPh3),, ¢ 661.4+15.6 SB/1 188.3 +4.2 849.7 £ 16.2
Ph3SnSnMes, g IMR/40 360 + 38
(SnEt3),0, 1 —427.0+12.7 SB/1 523421 —374.7+ 129
(SnPh3),0, ¢ 415.9 +10.0 SB/42 196.6 + 8.4 612.5+13.0
(SnMe3);NMe, 1 —133.9+4.2 RC/2 50.2 —83.7+84
(BuzSnN),C, 1 —359.8+4.2 SB/2

(SnMej3)3N, ¢ —1255+8.4 RC/2 50.2 —62.8 £ 12.6
MesSnSiMes, g IMR/9 —207.9
Me3SnGeMes, g IMR/9 —165.9

4IMR = ion-molecule reactions; RB = rotating-bomb combustion calorimetry; RC = reaction calorimetry; SB =
static-bomb combustion calorimetry.

b Enthalpies of vaporization or sublimation from Reference 1 or 2, except when indicated otherwise.

©The value relies on the proton affinity value of NH3, taken as 854 kJ mol~!,

dValues from M. H. Abraham and R. J. Irving, J. Chem. Thermodyn., 12, 539 (1980).

we analyze the remaining two gaseous-phase values, omitting the enthalpy of formation
for tetraethyl tin, the statistical constants are « = —18.33 and § = 74.00. The methy-
lene increment, ¢, although within the range of variation for other homologous series,
is very low and is comparable to the lowest of which we know®. Using the statistical
constants above, the calculated enthalpies of formation for tetraethyl tin are (kJ mol~1):
—72.64 (g); —126.38 (1). The calculated and experimental values for gaseous- and liquid-
phase tetraethyl tin differ by essentially identical amounts, showing that the measured
enthalpy of vaporization is probably accurate.

The extremely low slope calculated from equation 1 for the gaseous tetraalkyl tin
compounds affects the calculation for the methyl deviation'® of tetramethyl tin from
its homologous series linear relationship, and its magnitude (—13.23 per methyl group)
seems large compared to its Pauling electronegativity (1.96). When the methyl deviations
of tetramethyl tin and methyl iodide, both heteroatoms from the fifth row of the periodic
table, are plotted versus the heteroatom electronegativity, neither point falls on the line
containing the third- and fourth-row elements and the slope of the new line is not parallel
to the line shown in Figure 1. It is noted that both the tin and the iodine methyl devia-
tions were calculated using enthalpies of formation from just two other members of their
respective homologus series, neither of which is within the desirable range of n. > 4 per
alkyl substituent.

If the conditions of equations 3-5 hold, the measured enthalpies of formation for the
tin-containing compounds should fit the linear relationship of equation 7:

AH[ (SnRy, g) = (') AH] (RH, g) + (b)) ™
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A plot of AH['(SnR4, g) against AH (RH, g), where R is alkyl, is presented in Figure 3
where the enthalpy-of-formation values used are both experimentally determined (Table 3)
and calculated. The calculated values are for tetramethyl and tetraethyl tin and methane.
As stated above, the enthalpy-of-formation values for tetraethyl tin may be incorrect.
That the calculated value for tetraethyl tin results in a better linear fit with tetrapropyl and
tetrabutyl tin is further confirmation of this supposition. And, as discussed for the alkyl
germaniums, the methyl deviations of methane and tetramethyl tin are too different for
their measured values to fit a linear relationship such as equation 7.

In Figure 3 the value for Sn(i-Pr)4 falls above the line indicating that, compared to
four n-propyl substituents on tin, four isopropyl substituents are destabilizing. Although
repulsive interactions between the secondary alkyl groups are possibly responsible, the
largeness of tin mitigates this and suggests electronic interactions such as those found
for organolithiums”. Whichever interactions are responsible, they should obviously be
smaller, for example, in the compound Me3Sn(i-Pr). Indeed one finds that the enthalpy
of formation of this molecule is fit by the regression line obtained with the points for
SnMey, Me3SnEt and Me3SnBz (equation 8):

AHfO(Me3SnR, g) = (0.8322 &+ 0.0092)AHf°(RH, g) + (40.91 £ 0.65) (8)

Although equation 8 is statistically sound, the three values used to define the
correlation may not be entirely consistent. Whereas the difference AHf°(SnMe4, g) —

AHf°(MegsnEt, g) almost matches the difference Ach’ (MeH, g) — AH;(EtH, g), in
keeping with an ideal unit slope, the difference Ach’ (SnMey, g) — Ach’ (Me3SnBz, g),
—103 kJmol™', is higher than the —124 kJmol~' calculated for AH;(MeH, g) —
AHf° (BzH, g). In other words, the data for SnMes and Me3SnEt would imply
AH; (Me3SnBz, g) ~ 105 kJmol ™!, i.e. 22 kI mol~! higher than the value in Table 3.
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FIGURE 3. Enthalpies of formation of gaseous tin tetra-alkyls versus the enthalpies of formation of
the corresponding hydrocarbons. The point Me (cal’c.) is for the calculated values of AHfo (CHy4) and
AH;(SnMe4). The point Et4Sn (cal’c.) is for the calculated value of AH; (SnEts) and the measured
value of AH ;(EtH). See text
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Despite the previous remarks, organotin compounds are one of the few families of
organometallic substances for which the thermochemical data justify the calculation of
bond enthalpy terms. Some term values (consistent with the terms recommended by Pilcher
and Skinner for hydrocarbons)?” are given in Table 4. A few words on this selection are,
however, appropriate.

The value tabulated for the term E(Sn—H), 252.60 kI mol~!, relies on the enthalpy
of formation of SnHy. This result is very close to those obtained from Me3zSnH
(252.96 kI mol™!) and Et3SnH (252.29 kImol~!), but rather different from the values
derived from Me,SnH, (244.27 kimol™!) and Et,SnH, (258.73 kJ mol™1), suggesting
that the overall set of enthalpies of formation is not consistent and that the experimental
results for the dihydrides may be inaccurate.

The term E (C—H)fn (401.4 kJ mol~!) represents the average of the values derived from
the experimentally measured enthalpies of formation of gaseous SnEt4, SnPr4 and SnBuy
(400.23, 402.51 and 401.49 kJ mol~!, respectively). It can be used to predict, for example,
AHfO (Me3SnBz, g) = 106 kImol~!. This result is in keeping with the above discussion
on the slope of equation 8 and it may indicate that the experimental result in Table 3 is too
low. However, the discrepancy may also imply that one or more of the bond terms used
in the calculation [e.g. E(Sn—C) = 217.27 kJmol~! and E(C—H)$" = 401.4 kJ mol ']
are not appropriate. In other words, and referring to equation 8, it is possible that the
experimental value of AHfo (Me3SnBz, g) is correct and that the molecule should not be
included in the same family?° as SnMe, and Me3SnEt.

The value selected for the term E(Sn—Cp), 233.29 kImol~!, calculated from the
enthalpy of formation of Me3SnPh, is about 15 kImol~! higher than the result derived
from the tetraphenyl compound (218.46 kJ mol~!), which indicates repulsive interactions
between the phenyl groups in SnPhy. If E(Sn—Cp,) = 233.29 kJmol~! is used, together
with other appropriate terms in Table 4 and elsewhere?*, to calculate the enthalpy of
atomization of the five-membered metallacycle compound Ph,Sn(CHj)s4, one obtains
15419 kI mol~!. The experimental value (15390 kJ mol 1) is 29 kI mol~! lower, mean-
ing that the compound is less stable than predicted on the basis of the Laidler scheme
and therefore indicating that either steric hindrance between the phenyl groups, strain
in the metallacycle or both are responsible for the destabilization. A large contribution
from the metallacycle strain is, however, unlikely, after the discussion for the analo-
gous germanium molecule and also having in mind that for cyclopentane the strain is
27 kImol~!. Some interaction between the phenyl rings has therefore to be admitted and,
indeed, if one uses the Laidler term derived from SnPhy (218.46 kJ mol™'), the calcu-
lated enthalpy of atomization of PhySn(CH»)4 becomes 15389 kI mol~!, almost identical

TABLE 4. Laidler terms for some organotin compounds®

b

Term Value (kJ mol~!) Source
E(Sn—H) 252.60 SnHy
E(Sn—C) 217.27 SnMey
E(C—H)f” 401.4 SnEty, SnPry4, SnBuy
E(C—H)f” 381.12 MesSnPr-i
E(Sn—Cyp) 233.29 Me;3SnPh
E(Sn—Cy) 229.39 Me3;SnCHCH,
E(Sn—Sn) 147.02 (SnMe3),

“The values must be used together with the terms for hydrocarbons given
in Reference 24.
b See text for a more detailed explanation of the selection.
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to the experimental result. This conclusion seems to hold for the six-membered metalla-
cycle compound Ph,Sn(CH»)s. The enthalpy of atomization 16563 kJ mol~!, calculated
with E(Sn—Cp) = 218.46 kJmol~!, is close to the experimental value, 16556 kJ mol~!.

The value assigned to the term E(Sn—Cy), 229.39 kJ mol~!, which was calculated from
the enthalpy of formation of Me3SnCHCHy, differs significantly from those relying on the
gaseous enthalpies of formation for Et3SnCHCH, (207.42), Sn(CHCH)4 (248.46) and
Ph3SnCHCH, (240.34). It must be noted that the last value was calculated by considering
E(Sn—Cp) = 218.46 kJmol™!, on the assumption of some degree of steric interactions
involving the phenyl groups. These interactions are probably smaller than in SnPhy4, so
that the correct value for E(Sn—Cp) in Ph3SnCHCH, must be higher than 218.46, but
of course lower than the value in Table 4, 233.29 kI mol~!. So, while the discrepancy
between the terms obtained from Me3SnCHCH; and Ph3;SnCHCH, was expected, the
same cannot be said with regard to E(Sn—Cq) calculated from Et3SnCHCH;. A simple
application of the reasoning used to explain the type of correlations using equation 2,
namely that AHf°(Et3SnCHCH2, g) — AHf°(Me3SnCHCH2, g) ~ 3[AHf°(EtH, g) —

AH; (MeH, g)] = —28.2 kJmol ™" leads to AH; (Et;SnCHCH,, g) ~ 64 kJmol ™, i.e.

24 kI'mol~! lower than the experimental result in Table 3. Note that this rule works well
for other cases, e.g. AHf°(Et3SnH, g)—AH;(Me3SnH, g) = —25.14+9.4 kI mol~! (from
Table 3), and therefore there is reason to be suspicious about the inconsistency between
the literature values for AHf°(Me3SnCHCH2, g) and AHf°(Et38nCHCH2, g). As seen in
Table 4, the former value has been selected in the present survey.

Another example illustrating the apparent problems with the enthalpy-of-formation
data for some tin compounds concerns the term E(Sn—Sn). In order to avoid the com-
plication related to the term E(Sn—Cyp), the bond enthalpy E(Sn—Sn) in Table 4 was
calculated from AHf°[(SnMe3)2, gl. As a confirmation, one can then derive the value
for the same term from AHfo [(SnEt3);, g] —they should be similar. Yet, this calcula-

tion yields E(Sn—Sn) = 223.18 kJmol~!, a value which looks unreasonably high and
questions the experimental value of AH;[(SnEt3)2, g] in Table 3.

The above analysis reveals that some of the thermochemical data for organotin com-
pounds may not be as accurate as one could hope. Although the information is in general
of much better quality than in the case of germanium and lead analogues, we believe that
some values in Table 3 should be redetermined. Other examples could have been used to
illustrate this point (see also the next section), but once again we wish to resist the temp-
tation of recommending data that in some cases conflict with the available experimental
results. By a judicious use of the Laidler terms in Table 4 and/or correlations similar to
those in equation 2, it is rather simple to assess other values from Table 3 and predict
new data.

B. Bond Dissociation Enthalpies

To our knowledge, the experimental measurements of bond dissociation enthalpies in
organotin compounds are limited to the values of D(Me3Sn—Me) = 297 & 17 kI mol ™!
and D (EtzsSn—Et) = 264 &+ 17 kImol™!, as recommended in McMillen and Golden’s
review’2d, and D(BusSn—H) = 308.4 £ 8.4 kJmol~!, obtained by photoacoustic
calorimetry (in isooctane)**. The first two values, together with the experimental enthalpies
of formation of gaseous SnMeys and SnEty (Table 3) and the enthalpies of formation
of methyl and ethyl radicals®, lead to AHf(SnMes, g) = 130 £ 17 kJmol~! and

AHf°(SnEt3, g) = 100 % 18 kimol~!. These results are handles to derive other bond
dissociation enthalpies by using the enthalpies of formation of parent compounds in
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Table 3. A sample of those data, namely values of D(Sn—H) and D (Sn—C), are presented
in Table 5. Some gaps in this table (or new entries) can be filled with help of the methods
described above. For example, it is reasonable to assume that D (Et3Sn—Pr-i) will be about
9 kI mol~! lower than D (Et3Sn—Et) — such is the difference D (Et—H)—D (i-Pr—H); note
also that D (Me3Sn—Et) — D (Me3Sn—Pr-i) = 12 kI mol~! is quite close to the prediction.
Incidentally, this simple method can also be applied to assess some data. Suppose, for
instance, that the value of D(Et3Sn—Me) is to be derived. The enthalpy of formation of
gaseous Et3SnMe is not available, but can easily be estimated as —36 kJ mol™!, either by
adding the difference AHfO (MeH, g)— AHf° (EtH, g) = 9.4 kJmol~! to AHf°(SnEt4, 2),

or using the Laidler scheme. That value affords D (Et3Sn—Me) = 283 kJ mol~!, which
looks sensible. By contrast, if the experimental value AHf°(Et3SnMe, ) in Table 3 were

considered, together with AH, (Et3SnMe) ~ 46 KImol~ 1% a totally unreasonable value
of D(Et3Sn—Me), 427 kImol~!, would be obtained.

Despite the large uncertainties assigned to the enthalpies of formation of SnMe3 and
SnEts, their values look fairly consistent: it can be expected, for example, that the Sn—H
bond dissociation enthalpies in compounds R3SnH (R = linear alkyl) are not very sensitive
to R. The values in Table 5 are indeed rather similar and they overlap with the photoa-
coustic result for D(Bu3Sn—H), 308.4 & 8.4 kJmol~! (note that the error bars assigned
to the enthalpies of formation of SnMe3 and SnEt; were not considered when calculating
the uncertainties of data in Table 5). As in the cases of SnMe3 and SnEts, the enthalpy of
formation of SnBuj radical, evaluated as —36 kJmol~! by using the experimental value
of Sn—H bond dissociation enthalpy and AH; (BuzSnH, g) = —126 kI mol~! (esti-
mated with the methods described above), is a handle to calculate other bond dissociation
enthalpies, using data in Table 3.

Tributyltin hydride is a well known reducing agent™, in keeping with the low value of
Sn—H bond dissociation enthalpy. This weakness of Sn—H bond has been used by Rathke

146

TABLE 5. Bond dissociation enthalpies for some organotin
compounds® (kJ mol~!)

L D(Me;Sn—L) D(EtzSn—L)°
H 3227442 317.7+8.4
Me 297 + 17 (283 £5)¢
Et 278.3+4.9 264 + 17
i-Pr 266.6 + 5.2
t-Bu 248246.5
Ph 346.7+9.5
Bz 2470483
CH,CH 333.1+15.6 306.8 + 11.6
MesSn 286.5 + 8.4

%The enthalpies of formation of organic radicals were taken from
Reference 33, except in the cases of i-Pr and 7-Bu, which were
quoted from P. W. Seakins, M. J. Pilling, J. T. Niiranen, D. Gutman, and
L. N. Krasnoperov, J. Phys. Chem., 96, 9847 (1992).

bThe values rely on AH{(Me3Sn, g) = 129.8 + 17.1 kI mol~!, which
was calculated from D(Me3Sn—Me)‘ The uncertainties assigned to other
D(Me3Sn—L) do not include the uncertainty in AH; (Me3Sn, g).

“The values rely on AH(Et3Sn, g) = 99.7 £+ 17.6 kI mol~!, which
was calculated from D(Et3Sn—Et). The uncertainties assigned to other
D (Et3Sn—L) do not include the uncertainty in AH f‘.’ (Et3Sn, g).

dEstimated. See text.
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and coworkers to probe the energetics of carbon dioxide activation by measuring the equi-
librium constant of reaction 9 in tetrahydrofuran at several temperatures (115-175°C)*:

Bu3SnH (soln) + CO; (g) —— Bu3zSnOC(O)H (soln) )

A van’t Hoff plot led to AH,(9) = —76.6 £ 0.8 kJmol~! and AS,(9) = —84.5 +
0.8 J/(mol K).

lll. LEAD COMPOUNDS
A. Enthalpies of Formation

There is general agreement that static-bomb combustion calorimetry is inherently unsat-
isfactory to determine enthalpies of formation of organolead compounds?>. Unfortunately,
as shown in Table 6 only three substances have been studied by the rotating-bomb method.
The experimentally measured enthalpies of formation of the remaining compounds in
Table 6 were determined by reaction-solution calorimetry and all rely on AHf°(PbPh4, c).

There are not enough data to perform a linear analysis according to equation 1. Only
one enthalpy-of-formation value is needed, however, to calculate a methyl deviation'®. So
employing AHfo (PbEt4, g) results in a methyl deviation per alkyl group for tetramethyl
lead of —14.01, similar to that obtained for tetramethyl tin. We are not surprised,
then, that the difference AHf°(PbMe4, g) — AHf° (PbEty, g) = 26.4 kJmol~! is nearly
the same as the difference AH;(SnMe4, g) — AH;(SnEu, g) = 25.0kImol~!.
Applying the type of analysis in equation 2 to the halogen compounds, we find
differences of: AH7(HI, g) — AH/(HBr, g) = 62.8 kJmol~'*$, AHF (PhsPbl, g) —
AHf°(Ph3PbBr, g) = 50.7 kI mol~! and 1/2[AHf°(Ph2Pb12, g)—AHf"(thPbBrz, 2)] =
56.5 kJmol~!. [Note that the error bar of AHfo (PbPhy, c), which is the source of the
large uncertainties assigned to the enthalpies of formation of the halogen compounds
in Table 6, cancels when the differences are calculated, so that the correct uncertainty
of the last two differences is ca 10 kImol~'.] The previous analysis suggests that the
following Laidler terms derived from the experimental data in Table 6 are fairly reliable?*:
E(Pb—C) = 151.67 kimol~! and E(C—H)?™ = 400.40 kI mol~!. Yet we hesitate to

TABLE 6. Standard enthalpies of formation of organolead compounds (kJ mol~!)

Compound AH_; ) Method/Ref . AH, or AH." AH; (g)
Me,Pb=CH,, g IMR/7 246¢
PbMey, 1 98.1+44 RB/1 38.0 £ 0.4¢ 136.1 4.4
Me;Pb(¢-Bu), g IMR/9 29.0
PbEty, 1 53.1£5.0 RB/1 56.6 £ 1.0¢ 109.7 £ 5.1
PbPhy, ¢ 5153+ 154 RB/1 194.6 6.3 709.9 £ 16.7
Ph3;PbBr, ¢ 271.5+18.0 RC/1 134.7 £ 3.3 406.2 + 18.3
Ph,PbBr;, ¢ 36.0£17.6 RC/1 141.8 £ 0.8 177.8 £ 17.6
Ph3Pbl, ¢ 326.8 £ 15.5 RC/1 130.1 £ 0.4 456.9 £ 15.5
Ph,Pbl,, ¢ 152.7 £ 15.5 RC/1 138.0 4.2 290.7 £+ 16.1
(MesPb),, g IMR/9 162.0

“IMR = ion-molecule reactions; RB = rotating-bomb combustion calorimetry; RC = reaction calorimetry.
bEnthalpies of vaporization or sublimation from Reference 1, except when indicated otherwise.

“The value relies on the proton affinity value of NH3, taken as 854 kJ mol~ !,

dValues from M. H. Abraham and R. J. Irving, J. Chem. Thermodyn., 12, 539 (1980).
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extend this scheme to the organolead halides. While bond enthalpy analysis in its simplest
form would predict thermoneutrality for the gas-phase reactions 10:

PhyPb 4 PhyPbX; —— 2Ph3PbX (X = Br, I) (10)

use of the values in Table 6 result in descrepancies of ca 40 kJ mol~!, similar to the
analysis of Reference 49.

B. Bond Dissociation Enthalpies

The only experimental values of bond dissociation enthalpies that have been reported
in the literature are given in McMillen and Golden’s review32d: D (Me3;Pb—Me) = 238 +
17 kI mol~! and D (Et3Pb—Et) = 230417 kJ mol~!. These values and the data in Table 6
imply AHf (PbMes, g) =227+ 18 KJ mol~! and AH; (PbEts, g) =221+ 18 K] mol L.

IV. FINAL COMMENTS

It is somewhat disappointing to realize that the thermochemistry of germanium, tin and
lead organometallic compounds is still at the level achieved ten years ago, in contrast
to the considerable recent efforts to probe the energetics of the silicon analogues. The
data analysis in the previous sections shows that many key values are either missing
or require experimental confirmation. To a certain extent, an overall discussion of the
thermochemical data for Ge, Sn and Pb is therefore hindered by the probable inaccuracies
and the uncertainties that affect those values.

The main purpose of these final comments is to show a few general trends in the
thermochemistry of Group 14 organometallic compounds, helped by some (hopefully)
reliable values. And one of the trends is revealed by a rather usual plot!2, in which the
mean bond dissociation enthalpies of the species MRy (i.e. one-fourth of the enthalpy
required to break all the M—R bonds) are represented as a function of the enthalpy of
formation of M in the gaseous state. As observed in Figure 4, for R = H and Me, D(M—H)
and D(M—Me) increase with the enthalpy of formation (or sublimation) of M. It is noted,
on the other hand, that the differences D (M—H) — D(M—Me) vary from 47.7 kJ mol !

500
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= 300
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C Pb Sn Ge Si C
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FIGURE 4. Mean M—R bond dissociation enthalpies in MR4 compounds (M = element from
Group 14; R = H or Me) versus the enthalpies of formation of gaseous M
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FIGURE 5. MesM—R bond dissociation enthalpies (M = element from Group 14; R = H or Me) ver-
sus the enthalpies of formation of gaseous M

for M = C to only 4.2 kI mol~! for M = Si. The upper limit of the range found for carbon
can be attributed to the low value of D(C—Me) in the sterically congested neopentane
molecule. The fact that D(Si—H) and D(Si—Me) are almost identical (4.243.0 kJ mol~!)
is interesting, but also surprising. Although no explanation can be offered, it is apparent
from Figure 4 that the trend of D(M—H) is smoother than D(M—Me), which could mean
that the experimental value of AHfo (SiMey, g) is affected by a large error. This is, however,

a rather unlikely supposition. Recall that in order to obtain D(Si—H) — D(Si—Me) ~
20 kJ mol~!, the value of AH; (SiMe4, g) would have to increase by ca 60 kJ mol~!. We
believe, therefore, that the small difference observed in Figure 4 is genuine.

The plot shown in Figure 5 is similar to the one in Figure 4, except that it now involves
the bond dissociation enthalpies D(MesM—H) and D(MesM—Me). Again it is noted
that the largest difference D (MesM—H) — D(MesM—Me), 37.2 = 1.2 kJ mol~!, is for
carbon, and the smallest (1.3 £ 5.2 KImol~!)37 is for silicon. Although the value of
AHfO(SiMe3, g) is surrounded by some controversy?$-37-30 this will affect equally both
D(Me3Si—H) and D(Me3Si—Me), so that we can trust the value for the difference, assum-
ing that the enthalpies of formation of SiMes and Me3SiH are reliable. With regard to
the difference D (MezGe—H) — D (Me3zGe—Me), its value is unsettled. The experimental
results in Table 2 are affected by large uncertainties and, as discussed above, none of
them seems consistent with the enthalpy of formation of GeMes radical derived from
photoacoustic calorimetry results and an estimate of AHfO(Me3GeH, g) made with the

Laidler scheme. In Section LB a value of D(Me3Ge—Me) = 323 KJmol~! was rec-
ommended, which implies D (Me3Ge—H) — D (Me3Ge—Me) = 23 KJ mol L. Finally,
the enthalpies of formation of Me3sSnH and SnMes seem well established and lead to
D (Me3Sn—H) — D (Me3Sn—Me) = 25.7 +4.6 KI mol~!. In conclusion, an apparent sin-
gularity for silicon is also suggested by the trend in Figure 5. And again it remains to be
explained.

The group 14 M—M bond enthalpy may also be derived as one-half the enthalpy of
the atomization process®

M (s) —— M (g) 1)
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where M (s) is the tetrahedral/tetracoordinate allotrope of the element (there is no such
allotrope of lead). Using diamond and white tin, the following values are obtained
(kYmol™h): C, 357; Si, 228; Ge, 188; Sn, 151 in encouraging consonance to earlier
discussed values. In that the final M (g) neglects hybridization and steric effects, any
agreement is surprising. Only future research efforts to investigate the organometallic
thermochemistry of the three heavier elements of Group 14 will settle this and the many
other questions raised in the present survey.
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. INTRODUCTION

Various radicals of Group IV elements have been studied, largely because of an interest
in the effect that going down a group in the periodic table has upon the types of radical
formed and the differences in their structures. Among the radicals that have been observed
are the neutral radicals R3M* and RsM°, the radical cations R4M™* and R3sMMR;3 ", and
the radical anions R4M™* and R3MMR3 7. As well as these heavy-atom centred radicals,
attention has also been paid to carbon-centred radicals which have the heavy atom « or
B to the radical centre. While these will be described here, more attention is given to the
radicals in which the unpaired electron is directly associated with the germanium, tin or
lead atom.

267
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Il. THE NEUTRAL R3M* AND Rs;M* RADICALS (M = Ge, Sn OR Pb)
A. RzM*
1. Direct detection

The radicals R3M* have been generated by a variety of means. The most common solu-
tion phase method involves hydrogen atom abstraction from R3MH using, for example,
Bu’O* (equation 1)>31112 In the solid phase, y-irradiation of R4M generates, amongst
other radicals, R3M‘]’ 7 Other methods that have been employed are homolytic substi-
tution at>, or thermolysis 0f10*11’19, R3MMR3 (equation 3), the reaction of R3MCI with
sodium metal (equation 4% the photolysis of R3MLi (equation 5), or the photolysis of
the divalent species RoM?2! or (RoN),M!7-18 (equation 6).

R3;MH ot R3M* (1)
R/M ——R;M* 2)
2R3M*
RsMMR; <A: 3 3)
Bu'O" R;M" + R;MOBu!
R3MCl + Na —> R3M* + NaCl 4)
RsMLi — RsM" 5)
RoM or (RaN)sM —>R3M* or (RaN)3M* (6)

As evidenced by the ESR spectral data collected together in Table 1, the most commonly
studied radicals of this kind are those with tin and germanium centres; the corresponding
lead centred radicals have been the subject of only a few investigations.

The parent radicals H3M* have been observed for M = Ge and Sn'-2. These radicals
display coupling to all three protons and to the Ge or Sn atom. Since anisotropy in the age
and as, hyperfine coupling has not yet been reported, the structure of these radicals has
to be inferred indirectly. The isotropic coupling to the M atom arises from spin density
in the 4s orbital of germanium or the 5s orbital of tin. Coupling of a single electron to
a pure 4s Ge orbital would give rise to hyperfine splitting of 535G, and to a pure 5s
Sn orbital 15672G. Comparison of these values with those in Table 1 reveals that for
H3Ge* the unpaired spin density in the 4s orbital is 75/535 = 0.14, while for H3Sn" the
unpaired spin density in the 5s orbital is 380/15400 = 0.025. The large s contribution to
the Ge 4s orbital containing the unpaired spin indicates that the radical must be pyramidal,
unlike the radical of the first Group IV element, H3C*, which is planar. An estimate of
the H—Ge—H bond angle 6 can be obtained from the relationship

cos(r — 0) = sp/(1 — sp)

where sp is the contribution of the s orbital to the three Ge—H bonds!. Thus, s, =
(1-0.14)/3 = 0.29, and 6 = 114° (actually the unpaired spin density requires a correction
for spin polarization in the three bonding orbitals, but the correction has little affect on the
conclusions arrived at). The tetrahedral bond angle is 109°, and the trigonal angle 120°. It
follows that the structure of H3Ge" is significantly pyramidal, and the out-of-plane angle
of the germanium atom is 14°. A similar analysis for H3Sn* gives = 118°, which would
suggest that this radical is almost planar but, as discussed below, for other tin radicals the
asp hyperfine coupling is much larger, consistent with a tetrahedral structure for these too.
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The Me3Ge* radical displays a similar age hyperfine coupling to H3Ge*, indicative of a
pyramidal structure for this radical too. The small value of the proton hyperfine coupling
ap as compared with that for the Me3C* radical (22.7G) is consistent with this structure.
The corresponding Me3Sn* radical exhibits an even smaller value for the proton hyperfine
coupling. However, unlike H3Sn°, there is considerable hyperfine coupling to the tin atom
consistent with significant spin density in the Sn 5s orbital. Using the relationships

aiso = (a) +2a1)/3 and aaniso = (@) —ayr)/3

the parallel and perpendicular components of the 1'Sn coupling allow the isotropic and
anisotropic coupling to be evaluated. The isotropic and anisotropic couplings, 1550G and
200G respectively, indicate that the unpaired spin density resides in an orbital with 10%
S5s and 78% 5p character (the anisotropic coupling of an electron in a pure Sn 5p orbital
is 261G). Thus ca 90% of the spin density resides on the tin atom. The radical therefore
has a pyramidal structure, though it is somewhat flattened from sp> hybridization: the s
content of an sp orbital is 25% whereas here it is 11%. The MesPb* radical does not
display proton hyperfine coupling. The isotropic coupling to the 2°’Pb nucleus, 2209G,
indicates an unpaired spin density in the Pb 6s orbital of 22% if one assumes the isotropic
coupling of a single electron in a pure Pb 6s orbital to be 9990G’. Such a value, if correct,
would indicate a pyramidal structure for the radical. However, two observations relating to
the MesPb* radical remain unexplained’. The first is the low value for the g| component,
the second is the large value of the anisotropic hyperfine coupling to 2°’Pb. The data in
Table 1 give a value of 416G which, when compared with the theoretical coupling of an
electron in a Pb 6p orbital of 175G, suggests an unpaired spin density of 237%, which of
course cannot be correct’.

From these data, and the similarity of the data for the other radicals contained in
Table 1, it therefore appears that, unlike carbon-centred radicals, the tricoordinate trialkyl
radicals of Group IV elements have the tetrahedral structure 1.

Y

_M
R-, AN

‘@
1

Certain sterically bulky trialkyl-germyl and stannyl radicals exhibit a non-equivalence
of the CH protons « to the radical centre®!1:1%20, either through an alternating linewidth
effect or through the existence of two different proton hyperfine coupling constants.
Thus, whereas coupling to six equivalent protons is observed at temperatures > 40°C
for (PhMe;CCH,)3Ge®, at —60 °C a quartet coupling of 5.65G to only three protons is
observed. This can be accommodated by a radical that involves restricted rotation about
the C—Ge bond and that has a preferred conformation in which one of the protons is
almost orthogonal to the orbital containing the unpaired electron. Using the relationship

ag = B cos? 0

where 0 is the dihedral angle between the C—H bond and the unpaired electron, it is
possible to calculate a value for B of 11G (assuming that the hyperfine coupling to the
protons in Me3Ge® arises from freely rotating methyl groups for which (cos?6) = %).
The coupling of 5.65G for the (PhMe,CCH;)3Ge* radical therefore corresponds to an
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angle 6 = +44°. The dihedral angle of the remaining proton is thus 76° or 164°, of
which only the former is consistent with a coupling of less than 1G. Consequently, the
preferred conformation of the radical is 2 or its equivalent enantiomeric conformation.
However, the two distinct hyperfine couplings observed for (Me3sCCHj;),MeGe® imply a
conformation like that of 3 (assuming that interaction of the proton with the smaller lobe
of the singly occupied orbital is roughly a quarter that of the larger lobe).

H /H

RZ

R/ R!

PhMeQ C H

2 3)

While the stannyl radical (Me3CCHj;)3Sn* exhibits free rotation about the C—Sn bond®,
(PhMe,CCH3)3Sn* exhibits an alternating linewidth effect consistent with a preferred
conformation®2°. However, the absence of an assigned hyperfine coupling at lower tem-
peratures precludes the assignment of the preferred orientation. The more heavily substi-
tuted phenyl radical (Ph3CCH)3Sn* displays two different proton hyperfine couplings,
6.0G and 0.8G°. The proton hyperfine coupling for Me3Sn®, 3.1G, enables a value for B
of 6.2G to be calculated for the tin-centred radicals. Together with the observed hyperfine
couplings, this identifies the preferred conformation of (Ph3CCH3)3Sn* as 4, in which the
dihedral angle of the proton with the largest coupling is —10°.

H
|

R
Ph;C

C))

The triaryl radicals of germanium exhibit lower g values than their trialkyl counterparts.
In part, this arises from increased delocalization of the unpaired spin density onto the aryl
rings (and the Ar3Ge* radicals do show hyperfine coupling to the ring protons). For
example, spin densities for the radicals Ph,, Mes-,, Ge®, calculated by the Hiickel method
(Table 2), reveal that there is a linear correlation between the g value of the radical and

TABLE 2. Relationship between calculated spin densities and the g
and ag values of Ar3Ge* radicals

Radical g value Spin density ay (ring protons)
Ph3Ge* 2.0054 0.82 0.93 (o- and p-)
0.46 (m-)
Ph,MeGe* 2.0070 0.86 0.97 (o- and p-)
0.49 (m-)
PhMe,Ge* 2.0086 0.91 1.2 (o- and p-)

0.6 (m-)
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the spin density at the germanium atom®!4. At least 82% of the unpaired spin resides
at the germanium atom, as compared with the corresponding triphenylmethyl radical in
which only 42% of the spin density resides at the central carbon atom.

For the series Ph,Mes-,Ge*, the ring proton hyperfine couplings increase as m
decreases (Table 2), consistent with an increase in the unpaired spin density at the ring
carbon atoms. Hiickel molecular orbital calculations bear this out® 4. Overall, however,
the small values of the ring proton hyperfine couplings reveal that there is only a small
Ge 4p-C 2p overlap in these radicals.

The isotropic germanium hyperfine coupling appears to be smaller for the triaryl radicals
as compared with the trialkyl radicals. Since the hyperfine coupling to the germanium atom
should increase markedly with increased s-character of the orbital containing the unpaired
electron, this observation would imply that the aryl-substituted radicals are somewhat
more planar than their alkyl-substituted analogues.

Like Ar;Ge®, Ar3Sn* radicals display lower g values than their alkyl counterparts.
However, for the tin-centred radicals this appears to be due to more subtle differences
in the pyramidal structure, rather than due to delocalization of the unpaired spin density.
Whereas for Ar3Ge® the hyperfine coupling to the central germanium atom is smaller
for the aryl radicals, for ArzSn* the tin hyperfine coupling is larger than for the alkyl
radicals. A comparison of the isotropic values of as, (which of course is related to the
unpaired spin density in the Sn Ss orbital) for Ph3Sn* and MesSn* (Table 1) reveals that
there is an approximately 20% greater contribution of the Ss orbital in the former radical.
This implies that, rather than being more planar than Me3Sn® as would be expected from
delocalization, Ph3Sn* is in fact more pyramidal. This can be attributed to the higher
electronegativity of Ph as compared with Me. This fits with the generally accepted tenet
that the greater the difference in electronegativity between the central atom and the groups
bonded to it, the greater will be the pyramidal nature of the radical. Significantly, sterically
bulky triaryltin radicals have g values and as, hyperfine coupling constants lying between
those of Me3Sn® than those of Ph3Sn°. This is because the bulky radicals adopt a slightly
more planar structure in order to relieve unfavourable steric interactions!®. Indeed, there
is a linear relationship between the isotropic g value of the radical and the out-of-plane
angle, ¢, subtended by the tin atom, suggesting that the extent of the pyramidal nature of
the radical alone determines g'°.

Also in contrast to Ar3Ge®, the corresponding Ar3Sn* radicals do not display hyperfine
coupling to the aryl ring protons. Hyperfine coupling in Me3Ge* is about twice that in
MesSn°, so by comparison to the aryl protons in Ar3Ge* it might be expected that coupling
to the aryl protons in ArzSn* should be no more than 0.5G, which is considerably less
than the linewidth of the signals, ca 2G'"-22. The even smaller overlap expected between
Sn 5p-C 2p as compared with Ge 4p—C 2p would account for the lack of any observable
coupling for the tin-centred radicals.

The above differences in behaviour between the germanium- and tin-centred radicals
can therefore be ascribed to (a) the greater difference in electronegativity between tin
and carbon as opposed to germanium and carbon, which manifests itself in the greater
influence of the pyramidal nature of the tin radicals, and (b) the poorer overlap of the Sn
5p-C 2p as compared with Ge 4p—C 2p orbitals.

2. Spin trapping

Aliphatic and aromatic nitro compounds react with all three R3M* radicals to generate
intermediate nitroxyl radicals of general structure RsM—O—N(O*)—R’. For the tin series,
such radicals are implicated in the denitration of nitroalkanes®. The persistence of these
radicals decreases with the nature of R’ in the order Me (minutes) < Et < Bu’ (hours)?3.
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Attempts to trap tin-centred radicals directly using the more conventional spin trap nitroso-
durene, (2,3,5,6-tetramethylnitrosobenzene), have been unsuccessful?®. The ESR spectral
parameters for some representative examples of R3M—O—N(O*)—R’ radicals are detailed
in Table 3. These reveal that the nitrogen hyperfine coupling, an, is largely unaffected by
the nature of the heteroatom M, and that for M = Sn, Pb coupling to the metal nucleus
is observable. The nitrogen hyperfine coupling is more sensitive to the nature of the R’
group: for alkyl groups ay is large and reflects a pyramidal structure at the nitrogen atom;
for aryl groups an is much smaller, reflecting a flatter geometry at nitrogen and spin delo-
calization onto the aryl ring. The latter effect results in hyperfine coupling with the aryl
ring protons. The sterically bulky aryl system 2,4,6-Busz’CgH, displays an intermediate
value for the nitrogen hyperfine coupling, which may be attributed to a diminution of spin
delocalization due to rotation of the aryl ring out of the plane of the orbital containing
the unpaired electron.

1,2-Dicarbonyl compounds also act as excellent spin traps for neutral R3M* radicals,
forming adducts of structure 5, 6 or 7 depending upon the dicarbonyl compound and
the nature of the ligand bound to the metal centre. Of course, for cyclic dicarbonyl
compounds such as ortho quinones the trans structure 7 is not accessible because of
geometric constraints. Data for these radicals are contained in Table 4.

Rl
Lt o_ .
- \ ///R2
[
ot M
5)
L ~0 L! 0
[« MRRR} —— [ MRRR?
| / |
2 2
L 0 L o)
(6)
L! 0 L o]
R'RZR*M [o — \MRRR?
\O I 12 6— 12
Q)

The pentacoordinate structure 5 is observed when the central atom M acts as a Lewis
acid by virtue of it carrying at least two strongly electronegative atoms such as CI. In
such structures coupling is only observed to the chlorine ligand that occupies the apical
position, and the L! and L? groups are not identical. At temperatures above 0 °C, spectral
changes reveal that the pentacoordinate structure becomes fluxional so that coupling to
two chlorine atoms is observed and the L' and L? groups become equivalent®®. As the
number of electronegative ligands attached to the M atom decreases (and consequently
its Lewis acidity) the structure of the radical favours the tetracoordinate species 6 or 7.
A lack of coupling to the chlorine atom and, for the biacetyl-trapped radicals, a larger
difference in the hyperfine coupling constants for the L' and L? groups argues against
the pentacoordinate structure 5. When one of the R ligands is Cl, the radical displays
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coupling to two different L! and L? groups. For the radical derived from 3,6-di-tert-butyl-
1,2-benzoquinone, these different couplings become identical at higher temperatures, an
indication that the four-coordinate species 6 becomes fluxional. The two different four-
coordinate species 6 and 7 have been distinguished for Sn and Pb when the R!, R? and
R3 ligands are alkyl or aryl. In such cases two radicals are observed, one that displays
an alternating linewidth effect with temperature and one that displays no such linewidth
effect. The cis radical 6 is expected to be the more rapidly fluxional of the two and is
therefore assigned to the radical that shows no linewidth effect. The trans radical 7 is
then assigned to the system that exhibits fluxionality on a time scale commensurate with
the ESR experiment.

The radical observed for M = Ge probably has the frans structure 7 given the rather
large difference in the hyperfine coupling to the two methyl groups. It is of interest to
note that this radical appears to be somewhat less fluxional than the similar Sn or Pb
radicals.

B. Rs\I°
Very few radicals of this structure have been examined. In the germanium series only

the parent HsGe* has been reported35 , and in the tin series MesSn*® and Ph58n°6’13. The
germanium radical was generated by reacting GeH4 with H atoms in a xenon matrix, while
the tin radicals were generated by X- or y-irradiation of the parent R4Sn compounds. The
data for these radicals are contained in Table 5. Those for H5Ge* reveal that the unpaired
spin couples to two different types of proton: one set containing three equivalent protons,
the second containing two equivalent protons. This can be accommodated by a radical
that has trigonal bipyramidal symmetry, such as 8.

®

The MesSn* radical appears to couple to only two of the methyl groups. Moreover, the
isotropic and anisotropic tin hyperfine coupling constants indicate that the Sn 5s and 5p
orbital contributions are roughly 0.03 and 0.32, respectively (Table 6). Thus, compared

TABLE 5. ESR spectral data for RsM* radicals

Radical g ay (G) am (G) Ref.
HsGe* 1.9965¢ 13.5¢ (3H) 35
2.0169% 15.9% (3H)
6.66% (2H)
7.85% (2H)
MesSn® 18 (7TH) 6507 6
400°
PhsSn° 1.994 12584 13
2.007 921°
2.021

@Parallel component.
b Perpendicular component.
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TABLE 6. Tin spin densities for the radicals RsSn® and R3Sn*

Radical aiso (G) Aaniso (G) 5s 5p 5s 4+ 5p
MesSn* 483 83 0.03 0.32 0.35
MesSn* 1550 200 0.10 0.77 0.87
PhsSn°® 1033 112 0.07 0.43 0.50
Ph3Sn* 1866 234 0.10 0.90 1.00

with Me3Sn°® the unpaired spin density at the tin atom is markedly reduced. The same
is also true of PhsSn°. These radicals also have D3, symmetry in which the two apical
groups share two electrons in a three-centre bonding orbital involving the tin 5p; orbital,
while the unpaired electron resides in a non-bonding orbital significantly localized on the
ligands.

lil. THE RADICAL CATIONS R4M** AND R3MMR3+*

Exposures of dilute solutions of the parent compounds to ®°Co y-irradiation in
CFCl330740_ SiCl44! or SnCl,*!' matrices at 77 K give rise to the corresponding radical
cations. Radicals derived from germanium, tin and lead have been successfully generated
by these methods. The radical cations R4yM** fragment readily according to the equation

R;M**R —— R3M*t +R*

The ESR spectral data for selected radicals of this type are collected together in Table 7.
These reveal that significant structural reorganization takes place upon ionization. For
Me4Ge™*, coupling of the unpaired electron with two different pairs of methyl groups is
evident. Thus, distortion from the tetrahedral 7y symmetry of the parent compound has
taken place and Dyq and Dgy are clearly ruled out. The most appropriate geometry for
this radical cation is the trigonal bipyramidal structure 9 in which the unpaired electron
occupies the 2a; molecular orbital3®.

Me
ol
Me @

In contrast, the corresponding tin and lead radical cations, Me4Sn™ and Me4sPb™*
respectively, exhibit coupling to only one unique methyl group. Other tetraalkyltin radical
cations behave similarly, where coupling is observed to only one of the alkyl groups (for
the radical cation containing the Bu’ group the hyperfine coupling arises from the fert-
butyl hydrogen atoms). The positive hole is therefore believed to be localized in one of
the C—M bonds. For the tin radical cation, the parallel and perpendicular components of
the tin hyperfine coupling (the tin isotopes ''°Sn and ''7Sn both have I = % and a natural
abundance of 8.68% and 7.67%, respectively) enable an estimate of the spin density at
the tin atom to be made. The isotropic and anisotropic components of the tin coupling
arise from the spin density in the tin 5s and 5p orbitals, respectively. Using the data in
Table 7 values for aiso and aapiso 0f 122G and 44G can be calculated. Since the isotropic
coupling of an electron in a pure tin 5s orbital is 15672G and the anisotropic coupling in
a pure tin Sp orbital is 261G**, it follows that the spin density at the tin atom resides in
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an orbital comprised of 0.8% 5s and 17.6% Sp. That is, the orbital has 96% p-character,
indicating that the tin atom is essentially planar. As the spin density at the tin atom is
only 18%, the remainder must reside with the unique methyl group. The '3C hyperfine
coupling constants are consistent with this analysis. Using values of 1130G and 33G for
the isotropic and anisotropic coupling to the carbon 2s and 2p orbitals respectively*®,
the spin density at the methyl carbon atom is 6.7% in the 2s orbital and 67.7% in the
2p orbital. Thus, the orbital on carbon has 10% s-character suggesting that, while it is
close to becoming planar, it still retains some pyramidal structure. The proton hyperfine
coupling in a ‘free’ methyl radical is 22.5G; for a methyl radical bearing 75% of the
spin density, as is the case here, the coupling would therefore be ca 16.5G. So the value
of 13.7 observed for Me4Sn** supports the concept of an almost planar though slightly
pyramidal methyl group. Therefore, the MesSn™ and MesPb™ radical cations are best
represented by the structure 10, which has C3, symmetry.

H

s

0
Q
Me’7 \Me
Me

(10)

An alternative report of the Me4Sn™ radical cation describes hyperfine coupling to two
equivalent methyl groups and tin hyperfine coupling which is much less anisotropic*!.
Accordingly, only 3% of the spin density is located at the tin centre, which is approxi-
mately spz-hybridized. The structure of the radical cation must have C, symmetry, i.e.
similar to that for Me4Ge™, 9. The discrepancy between these two different descriptions
of the same radical cation may well lie with the different matrices used; the species with
Cyy symmetry is formed in a SiCly matrix, whereas the species with C3, symmetry is
formed in a CFCl3 matrix. The smaller molecular size of the latter should enable it to
accommodate the greater reorganization required to adopt C3y symmetry.

As the alkyl groups are replaced by the sterically less demanding proton, changes in
the structure of the radical cations are observed*!. For SnH4t* two radicals are observed;
both have large tin hyperfine couplings (indicating significantly greater 5s participation
than in Me4Sn™) but one exhibits coupling to only one proton whereas the other couples
to two protons. The C3y species has structure 11, which is similar to 10 except that the tin
centre is associated with 80% of the spin density and is essentially sp>-hybridized. The
Cyy species has a structure similar to 9. The Cy, structure converts to the Csy structure
with time or on annealing, making the latter the thermodynamically more stable.

The proton hyperfine coupling indicates that the MeSnH3 " radical cation has the Cay
structure. In contrast, the Me;SnHp** radical cation gives rise to two structures: one
which has C,, symmetry, and a second which has either C3, symmetry (as in 11) or
Cyy symmetry (as in 9 in which only one of the equatorial groups is occupied by an H
atom). In the absence of proton hyperfine coupling, the structure of the MezSnH™* radical
cation is uncertain and could have either symmetry, though the tin hyperfine couplings
indicate that the majority of the spin density is associated with the tin atom and that there
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is a substantial contribution, ca 12%, from the tin 5s orbital. Thus it would appear that
the greatest structural change in these radical cations occurs when there are four alkyl
substituents. In such cases the contribution of the tin atom 5s orbital almost completely
disappears rendering the tin system planar. This has been interpreted in terms of a greater
stretching of an Sn—C bond relative to an Sn—H bond™.

The radical cations of hexamethyldigermane and hexamethyldistannane both exhibit
proton hyperfine coupling to all eighteen hydrogen atoms. These results suggest a sym-
metrical structure for both species, which can be accommodated if the unpaired electron
occupies a bonding orbital between the two metal atoms, i.e. the electron lost is from
the metal-metal o bond. For hexamethyldistannane, the anisotropy of the tin hyperfine
coupling constants enables the 5s and 5p contributions to be calculated as 1% 5s and
18% 5p. These values are very similar to those calculated for MesSn™*, revealing that,
as in 12, the tin orbitals containing the unpaired electron have 95% p-character making
the Me3Sn units almost planar.

Me

Me \\ 1\‘46
\
AN
Me M

(12)

IV. THE RADICAL ANIONS R4M~ AND RzMMR3~*

Compared to the radical cations of Group IV elements, radical anions are somewhat less
well studied. In general, they are formed through an electron capture process during the
high energy irradiation of the parent tetravalent compounds®’-4°. However, certain aryl-
substituted radical anions have been generated by alkali metal reduction*’-*8. The ESR
spectral data for some of these radicals are contained in Table 8.

The structure of the Mes4Sn~* and Me3ClSn™" radicals is almost certainly the trigonal
bipyramidal structure 13, in which the unpaired electron occupies the s/p hybrid orbital in
the equatorial plane. Using the data in Table 8, together with the isotropic and anisotropic
coupling constants for the tin 5s and Sp orbitals, it is possible to calculate unpaired spin
densities at the tin atom in these radicals of 0.12 (5s) and 0.55 (5p) for Me4Sn™" and
0.15 (5s) and 0.53 (5p) for Me3CISn™". The spin density at the tin atom is thus ca 0.65,
somewhat smaller than the corresponding value for the R3Sn* radicals (ca 0.9-1.0) but
larger than that for RsSn® (ca 0.5). This reflects the transfer of spin density away from
the central tin atom to the ligands as the number of ligands increases.
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Me
Me

13)

The isotropic and anisotropic germanium hyperfine couplings in the radical anion
Ph3GeOGePh3 ~* imply that the unpaired electron occupies an orbital that has contribu-
tions of 0.13 Ge 4s and 0.65 Ge 4p. Thus, the unpaired electron is significantly localized
on one of the germanium atoms. The 4s/4p ratio of 5 is of sufficiently similar magnitude
to those mentioned above for the tin radicals (4.6 and 3.5, respectively) to assume that
this radical also has a trigonal bipyramidal structure at the germanium atom.

Though it is possible that the lead species have similar structures, calculation of the
lead 6s and 6p spin densities for Me4Pb™* (using values for the hyperfine coupling of an
electron in pure 6s and 6p orbitals of 29086G and 232G, respectively**) reveals that the
contribution of the 6s orbital is 0.1 whereas the contribution of the 6p orbital is 1.96. The
latter is clearly far too high. For Ph3CIPb™* a structure intermediate between the trigonal
bipyramidal structure 13 and the tetrahedral structure 14 is favoured’. This is because the
spectrum of this radical gives different ac; values from the high-field 27 Pb than from the
central component, suggesting that at least two of the principle components of the 2°’Pb
and 3Cl hyperfine tensors are well separated.

Ph
AN []
- ,;M—Cl
Ph

(14)

Interestingly, unlike the Ph3GeOGePh3; ™ and Ph3XPb™ radical anions, which
demonstrate that the radical centre is largely associated with the heavy atom, the aryl-
substituted radical anions of germanium and tin that are formed by alkali metal reduction
appear to have the unpaired spin density associated with the aryl rings (see the last
three rows in Table 8). Why this discrepancy exists is unclear. Nevertheless, the very
small values for the germanium and tin hyperfine coupling constants in the 1- and
2-(trimethylgermyl/stannyl)naphthalenes is clear evidence that there is little unpaired
electron spin density at the germanium or tin atoms. Moreover, a comparison of the
sum of the aryl ring proton hyperfine coupling constants with the corresponding sum
(26.9G) for the naphthalene radical anion (in which the unpaired electron is entirely
associated with the aryl ring) reveals that in these germanium- and tin-substituted
naphthalene radical anions the unpaired electron is 80-90% associated with the aryl
ring*®. Hiickel molecular orbital calculations for the 1,4-bis(trimethylgermyl)benzene
radical anion identifies each germanium as carrying 0.25 of the unpaired spin density; of
the remaining 0.5, 0.3 is shared by the two ipso carbon atoms and 0.2 by the remaining
four ring carbon atoms*’.

The tin hyperfine coupling constants for the hexaphenylditin radical anion enable values
for the occupancy of the unpaired electron in the tin 5s and 5p orbitals of 0.10 and 0.34,
respectively, to be calculated. This would imply that the electron occupies a tin sp> hybrid
orbital. Since the radical contains two tin atoms, the total spin density residing with the
tin centres is ca 0.9. There is very little spin density residing with the ligands, and the
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most likely structure for the radical is one in which the unpaired electron occupies an
Sn—Sn o* antibonding orbital, as in 15.

Ph Ph
N /L
@i
"l e

15)

The hexaphenyldilead radical anion almost certainly has a similar structure since the g
values are all less than 2.0023. Calculation of the unpaired spin population in the lead 6s
and 6p orbitals leads to values of 0.11 and 0.99. Once again the spin population is too
large, especially for the 6p orbital. Nevertheless, the calculations do show that the spin
density is probably entirely associated with the lead atoms.

V. THE RADICALS RzMCH,* AND R3MCH,CH,*

There has been significant interest in carbon-centred radicals with a Group IV heavy atom
positioned « or B to the radical centre. This stems from a desire to identify the nature of
the interaction between the heavy atom and the unpaired spin density. It is well known, for
example, that allysilanes undergo radical addition to the double bond readily, suggesting
that a silicon atom positioned 8 to the new radical centre has a stabilizing effect*®. Radicals
of the type discussed here have been generated by a variety of procedures, including:

. . 0-5 - .
hydrogen atom abstraction using, for example, Bu’O* , addition of the appropriate
R3M* radical to an alkene®®>!:33-34 halogen atom abstraction from the corresponding
halomethyl compound>® and y-irradiation of the parent compounds®->0:57-59,

Bu'O*
R3MCH; or RsMCH,CH; —— RsMCH,* or RsMCH,CH,*
R3M* + H,C=CH; —— R3sM—-CH;— é H»
R3sM* + RsMCH,X —— R3MCH»* + R3MX

14
R3MCH3; or R3MCH,;CH3; —— R3MCH,* or R3sMCH,CH>*

Data for the most simple «- and B-substituted radicals in this series are contained in
Table 9. Substituted radicals, whether on the «- or S-carbon atoms or on the Group IV
atom, have largely similar values.

The data in Table 9 reveal that, for R3MCH;", there is a definite decrease in the
isotropic g values on increasing the atomic number of the Group IV element: 2.0023 (Ge),
2.0000 (Sn), 1.9968 (Pb). These «-radicals are planar with isotropic hyperfine couplings
to the CH, protons of approximately 21.5G no matter which heavy atom is present. This
coupling compares favourably with that for the Me* radical, 23G, suggesting that ca 95%
of the spin density is localized on the carbon atom. A more direct comparison with the
neopentyl radical, Me3CCH;®, which has a proton hyperfine coupling of 21.8G, would
suggest that the spin is entirely localized on the a-carbon atom. The constancy of the
magnitude of the proton hyperfine couplings implies that there is little delocalization of
the unpaired spin onto the heavy atom. For Me3SnCH>* the anisotropy of the tin hyperfine
coupling constants allows for the calculation of the unpaired spin density in the tin 5s
and S5p orbitals. The isotropic coupling of 140G corresponds to a 5s occupancy of 0.9%,
and the anisotropic coupling of 12G corresponds to a 5p occupancy of 4.6%, the overall
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occupancy of the tin orbitals being consistent with that expected from consideration of
the proton hyperfine coupling. Similar calculation for the Me3;PbCH»" yields values for
the occupancy of the lead 6s and 6p orbitals of 0.6% and 4.3%, respectively. Again, the
constancy in these values suggests that there is little -delocalization in these radicals, and
interaction of the unpaired spin with the heavy atom is attributed to a spin polarization
mechanism through the M—C bond*.

The B-substituted radicals, RsMCH,CH;", display coupling to both the «- and B-
protons, as well as to the methyl groups on the heavy atom. Coupling to the o-protons
is somewhat smaller and more variable than in the corresponding «-substituted radicals.
This implies an interaction between the heavy atom and the carbon bearing the unpaired
spin. Even so, comparison of the hyperfine coupling of the a-protons with those of the
ethyl radical (21.8G) implies that for the germyl-substituted radical at least 90% of the
unpaired spin resides on the carbon atom, while for the tin radical the value is 95%. More
revealing is the magnitude of the coupling to the B-protons. This is much smaller than that
expected for free rotation of the methylene group about the C—C bond (for example, the
B-proton hyperfine coupling in the propyl radical is 30.33G). The radical must therefore
adopt a preferred conformation. Using the relationship

ag =B cos2 6

and taking a value for B from the propyl radical of 60G, the observed hyperfine couplings
of ca 16G correspond to a value of & = 120°. Thus the preferred conformation of these
radicals is 16, in which the C—M bond eclipses the 2p orbital containing the unpaired
spin. Not surprisingly, the hyperfine coupling to the B-protons increases with temperature
as would be expected for increased rotational mobility.

MR;

(16)

Consistent with this interpretation is the observation that the hyperfine coupling to the
heavy atom is much larger than in the corresponding R3sMCH,* radicals. Moreover, for the
tin-containing radical the hyperfine coupling is essentially isotropic®’ which, together with
its magnitude, rules out p—d orbital overlap as the mechanism of spin delocalization. This
isotropic coupling corresponds to a tin 5s contribution of ca 2.5%. Hyperconjugation of the
unpaired electron into the sp> orbital of the heavy atom is a much more likely explanation.
Stabilization of these Group IV heavy atom S-substituted radicals by the mechanism just
described is probably the reason such radicals can be formed by hydrogen atom abstraction
at the primary site in the parent compounds. Hydrogen atom abstraction from such sites
in the equivalent carbon radicals is not observed. Interestingly, carbon-centred radicals
with two heavy atom groups positioned S to the radical centre, i.e. (R3MCH;),CH"*, have
been found to possess both heavy atom groups positioned so that the C—M bonds eclipse
the p-orbital containing the unpaired electron. Whether these groups lie syn or anti has

not been established, but they are thought to be anti for steric reasons®.
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Finally, similar stabilization has been observed for the homoallylic analogues 17, where
the preferred conformation is one in which the C—M bond eclipses the m-system con-
taining the unpaired spin®>. Clearly, this mechanism of spin delocalization is of general
nature.

MR;

17)
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. INTRODUCTION
A. Generalities and Scope

An understanding of the properties and behaviour of a chemical compound requires
knowledge not only of the three-dimensional arrangement of atoms in the molecule, but
also information on the electronic structure, i.e. electron distribution, bonding character
and stability of the bonds. This is of fundamental importance also for an understanding
of the chemical and physical properties of new systems. In this subject, photoelectron
spectroscopy (PES) proved to be a very powerful technique, which involves the appli-
cation of the photoelectric effect to the study of photoionization processes occurring in
matter interacting with electromagnetic radiation. In particular, when the matter is in the
gas phase and the light is of short wavelength, i.e. in the far ultraviolet (UV), the entities
involved in the photoionization are free molecules and the electrons ejected (‘photoelec-
trons’) belong to occupied molecular orbitals (MOs). This chapter will deal with UV
gas-phase photoelectron spectroscopy (abbreviated to PES throughout the chapter) stud-
ies on organometallic compounds of germanium, tin and lead, containing carbon-metal
bonds. The analysis of the literature data will be done with the purpose of emphasiz-
ing regularities that could be observed in bonding characters along series of analogous
compounds, possibly related to similarities or differences in chemical behaviour. In such
an analysis, we shall sometimes refer to silicon- and carbon-containing analogues of the
compounds investigated, for comparison.

B. Fundamental Aspects of PES

The fundamental process of the photoemission is the ejection of the photoelectrons by a
material irradiated with photons of sufficient energy (hv), the excess kinetic energy (KE)
of the emitted electrons being related to the ionization energy (IE) through the equation

hv = IE + KE 1)

The latter provides a means of determining IE by measuring KE of photoelectrons gen-
erated by a radiation of known Av. When the ionizing source has an energy in the region
of the soft X-rays (up to a few thousand electron volts) both valence and core electrons
can be ionized, but the primary information concerns the latter ones. In this case the
technique is usually named X-ray photoelectron spectroscopy (XPS) or, with the historic
acronym, ESCA (electron spectroscopy for chemical applications). When A v is in the field
of the medium or high energies, such as those produced in an inert gas discharge (typically
21.22 eVinHe I 2p —— 1s or 40.81 eV in He I 2p —— 1s), only the valence elec-
trons can be ionized and the technique is named UV photoelectron spectroscopy (UPS or
UV PES). If the target is in the gas phase, the information obtained concerns the electronic
structure of free molecules, as already mentioned in the previous section.

Several excellent books and reviews contain an extensive description of the principles
and the chemical applications of PES' =23, including investigations on organic*"-?2 and
organometallic'* 11820 compounds.

We shall describe in this section only the most important aspects of PES, to make the
reader able to better understand the meaning of the information that can be extracted from
the analysis of the photoelectron spectrum of a free molecule.

1. PES and molecular orbitals

The photoelectron spectrum of a molecular species M consists of a diagram reporting
the number of photoelectrons ejected with a given KE (corresponding to a given IE,
following equation 1) versus this KE (or IE). Strictly speaking, the IEs measured for the
various filled orbitals of the molecule M represent the differences between the energy
levels of the different final ionic states M and the ground state of the neutral M. A
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correlation between the energy sequence of the ionic levels and the sequence of the
MOs of the neutral ground state can be found by applying an approximation, known as
Koopmans’ theorem?*:

IE; = —¢; 2)

stating that the IE corresponding to the removal of an electron from the ith MO (IE;) is
equal to the negative of the self-consistent field (SCF) orbital energy ¢;.

Koopmans’ theorem does not obviously apply to open-shell molecules, and implies
some approximations, first of all neglect of the relaxation phenomena following the pho-
toionization, and of the difference in electron-correlation effects in the molecule and in
the different states of the molecular ion. However, equation 2 mainly offers a good way
of evaluating the energy sequence of the MOs, allowing correct qualitative and semiquan-
titative comparisons, mainly within series of related molecules, where the approximations
should affect in a similar way the correlation IE;/e;. In this framework, we could say that
the sequence of the bands of a PE spectrum is a good representation of the electronic
structure of the molecule, namely of the sequence of the occupied molecular orbitals.
Such one-to-one correspondence does obviously fail in some cases, in addition to the
already-mentioned case of open-shell systems, where a multiplicity of ionic states may
arise from the ionization of one or more of the open shells. For instance, the ionization of
one electron with simultaneous excitation of a second electron to an unoccupied excited
orbital may occur [shake-up or configuration interaction (CI) processes]. Furthermore,
effects such as spin—orbit coupling or the Jahn-Teller effect may remove the degeneracy
in the molecular ion. In all these cases, we will observe more ionization peaks in the
spectrum than MOs in the neutral molecule.

2. Intensity of the bands in a photoelectron spectrum

The relative intensities of the bands, i.e. the band-area ratios, are very meaningful for
the interpretation of a PE spectrum since they are proportional to the relative probabilities
of ionization. The absolute value of the area of a spectral band depends, among other
factors to be discussed shortly, also on the density of the target, which is quite difficult to
measure, so that usually the spectral intensities are given in arbitrary units. For the purpose
of the analysis of the electronic structure of a molecule, the intensity ratio between the
different bands is sufficient to give valuable indications.

The relative probabilities of ionization out of the various occupied MOs, named relative
partial cross-sections (o), are determined by several factors, the most important ones being
the following:

(i) o; for ionization out of the ith MO is proportional to the number of equivalent
electrons occupying this MO (i.e. to the degeneracy of the level) in the case of closed-
shell molecules, or to the statistical weight of the ionic state produced, in the case of
open-shell systems.

(ii) o; depends on the character of the ionized MO and on the energy of the ionizing
radiation. This dependence follows different trends for the various orbitals. For instance,
o; of an orbital with at least one node in the radial part of the wave function presents
a characteristic behaviour as a function of photon energy, with a minimum for a certain
value of this energy, which is characteristic of the orbital itself. It is therefore particularly
interesting to study the variation of the photoelectron cross section by using ionizing radi-
ation of different wavelength. The most recent developments of the technique, extending
the sources from the simple laboratory ones to the very sophisticated synchrotron or stor-
age ring radiation, allow one to investigate the ¢ trend continuously over a wide range
of photon energy. A deeper description of this aspect of the photoelectron spectroscopy
investigation can be found in References 25 and 26. Some empirical rules can be extracted
from the numerous investigations carried out mainly with He I and He II sources. For
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instance, o for atomic orbitals increases going down a group of the Periodic Table under
He I radiation, whilst usually decreasing under He II. In fact, the cross section of p
orbitals of chlorine, bromine and sulphur decreases significantly on passing from He I
to He II, whilst carbon 2p atomic orbitals have approximately the same cross section. In
the case (of most interest for us) of molecular orbitals, a model, known as the Gelius
model?’, correlates the cross section of the jth MO (0j) with that of the contributing

atomic orbitals (AOs):
oj = Pjjo1 3)
A

where the summation extends over atomic orbitals @?, on the different centres A; (IIA are
the atomic cross sections and Pj;, are factors describing the occupancy of the MO.

3. Assignment of a photoelectron spectrum

The main criteria to assign photoelectron spectra are as follows:

(i) Analysis of the vibrational structure of the bands, whenever present. This is par-
ticularly useful for small molecules, whose PE spectra often present resolved vibrational
features, due to the fact that the removal of an electron causes changes in the geometry on
passing from the neutral molecule to the molecular ion whenever the ionized orbital is of
bonding or antibonding character. On the other hand, the ionization of lone-pair electrons
leaves the geometry unchanged, therefore giving rise to sharp and narrow bands, without
vibrational structure.

(ii) Observation of variations in band—intensity ratios as a function of photon energy.
This criterion is an application of what was discussed in Section I.B.2 above. In partic-
ular, by applying equation 3 one can identify the predominant AO character in the MO
associated with a particular photoelectron band. For instance, the ionization of a MO with
a significant contribution of chlorine 3p orbitals gives rise to a band which decreases in
intensity on switching from He I to He II ionizing radiation.

(iii) Comparison of the spectra of series of related compounds. Trends in IEs along series
of analogous compounds are often an assignment criterion of very significant chemical
meaning. In fact, the variations and/or similarities observed can be placed in relation
to various factors, such as polarization effects, size and steric hindrance of substituents,
presence or absence of conjugative interactions, and so on.

(iv) Comparison of the experimental data with theoretical calculations. The improve-
ment of theoretical models and the development of fast computers have made this criterion
perhaps the most powerful tool to assign the PE spectra, even of large molecules. The the-
oretical calculations of interest for us may be performed at various levels of sophistication,
and can be roughly divided in two categories:

(a) calculations of ionization energies, i.e. the difference in energy between the various
ionic states and the molecular ground state, taking into account all or most of the effects
following the photoionization, including relaxation, correlation and relativistic effect;

(b) calculations of the eigenvalues of the molecular orbitals and their composition
in the ground state of the molecule. In this case, the comparison between experimen-
tal and theoretical data is meaningful only in the framework of Koopmans’ theorem
(equation 2). These calculations are of different degrees of sophistication, ranging from
the exact Hartree—Fock self-consistent-field (HF-SCF) to ab initio SCF, to semiempirical,
to empirical ones.

C. Chemical Applications of PES

Applications of PES in chemistry can be roughly divided into two major categories:
(a) analysis of unimolecular reactions; (b) insight into molecular electronic structure and
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bonding. In this section we will place emphasis on the latter point, selecting some of the
most interesting applications in the field of organometallic chemistry.

1. Role of the d orbitals in chemical bonding

The contribution of the d orbital, both of metal and non-metal elements, to the bonding,
for instance through a dw—prm interaction, has been a controversial matter for a long time,
and can receive from PES important help in clarification. We will discuss some examples
on this point in the following sections.

2. Bonded and non-bonded interactions

With the designations bonded and non-bonded interactions, one refers to interactions
between orbitals centred at atoms which are bonded directly to each other or, respec-
tively, through one or more groups. Among the simplest bonded interactions the w-m
conjugations are of particular importance, for instance those between the m system of
an aromatic ring and a m-type orbital of a substituent, leading to the splitting of orig-
inally degenerate MOs. Also o-o and o-m conjugation between adjacent bonds may
be relevant in the bonding character. PES is particularly suitable to study this kind of
interactions.

Typical non-bonded interactions are the ‘through-space’ and ‘through-bond’ ones. If, for
instance, in a molecule there are two equivalent lone-pair orbitals, these may interact either
directly, ‘through space’, or indirectly, ‘through bond’, i.e. through the MOs of groups
linked to both the atoms carrying the lone pair. The mechanism of these interactions is
schematized in Figure 1.

A type of non-bonded interaction which is often very significant in organometallic
compounds is the so-called ‘hyperconjugation’, namely a o-m or dm-pm conjugation
between the 7 systems of the organic moiety and oy;—c orbitals. We will find several
examples of these kinds of interaction studied by PES in the following sections.

3. Molecular geometry and conformation

PES has been of great help in elucidating and observing geometrical implications on
the electronic structure of molecules. Changes in bond length or in the angle between
bonds on passing from the molecular ground state to the ionic states, and the most stable
molecular conformation in the gas phase could often be established by this technique.

IE

Through-space Through-bond Y s

FIGURE 1. Schematic diagram showing the effect of ‘through-space’ and ‘through-bond’ interactions
on the ionization energies of lone-pair orbitals
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ll. TETRAHEDRAL HYDRIDES

It is useful, before entering a discussion of the subject of the present review, namely that
dealing with molecules containing M—C bonds, to describe the electronic structure as
resulting from theoretical and PES studies of the simplest derivatives of elements, i.e. the
tetrahedral hydrides MH4 (M = Ge, Sn). The four M—H o bonding orbitals transform
in the Ty point group as t; + a; irreducible representations. We should therefore expect
in the PE spectrum, in the framework of the Koopmans’ approximation, two bands, that
at lower IE being related to the f, orbital and approximately three times more intense
than the one at higher IE, related to the a; orbital. Actually, the Jahn-Teller distortion
in the MH; ™" ion does affect the spectra. Theoretical studies on GeH; 28 and SnH, 20
molecular ions indicated an equilibrium structure after the Jahn-Teller distortion of Cg
symmetry for the former ion and of Cp, symmetry for the latter one. In both cases there
is a removal of degeneracy of the #» orbital towards three non-degenerate levels leading
to the appearance of structures, if not of well-resolved peaks, in the first band of the PE
spectra of GeH430732 and of SnH432. The theoretical investigations took into account also
the spin—orbit splitting whose effect should not be negligible especially in the heavier
SnH4 molecule, but no experimental evidence of this effect could be observed, probably
due to a not excellent resolution. Cradock?! managed to detect, in the spectrum of GeHy,
two bands, at 26.9 and 27.4 eV, associated with the inner-valence 3d levels of Ge, split
into #, and e components and ionized by the He II radiation.

lll. ALKYL AND HALOALKYL DERIVATIVES
A. Tetraalkyls

After the pioneering work by Evans and coworkers®3, in which the PE spectra of the
tetramethyl derivatives of all the elements of the XIV group were extensively analysed,
showing again the effect of the Jahn-Taller distorsion upon ionization of the #, level
(HOMO) of main M—C bonding character, several investigations on both symmetrical
and unsymmetrical alkyls>*~*! appeared, which draw attention to particular aspects, such
as the role played by the metal d-orbitals (both filled and empty) in the bonding, trends
in the energy and nature of the radical cation states of series of related molecules (with
different alkyl groups or different central metal M), also through free-energy relationships
between ionization energies and chemico-physical parameters such as the Taft o* constant,
the variation of the photoionization cross section of the various orbitals as a function of
photon energy, using both laboratory sources, namely He I and He II, and synchrotron
radiation as ionizing radiation. In most of these investigations a comparison between the
experimental data and the results of calculations at various levels of sophistication is
essential for the interpretation of the spectra and the discussion of the resulting chemical
implications. Some theoretical papers on semiempirical MNDO calculations on tetraalkyls
of Group XIV elements, along with other derivatives, appeared quite recently*>*3, but
the method which proved, in our opinion, the most suitable for compounds containing
germanium, tin and lead is that of the pseudopotentials, which are introduced to deal
with all core electrons. Several different schemes have been proposed for the construction
of pseudopotentials**, some of them including relativistic and core-polarization effects,
very significant for heavy atoms. The subject of the participation of metal d orbitals
was treated quite extensively. All the authors agree that this participation is actually
negligible, if any. Boschi and coworkers® observed that the splitting between the two 7,
and e CH levels in MesM (M = C, Si, Ge, Sn, Pb) drops monotonically from neopentane
to tetramethylplumbane, consistently with the decreasing through-space interaction in the
Me;, tetrahedron following the increasing size of the central atom. A contribution of the d
orbitals would tend to increase the splitting in the opposite sense. For tetramethylstannane,
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Me,Sn Sndd

IE (eV)

FIGURE 2. The photoelectron spectrum of MesSn for hv = 49 eV. Reproduced by permission of
Elsevier Science from Reference 41

this conclusion is confirmed by the shape and IE of the two maxima of the band observed
for the 4ds/> and 4d3,2 Sn—! states in the PE spectrum obtained with synchrotron radiation
(see Figure 2). The IE values of 31.5 and 32.6 eV, slightly different from those obtained
for atomic tin (31.9 and 33.2 eV)*’, and the narrow profile of the two peaks indicate that
the 4d orbitals retain their atomic character in the molecule. Also Beltram and coworkers38,
who studied a series of group XIV alkyls and alkyl hydrides, among which are the
compounds Et4M (M = Si, Ge, Sn), confine the contribution of d orbitals of M to a
hyperconjugative interaction, not affecting the three highest occupied molecular orbitals.

Wong and coworkers’’ studied a series of both symmetrical and unsymmetrical
tetraalkyltin compounds with different alkyl substituents, focusing their attention on the
effect of these on the ionization energy of the highest occupied MOs. It is useful to
recall the type of molecular orbitals deriving from the triply degenerate £, HOMO in the
symmetrical R4M (local symmetry T4) upon substitution of one or more R:

R3MX(local symmetry C3y) : e + aj
RoMX;(local symmetry Coy) : by + aj + by
RMX3(local symmetry C3y) : a; + e

Figure 3 reproduces a correlation diagram for the triply degenerate 1, MO of Me4Sn as
a result of successive substitution of ethyl for methyl substituents. The dashed line is
drawn through weighted average ionization energies (IEs) for each Mes_,Et,Sn. These
IEs correlate well with Taft o™ parameters. The electronic effect of alkyl substituent R
on the splitting of the e and a; levels in a series of RSnMe3 compounds is shown in
Figure 4, where this splitting is reported in a diagram versus the Taft o* values. A linear
correlation is found which passes through the origin. It follows that for a series of this
kind the first IE from HOMO can be simply related to that of Me4Sn (9.70 eV) from the
Taft o* value of R, through the equation

1IE; (RSnMe3) = 9.70 + 4.30™*.

The study of the photoionization cross section as a function of photon energy for the
different orbitals of Me4Sn, which can be a powerful tool for the assignment of the
spectra and the analysis of the contribution of the various atomic orbitals to the molecular
orbitals, has been carried out by the authors of References 11 and 12 by using He I and
He II as ionizing source, and of Reference 13 by using synchrotron radiation. Bertoncello
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FIGURE 3. Correlation diagram for the 7, MO of Me4Sn as a result of successive substitution of ethyl
for methyl ligands. Reprinted with permission from Reference 37. Copyright (1979) American Chemical
Society
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FIGURE 4. Electronic effects of alkyl ligands (R) measured by Taft o* values on the splitting between
the e and @) MOs in a series of alkyltrimethyltin RSnMe3 compounds. Note the extrapolation through
the origin. Reprinted with permission from Reference 37. Copyright (1979) American Chemical Society

and coworkers*? assumed a 20% contribution of tin 5p orbital and a 70% of carbon 2p
to the #, og,—c bonding MO, on the ground of pseudopotential calculations and of the
increase of the intensity ratio between the first and second band under He II radiation.
Since previous results by the same research group on Me3Sn—SnMe3*® indicated that the
photoionization cross section of Sn 5p decreases with respect to C 2p and increases with
respect to H 1s orbital, the authors ascribed the variation in band intensity ratio in the
spectrum of Me4Sn to a dominant C 2p contribution to the HOMO. On the other hand,
Bancroft and coworkers3®, who assumed that the Sn 5p cross section increases on going
from He I to He II spectra, attributed to the Sn—C orbitals a 30-40% metal p character.
The investigation with synchrotron radiation in the photon energy range 21-70 eV by
Novak and coworkers*! confirms the dominant carbon 2p character of these orbitals, on
the ground of the slow decrease in cross section with increasing photon energy. On the
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TABLE 1. Experimental ionization energies (eV) for bivalent metal alkyls
MR; [M = Ge, Sn, Pb; R = CH(SiMe3);] and first atomic ionization energies
(eV) of M. Reproduced by permission of the Royal Society of Chemistry from
Reference 48

Alkyls MO¢ M Atomic first TE?
aM by(M—-C Uasym)

GeR, 7.75 8.87 Ge 7.5

SnR; 7.42 8.33 Sn 7.0

PbR, 7.25 7.98 Pb 6.8

4 Symmetry symbols refer to Cpy, local symmetry of MC, frameworks.
bCalculated from the weighted average of the p2 terms of the atom and of the p1 terms
of the ion data from Reference 49.

other hand, the calculated subshell cross sections of Yeh and Lindau*’ predict for the
C 2p orbital a fall from 6.1 Mb at 21 eV photon energy to 1.9 Mb at 41 eV, while the
corresponding change for the Sn 5p subshell is from 1.17 to 0.04 Mb.

B. Dialkyls

Very little has been done regarding PES of dialkyl derivatives of Group XIV elements.
Harris and coworkers*® investigated the He I spectra of the monomeric, presumed-bent
in gas phase, compounds MR, [M = Ge, Sn, Pb; R = CH(SiMe3),], along with some
bivalent amides and halides. Table 1 reports the ionization energies of the first band with
the assignment. It contains also, for comparison purposes, the first IE of atomic Ge, Sn
and Pb, calculated from the weighted average of the p? terms of the atom and of the p!
terms of the ion taken from the literature*®. It appears clearly that the HOMO in all the
three molecules has a substantial metal ‘lone pair’ np character, although it can mix with
both metal ns and carbon 2p orbitals. This mixing should produce an opposite effect on
the IE values. The comparison of the observed IEs in the molecules with the calculated
atomic IEs hints to a balance of these effects, since the deviation of the ‘molecular’ 1Es
from the ‘atomic’ one is invariably less than 3%. The second IE corresponds to ionization
from the b, C—M—C antisymmetric bonding MO.

C. Alkyl Hydrides and Haloalkyl Derivatives

Several PES studies of compounds of general formula R,MX4_, (M = Si, Ge, Sn,
Pb; X = H, halogen, x = 1-4) have been carried out38:40:50-61 \ith the main aim of
studying the influence of the X substituent(s) on the metal-carbon bond(s). We have
already analysed the effect of the substitution of one or more R on the symmetry of the
highest occupied MOs, and consequently on the photoelectron spectra. A nice example
of this in a series of alkylgermahydrides is shown in Figure 5, from Reference 38, where
this effect appears clearly. The triply degenerate t, band in the spectrum of Et;Ge (1)
(broadened by the Jahn-Teller effect) is split into the e and a component in Et3GeH (2),
the former level being of og.—c character and the latter one of og.—y character; into three
components (by, a; and by) in Et,GeH; (3), where the b, and b; orbitals are localized
respectively on the oge.—c and oge.—py bonds, while the a; orbital is delocalized through
the whole HoGeC, skeleton; and finally, again into two components, a; and e in order
of increasing IE, in EtGeH3 (4), the former one being related to the only og.—c bond.
It is noteworthy that the og.—c orbitals lie always higher in energy (lower in ionization
energy) with respect to the og.—py, and that the fourth o orbital is too deep in energy to
be ionized by the He I radiation.
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FIGURE 5. The He I photoelectron spectra of compounds 1-4 (1 = Et4Ge; 2 = Et3GeH; 3 = Et,GeHy;
4 = EtGeH3). Reproduced by permission of Elsevier Science from Reference 38

The introduction of one or more halogen atoms in an alkyl derivative strongly com-
plicates the electronic structure and the bonding situation of the molecule, due to the
possible interactions between the oy—c and oy;—x (X = halogen) orbitals. The electrons
localized on the halogens (halogen lone pairs) usually do not interact with the bonding
orbitals. The analysis of the PE spectra of these compounds is rarely straightforward, and
controversies on some assignments have appeared in the literature. The joint use of the
comparison between He I and He II spectra and of continuously improving computational
methods to calculate the eigenvalues of the various MOs is of great help in solving ambi-
guities and uncertainties. For these molecules, the observation of the changes in band
intensity ratios between He I and He II spectra is particularly useful. For instance, the
photoionization cross-section of chlorine 3p atomic orbitals is lower under He II than that
of C 2p orbitals®?, so that a decrease in intensity of a band on passing from He I to He
II ionizing radiation is a strong indication of a significant participation of Cl 3p orbitals
to the MO associated with that particular band. Such a decrease is obviously dramatic for
the ionization of the chlorine lone pairs.

An example of a series of alkyltin halides is that of the general formula Me, SnCly-,
(n = 0-4), re-examined completely by Bertoncello and coworkers*® on the basis of pseu-
dopotential calculations, after several studies by different authors>*~>%58 The He I and
He 1II spectra of Me,SnCl, are shown in Figure 6, from which the effect of decrease
in intensity of bands A, B and C with respect to band D, and of band B with respect
to bands A and C on passing from He I to He II is very clear. Following Reference
40 (see Table 2), band A, at 10.43 eV, associated with the HOMO of b; symmetry,
is a og,—c bonding MO with some contribution from chlorine 3p orbitals; band B, at
11.31 eV, arises from the ionization of three orbitals (a; + by + ap) of the chlorine lone
pairs, and band C, at 12.16 eV, again from three orbitals (b1 + a; + b2) of main og,_ ¢y
bonding character. The broad band D, peaking at 14.30 eV, is associated with four CHz-
based MOs (b + ay + a; + by), the partially resolved band X with a MO(a;) of mixed
Sn(5s)—C and Sn(5s)—Cl bonding character. The assignment is analogous for the other
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TABLE 2. Experimental ionization energies and pseudopotential ab initio results for Me;SnCly?.
Reprinted with permission from Reference 40. Copyright (1986) American Chemical Society

Cl
H+15
o8 o (82) AT6)
-34 - 61
+95-.6 H
CHs
Jopop
IE (eV) Sn
MO calcd” exptl® s p d 2CI 2C 6H Dominant character
4b; (HOMO) 10.25 10.43 (A) 13 2 29 51 5 Sn—C bonding MO
6a 11.12 1 6 3 70 18 2
4by 11.12} 11.31 (B) 1 1 98 Cl lone pairs
2a 11.37 1 98 1
3b; 12.06 15 65 16 4
Say 12.21} 12.16 (C) 14 1 68 13 4} Sn—Cl bonding MOs
3b 12.38 13 79 3 3
2by 14.33 2 1 54 43
las 14.33 \ 14.30 (D) 1 55 44 \ CHjz-based MOs
4a; 14.59 3 1 54 42
2by 14.64 4 4 51 41
3a; 1590 1593 (D') 40 33 20 7 Sn(5s)—C, Sn(5s)—Cl

4 Gross atomic charges and overlap populations (in parentheses) are in electrons.
b Values rescaled by nine tenths; energies in eV.
¢Experimental values from Reference 57.

alkyltin chlorides in which the HOMO is always of predominant Sn—C bonding character
and a mixing between o, and o bonds is present especially in a quite deep a; MO,
with significant contribution (ca 40%) from the Sn 5s atomic orbital. The broad band E,
with maximum at 22.16 eV in Figure 6, is assigned by the authors of Reference 57 to
the ionization of inner-valence C 2s-based orbitals. The doublet F and F' relates to the
2Ds /2 and D4 /2 final ionic states produced by ionization of Sn 4d subshell, affected by
spin—orbit splitting. They are produced not by the primary He Ilo radiation, so that the
true IE values are not in the 25-26, but in the 32-34 eV range, precisely 32.59 (2D5/2)
and 33.61 (2Ds ,2) €V. The primary doublet is obscured by more intense He I« signals. It
is highly desirable that these molecules be investigated also with synchrotron radiation,
to better explore the inner-valence region, as has already been done by some authors for
SnMey*, SnC1,93:% and SnCl1,%*. With the data presently available one can say that the
half-widths of the Sn 4d~! bands found in methyltin halides (ca 0.35 eV) are lower than
in the tin halides (for instance, ca 0.45 eV in SnCl, following Reference 65) indicating
that the presence, in the crystal-field expansion, of a C,° electric-field gradient term is of
minor importance.

In Reference 40 the analysis of the PE spectra of the pseudohalide derivative
Me3SnNCS is also reported. In this molecule, in which the group Sn—N—-C-S is
practically linear as observed in the solid state structure®, the HOMO (6e, ionizing at
8.73 eV) is a NCS m orbital, mainly localized on sulphur, while the following MOs (Se,
ionizing at 10.45 eV, and 7ay, ionizing at ca 12.5 eV) are of predominant og, - bonding
character. The latter MO presents, following the pseudopotential calculation, some oc_g
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FIGURE 6. The photoelectron spectra of Me;SnCl,. Close-up of the 4d region of the He II spectrum.
Reproduced by permission of The Royal Society of Chemistry from Reference 57

and o—c antibonding contribution, whilst it does not carry any Sn—N bonding character.
It ionizes approximately at the same energy as the 4e mn=c bonding MO, giving rise
in the spectrum to a quite broad double band. The large separation between 4e and Se
MOs (1.94 eV) does not allow any mixing between them, i.e. between the mn=c MO of
the NCS moiety and the og,—c MO of the Me3Sn moiety, at variance with the case of
Me;SnCl.

Drake and coworkers studied a series of germanium derivatives* %58 of formula
MezGeX, Me;GeX, and MeGeXs (X = H, F, Cl, Br). The analysis of the He I and He 11
spectra was supported by CNDO/2 calculations. Figure 7 shows the PE spectra of the com-
pounds of the series Me;GeX;, (X = H: 5, X = F: 6, X = CI: 7), and Table 3 reports the
experimental IEs and the results of the calculations. Following the assignment proposed,
the HOMO (IE = 10.65 eV) is mainly localized on the Ge—C bonds in 5 and 6, with a not
negligible contribution from H 1s and F 2p orbitals. In 7 the HOMO seems to present a sig-
nificant antibonding contribution from chlorine 3p orbitals, which overrides the inductive
stabilizing effect expected with respect to the HOMO of 5§ (IE = 10.74 eV). It may be of
interest to compare this assignment with that proposed in Reference 57 for the analogues
molecule Me;SnCl,. In the tin derivative the calculation (actually of a different kind,
using pseudopotentials, as already mentioned) suggests for the HOMO a lower, though
not negligible, contribution of the chlorine orbitals, and therefore a dominant og,—c
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TABLE 3.
parentage for MeoGeH,, MexGeF; and Me,GeCly

ITonization energies (eV), CNDO/2 calculated eigenvalues (eV), orbital symmetries and

5 6 7
MO Caled Exptl Parentage MO Calcd Exptl Parentage MO Calcd Exptl Parentage
3by 1546 10.74 Ge(p)0.32 4b; 15.17 1045 Ge(p)0.22 4b; 13.87 10.65 Ge(p)0.12
C(p)0.52 F(p)0.19 Cl(p)0.52
H(s)0.15 C(p)0.47 C(p)0.29
H(s)0.10 H(s)0.04
4a; 1551 11.04 Ge(p)0.32 6a; 1633 1224 Ge(p)0.15 6a; 14.53 11.20 Ge(p)0.08
H('s)0.24 F(p)0.50 Cl(p)0.75
C(p)0.30 C(p)0.26 C(p)0.13
H(s)0.15 H(s)0.09 H(s)0.04
3b, 1529 11.50 Ge(p)0.27 4by 17.00 13.16 Ge(p)0.10 4b, 14.84 1147 Ge(p)0.05
H('s)0.45 F(p)0.75 Cl(p)0.92
C(p)0.11 C(p)0.06
H(s)0.17 H(s)0.08
2a; 1956 13.76 F(p)0.92 2ay 15.65 1240 Cl(p)0.99
C(p)0.04 Cl(s)0.03
3b, 1959 13.88 F(p)0.80 3by 16.70 12.75 Ge(p)0.11
Cl(p)0.63
C(p)0.10 C(p)0.09
H(s)0.10 H(s)0.12
S5a;  20.18 1430 Ge(p)0.03 S5a; 17.62 13.50 Ge(p)0.14
F(p)0.75 Cl(s)0.03
C(p)0.10 Cl(p)0.58
H(s)0.09 C(p)0.14
H(s)0.10
3by 1977 1456 F(@p)0.35 3b; 17.80 13.90 Ge(p)0.14
C(p)0.33 Cl(p)0.37
H(s)0.32 C(p)0.28
H(s)0.20
lap 1998 13.60 C(p)0.50 lax 20.66 14.80 F(p)0.08 1lap 2036 14.78 C(p)0.51
H(s)0.50 C(p)0.47 H(s)0.43
H(s)0.45
2b;  20.14 13.80 Ge(p)0.06 2b; 2195 1538 Ge(p)0.12 2b; 20.92 1520 Ge(p)0.11
C(p)0.50 F(p)0.43 Cl(p)0.08
H(s)0.44 C(p)0.25 C(p)0.44
H(s)0.19 H(s)0.34
3a;  21.66 1430 Ge(s)0.09 4a; 22.64 1580 Ge(p)0.09 4a; 21.63 1547 Ge(s)0.16
Ge(p)0.05 F(p)0.12 Cl(s)0.26
C(p)0.48 C(p)0.41 Cl(p)0.20
H(s)0.36 H(s)0.34 C(p)0.22
H(s)0.15
2by 2262 1490 Ge(p)0.20 2b, 2273 16.80 Ge(p)0.11 2b, 21.80 16.35 Ge(p)0.05
H('s)0.10 F(s)0.03 Cl(s)0.20
C(p)0.39 F(p)0.22 Cl(p)0.09
H(s)0.32 C(p)0.35 C(p)0.35
H(s)0.28 H(s)0.30
2a; 23.08 1690 Ge(s)0.37 3b; 2284 17.52 Ge(s)0.36 3a; 2233 17.00 Ge(s)0.132
Ge(p)0.07 F(s)0.04 Ge(p)0.06
H('s)0.23 F(p)0.29 Cl(p)0.03
C(p)0.20 C(p)0.22 C(p)0.45
H(s)0.12 H(s)0.08 H(s)0.31
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FIGURE 7. The photoelectron spectra of compounds 5-7 (5 = Me;GeHy; 6 = Me,GeFy; 7 =
Me;,GeCl,). Reproduced by permission of the National Research Council of Canada from Reference 56

bonding character. Figure 8 shows a correlation of the ionization energies across the series
MeGeClz, Me;GeCl, and Me3GeCl. The main points of interest are a steady destabi-
lization of the highest a; orbital (chlorine lone pair) along the series (observed also in
the analogous fluorides), likely due to increasing electron-donor ability of the alkyl-metal
moiety, and the opposite stabilization of the 4a; MO, a delocalized oc—g.—c; orbital.
This stabilization was ascribed, following the indications of the CNDOQO/2 calculations, to
an increasing participation of the Ge 4s orbital. An interesting aspect of the electronic
structure of the series Me3GeX (X = F, Cl, Br) is the similarity in the values of their
first IE: 10.49 eV (F), 10.50 eV (Cl) and 10.0 eV (Br), although the related MOs, all of e
symmetry, have a different parentage. In Me3GeF and in Me3GeCl the HOMO is in fact
of main oge—c bonding character, whilst in Me3GeBr it is practically a pure lone-pair
bromine orbital.

IV. UNSATURATED CARBON DERIVATIVES
A. Aromatic Derivatives

In this section the PES investigations on compounds containing at least one aromatic
group are described. Let us start from the most recent study, on the analysis of He I and
He 1II spectra of the molecules of the MPhy series [M = C (8), Si (9), Ge (10), Sn (11),
Pb (12)]%7. The authors assumed for these molecules a S4 symmetry in the gas phase, on
the basis of the only known gas-phase molecular structure, that of SnPh4%8. In molecules
of the MPhy series, when viewed along any of the four bonds between the central atom
and the phenyl rings, the three remaining rings form a propeller-like arrangement. The
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FIGURE 8. Correlation diagram of the ionization energies across the series MeGeClz, Me;GeCl, and
Me3GeCl. Reproduced by permission of the National Research Council of Canada from Reference 56

molecules are, however, flexible due to allowed rotation of benzene rings around the
C—M bonds. Figure 9 shows the PE spectra of Group XIV tetraphenyls and of benzene.
The spectra, of good quality and resolution, of all the compounds are very similar to
each other, and are closely related to the spectrum of benzene®®. This suggests that the
MPhy spectra might be interpreted in terms of weak interactions between four benzene
molecules. The authors proposed, also on the ground of Extended Hiickel MO calculations,
that the M—Ph bonding is formed mainly by interaction of one from each of the 3esg,
3e1g benzene orbitals with metal p orbitals. On this basis (see Table 4), band B is assigned
to ionization of orbitals formed from the benzene 3eyg orbitals, which in MPhy, of Sy
symmetry, give rise to one b and two e orbitals. This band moves to progressively lower IE
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FIGURE 9. The photoelectron spectra of Group XIV tetraphenyls and benzene. Reproduced by per-
mission of Elsevier Science from Reference 67

with the increasing atomic mass of the central atom, analogously to the equivalent band in
MHy, spectra®, confirming the bonding M-Ph character of the related MOs. The interaction
of the metal p orbitals with the benzene 3ej, and 3a;g combinations is expected to be
less important. However, band D, progressively separating from band E with increasing
central atom mass, and band F were assigned to ionization of MOs with some oy —pp
character, with the main contribution respectively from 3ej, and 3a;, benzene levels. No
bands associated with bonding MOs involving central atom s orbitals were observed. The
four sets of weakly interacting lejg 7 orbitals (HOMO) of benzene give rise to band
A, the remaining five ey, weakly interacting with the 4ap, orbitals to band C, the five
unperturbed 3ej, and orbitals derived from weakly interacting combinations of 1b;, and
2b1y orbitals to band E.

The He I PE spectra of some triphenyl derivatives of Group XIV elements were inves-
tigated by Distefano and coworkers’®: HMPhs (M = C, Si, Ge, Sn), BrGePhs, CISnPhs.
They found a similar trend of the IEs of orbitals of M—Ph bonding character as in MPhy,
i.e. a decreasing IE with increasing size of the central metal (IE = 11.0 eV in HCPhs,
10.35 eV in HSiPhs, 10.11 eV in HGePhs, 9.6 eV in HSnPhj3), and a sizeable interaction
among the m orbitals of the aromatic rings only for the C, but not for the Si, Ge and Sn
derivatives.

One of the most discussed subjects in the analysis of the electronic structure of unsat-
urated carbon derivatives of the XIV Group elements is that of the hyperconjugation, i.e.
of the role played in the bonding by the conjugation between the  orbitals of the unsat-
urated moieties with o-type orbitals (where 7 and o denomination refers to the original
character of the interacting orbitals) or by the p,-d, conjugation. A theoretical treatment
of hyperconjugation and its role in determining trends in properties, such as ionization
energies, in Group XIV compounds was done by Pitt’!.
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TABLE 5. Inductive and hyperconjugative parameters for MesM in
MesMCH;Ph and changes in C—M orbital energy due to hyperconjugative
interactions. Reproduced by permission of Elsevier Science from
Reference 72

M=C M = Si M = Ge M = Sn
oW’ (eV)~! 0.04 0.91 0.82 1.13
Biy (V)72 0.21 0.50 0.68 1.05
SEcym (eV)~! —0.09 —0.15 —0.17 —0.22

Some PES investigations, aimed at elucidating this aspect of the bonding in aromatic
derivatives, were performed for various molecules’>~7°, including naphthalene deriva-
tives.

Bischof and coworkers’? analysed the He I spectra of the compounds of the two series
MeszMCH,Ph and MesMPh (M = C, Si, Ge, Sn) in terms of the inductive and hyper-
conjugative effect of the substituent on the orbital energy of a w MO. The change in the
orbital energy (E,,) of a w MO W, due to the inductive effect of a substituent at position
i is given by

I
8E, = gy, 6Wi

where ¢, is the orbital density of W, at position i, and §W; is the change in effective
valence state ionization energy of carbon atom i, while the change due to the hypercon-
jugative effect is given by

SE! = gy, AE™

where B is the effective resonance integral between the 2p AO of carbon atom i and
the substituent, and 8E is the difference in energy between W, and the orbital of the
substituent involved in hyperconjugation. In the compounds of the series MesMCH;Ph one
of the M—C p-type MOs, lying along the benzyl-M bond, can hyperconjugate with the
orbitals of the benzene ring, while the other two p-type M—C MOs remain degenerate. The
ionizations of the M—C bonding orbitals therefore give rise in the PE spectra to a single
peak and to a doublet (broadened by the Jahn-Teller effect). By comparison between the
spectra of the benzyl derivates with that of toluene, the inductive and hyperconjugative
parameters reported in Table 5 were found. It is evident that the inductive contribution is
almost constant along the series, apart from a near-zero value for M = C, and follows the
Allred-Rochow’” ordering. The hyperconjugative contribution rises with the increasing
size of M. In the series M3MPh the benzene w MOs may be also perturbed by a direct
pr—dy conjugative interaction with d AOs of M. On the basis of the experimental results
and of considerations analogous to those mentioned for the other series, the authors
gave an estimation of this effect, which was found quite large and decreasing along the
series Si > Ge > Sn.

A pr—d;, effect was found also in the silicon derivative in the series p-ClC¢H4sMMes
(M = C, Si, Ge, Sn)’*. In this case the hyperconjugation minimizes the difference in
orbital energy mp-m3, where 73 is the phenyl orbital affected by the conjugation, which
is stabilizing for the chlorine 3p orbitals, destabilizing for the M empty d orbitals.

B. Heteroaromatic Derivatives

This section deals with a few PES studies on molecules in which an element of the
Group XIV is the heteroatom in a heteroaromatic compound’8~39,
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FIGURE 10. The He I photoelectron spectrum of 1-allyl-4-7-butyl-1-germacyclohexadiene (13a) at 25
and 530°C. Bands A and B arise from ionization of 14a (See text in Section IV.B for structures 13
and 14). Reproduced by permission of VCH Verlagsgesellschaft mbH from Reference 79

Meiirkl and coworkers’®7® performed variable-temperature photoelectron spectroscopy

(VT PES) experiments on germabenzene derivatives. Precisely, the allylcyclohexadiene
13 yielded by gas-phase pyrolysis (450-550 °C, ca 0.05 mbar) the germabenzene 14:

R2 R2

—_—
ca 0.05 mbar Q
Ge

R! Ge\/\ |

Rl

13) 14

(a) R! = Me, R? = CMe3; (b) R! = Me, R = Et; (¢)R! = Me, R? = CHMe,

Figure 10 shows the PE spectra of 13a at 25 °C and of the product of its pyrolysis
at 530 °C. Only partial conversions can be achieved in these reactions. However, bands
referring to the germabenzene derivative could be identified: bands A and B, at 7.40 and
8.90 eV, respectively, were ascribed to the ionization of 14a = MOs, precisely the b; and
ay orbitals.
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The measured IEs for all the germabenzenes were compared and found to be in good
agreement with those of substituted silabenzene derivatives, found in the literature®!.

C. Alkenyl and Alkynyl Derivatives

In this section the PES investigations on compounds containing C=C and/or C=C
groups, bonded directly or through saturated carbon to germanium, tin or lead, are
described3®-73-8279 A for the aromatic derivatives, most of these discussions deal with
the existence and the extent of o—m and/or d, —p,, hyperconjugation in different series of
molecules.

Schweig’s research group carried out several investigations on this subject’82:83 rang-
ing from allyl and vinyl’>83 to cyclopentene®? derivatives. Figure 11 shows, along with
the photoelectron spectra, a correlation diagram of the highest occupied MOs of the
series tetraethylgermane, triethylvinylgermane, triethylallylgermane and of the series tetra-
n-butylstannane, tri-n-butylvinylstannane, tri-n-butylallylstannane. It is clear that in the
allyl derivatives of both germanium and tin, the splitting between the HOMO, of main
M—C character, and the MO of substantial 7#C=C character is larger that in the vinyl
derivatives, indicating a more important o - hyperconjugation in the allylgermane and
allylstannane®3. On the basis of these experimental findings the authors suggested for the
latter compounds the following conformation:

MR;
M=Ge,R=Et; M=Sn, R =Bu

the only one allowing a significant hyperconjugation, contrary to the conformation:

R3M_%

The same research group demonstrated, (by comparing the photoelectron spectrum with
that of related silicon and carbon derivatives and with MNDOQO/2 calculations) that in 1,1-
dimethyl-1-germa-3-cyclopentene, such as in the silicon analogue, the d, -p,, transannular
antibonding hyperconjugation, previously postulated by other authors?+83 to account for
the planarity of the latter molecule, is not at all significant®?.

The comparison between the o-o and the o-m conjugation in cyclopropyl-
carbinyltrimethyltin

Me3 Sn
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and allyltrimethyltin
CH=CH,
Me3 SHCH2

was the main aim of Brown and coworkers in their PES investigation®®. The o-o con-
jugation is the delocalization of the Sn—C o bond into an adjacent C—C o bond (of the
cyclopropyl or of the allyl moiety in this case). The authors found that the energy of
interaction of cyclopropane orbitals with the Sn—C ¢ bond (1.6 eV) may be compared
with the - interaction in allyltrimethyltin (2.2 eV).

A series of allyltin compounds, of formula R3_,Cl,SnCH,CH=CH, (R = Me, n-Bu;
n = 0-2) and Ph3SnCH,CH=CH, was investigated by Cauletti and coworkers®?, again
with the aim of determining the extent of the o—7 hyperconjugation and its dependence
on the dihedral angle ¥ between the C(1)—C(2)—C(3) plane and the C(3)—Sn bond (see
Figure 12). This angle can vary because of the (in principle) free rotation around the
C(2)—C(3) bond, and any o-7 conjugation will be at a maximum for ¢ = 90° and
absent for # = 0°. The conformation of the free molecule will therefore be the result of
the energy balance between electron repulsion due to steric hindrance of the substituents
on the tin atom and the stabilization due to the o-m conjugation. The assignment of
the photoelectron spectra was supported by a fragment analysis based on LCBO (Linear
Combination of Bond Orbitals) calculations®®. The He I spectrum and the correlation
diagram for the molecule Me3;SnCH,CH=CH), is displayed in Figure 13. The diagram
was built on the basis of the LCBO model and taking into account the inductive effects.
It appears clearly that a o/m hyperconjugation does exist, and that its extent is rather
important. The energy separation between the two resulting o/7 MOs, one antibonding
and one bonding, was calculated by the LCBO method as

AE = [(AE°)? +4p%)'/2

where AE° is the energy difference between the two interacting levels [wrc=c and
a’(ogy—c)] and B is the resonance integral. It follows that

B =[(AE)* — AE®]'/2)2

The o -7 resonance integral for Me3 SnCH,CH=CH; was found to be 1.08 eV, a value
very close to that in other allyl and benzyl compounds of Group XIV elements, already
mentioned’?.

FIGURE 12. Definition of the dihedral angle ¥ for a tin-allyl compound. Reproduced by permission
of Elsevier Science from Reference 89
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FIGURE 13. The photoelectron spectrum and correlation diagram of Me3SnCH,CH=CH, (14). Repro-
duced by permission of Elsevier Science from Reference 89; (a) IE from Reference 99; (b) IE from
Reference 100; (¢) IE from Reference 33

Table 6 reports the resonance integrals for all the compounds of the series with the
exception of Ph3SnCH,CH=CH, (15). Some points are of interest: (i) On going from
the methyl to the butyl derivatives, the extent of the hyperconjugation, constantly present,
decreases, probably due to a deviation of the angle ¢ from 90° caused by the greater bulk
of the butyl groups. (ii) Within each subseries the extent of the o - conjugation falls upon
substitution of the alkyl groups by chlorine atoms, probably because of a participation of
3p atomic orbitals of chlorine in the function involved in the hyperconjugation. The spectra
suggest the presence of a significant o— interaction also in the triphenyl derivative 15,
where this interaction is restricted to the allyltin moiety, without any contribution from
the 7 orbitals of the phenyl rings.
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TABLE 6. Resonance integrals for o/7 interaction (8(o/m)) in the series R3_,Cl,SnCH,CH=CH,.
Reproduced by permission of Elsevier Science from Reference 89

o

Compound E° of interacting AE E AE B
levels (eV) eV) (eV) V) eV)
6(Sn—C)  7(C=C) (o/m)F  (o/m)”
Me3;SnCH,CH=CH, —9.50 —9.70 0.2 —10.87 —8.70 2.17 1.08
Me,CISnCH,CH=CH, —9.83 —9.70 0.13 —10.65 —8.95 1.70 0.85
MeCl,SnCH,CH=CH, —10.30 —9.70 0.60 —10.69 —9.33 1.36 0.61
Bu3zSnCH,CH=CH, —8.95 —9.70 0.75 —10.30 —8.40 1.90 0.87
Bu,CISnCH,CH=CH, —8.95 —9.70 0.75 —10.25 —8.63 1.62 0.72
BuCl,SnCH,CH=CH, —9.53 —9.70 0.17 —10.42 —9.24 1.18 0.58

An interesting example of PES study of molecules in which an alkyltin moiety is
bonded to a conjugate system of two C=C bonds through a CH; group is described in
Reference 95. The compounds studied by PES supported by pseudopotential calculations
and compared with NMR data were those defined in Figure 14. To determine the equi-
librium conformation of these molecules in the gas phase is a difficult task, due to the
free rotation around the C(1)—C(2) o-bond. Contributions to the total energy are given
by two effects of opposite sign: repulsive interaction between methyl groups and the
hydrogens bonded at C(2) and C(3) atoms or mc=c electrons, that increases the energy,
and o-m mixing between the og,—cpy, and the mc=c bond, that decreases the energy.
To find the value of minimum energy, the authors performed several calculations on the
molecule 16, varying the dihedral angle ¥ between 0° and 180°, while keeping fixed the
dihedral angles ® at 60°, 180° and 300° (values giving the lowest energy value). They
found a minimum in the total energy curve for = 108.75°, the barrier to the rotation
being maximum, 6.81 kcal mol~!. The energy of the 0° conformer is higher than that of
the 180° one, in both cases the o/m hyperconjugation being symmetry-forbidden. It is
noteworthy that the minimum energy conformation is not that with ¥ = 90°, as expected
in view of a possibly better o/ conjugation. The He I and He II spectra, along with the
PSHONDO calculations performed for the most stable conformer, indicated a fairly strong
o—m conjugation, following the scheme of the correlation diagram shown in Figure 15,
which was assumed valid also for 17, given the strong similarity of the photoelectron
spectra. The analysis of the electronic structure of these molecules correlates well with
the 13C NMR chemical shifts and '3C-"1"Sn couplings, some of which were taken from
previous literature data'0!,

SnMeg

My

H " CH

W 8=

Ne=dl
/ AN
R H

FIGURE 14. trans-E isomer of the trimethylstannylpentadiene (R = H, 16) and the trimethylstannyl-
hexadiene (R = Me, 17). Reproduced by permission of Freund Publishing House, Ltd., London, from
Reference 95
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butadiene X—CH,—SnMej
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FIGURE 15. o/m Hyperconjugation between one og,—cp, bond and two split rc=c bonds in trialkyl-
stannyldienes. Reproduced by permission of Freund Publishing House, Ltd., London from Reference 95

The He I and He II photoelectron spectra of tetravinylstannane Sn(CH=CH,)s were
studied by Novak and coworkers®”. They assumed a rather weak interaction between the

vinyl groups, and between them and the central tin atom.
Alkynyltin and alkynyllead derivatives were extensively studied by PES, together with

NMR and pseudopotential calculations®® 929397, For the sake of simplicity we will divide

the compounds investigated into two classes:
(a) Linear acetylides and diacetylides, of the general structures:

@O R3MC=CR’
R=EtR =H
CH,
/
M=5n{ R=MeR =C
N
CH,
R=R =Me
szb{Rzl\/[/e,R’ =SIMC3
R=R' =Me
) MesMC=CMMes3, M = Sn, Pb
(11I) MesMC=CC=CMMej3, M = Si, Sn; R = Me

A representative spectrum, i.e. that of Me3zSnC=CSnMes (18), is displayed in
Figure 16, along with the correlation diagram, built starting from the experimentally
known IEs of Me3SnH3® and acetylene!“2, taking into account the reciprocal inductive
effects of the various fragments (represented in Figure 16 by the arrow). It appears
clearly that bands A and C are related to MOs (e’) of mixed o-m character, whilst
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8 10 12 14 16
IE (eV)
8 [3x Me,snH(C,)" Me,Sn-C=C-SnMe,(D,,) H-C=C H(D_,)
o
-9+
Ognc®®
-10 —
Tgn.c®@)
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a”1 TT CEC(JTU)
_12 —

FIGURE 16. The photoelectron spectrum and correlation diagram of Me3SnC=CSnMe3 (18): (a) IE
values taken from Reference 38; (b) IE taken from Reference 102. Reprinted with permission from
Reference 88. Copyright (1985) American Chemical Society

band B arises from ionization of an orbital (e”) substantially localized on the 0Sn—CHj
bonds. The pseudopotential calculation was in agreement with this scheme. It is evident
that the presence and the extent of the o-m conjugation in this kind of molecule
depends critically upon the nature of the substituents R and R’, which may induce
shifts, sometimes quite large, of the interacting starting energy levels in the correlation
diagrams. For instance, in the class I, the o—m interaction is not very important in 19
and negligible in Me3SnC=CMe (20), whilst being quite important in the diacetylide
Me3SnC=CC=CSnMej (21). The nature of the HOMO is therefore different in the various
molecules, being of mixed o -7 character in 18, 20 and in Et3 SnC=CH (22), whilst being
of predominant wc=c character in 19 and 20.

CH3
€391
CH2

19)

The bonding situation is quite similar in the lead acetylides, where the hyperconju-
gation is significant in Me3PbC=CSiMe3 (23) and in Me3;PbC=CPbMe3 (24), whilst
being negligible in Me3PbC=CMe (25), as in the tin analogue. The similarity of the
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chemical bonding in 20 and 25 was confirmed by NMR measurements'%>. On the whole,
the results of these investigations are consistent with the expectation of a higher o-m
interaction in tin and lead acetylides with respect to alkyl-, silyl- and germyl-substituted
analogues, also studied extensively by PES!02.104=110 However, a search for regularities
in IE trends along series of acetylides of Group XIV elements, such as that done in Refer-
ence 111, is not very meaningful. In fact, in the alkyl and silyl acetylides the mechanism
of the o—m conjugation is relatively simple, the orbital energy of the o orbitals being
always lower than that of the mc=c orbitals, and the effect of the conjugation being
therefore always destabilizing for the latter orbitals. The situation is more doubtful in the
case of germyl derivatives and very complicated in the tin and lead acetylides, as just
discussed.
(b) Tetrahedral and pseudotetrahedral acetylides of the structures:

M(C=CR)4 (26)

M = Sn; CMej, SiMes
M = Pb; R = Me, SiMej
and

Me, Pb(C=CMe),

In these molecules both experimental and theoretical results indicate that the o-m
interaction is practically non-existent.

D. Acetylgermane

We place in this section a study by Ramsey and coworkers'!2, dealing with the molecule
Me3;GeC(O)Me, whose photoelectron spectrum, compared with that of the silicon ana-
logue, with UV absorption spectroscopy measurements and with the results of CNDO/2
calculations, allows one to ascertain the presence of a strong mixing between the local-
ized oxygen lone pair and metal-carbon bond. The authors suggested that the HOMO is
a o-type antibonding combination of O lone pair and Ge—C localized orbitals and that
the longest-wavelength singlet—singlet transition must therefore be regarded as o — n*.

V. COMPOUNDS CONTAINING METAL-METAL BONDS

This section will deal with PES investigations on molecules where direct bonds between
Group XIV metals (equal or different) are present*® 137116 Szepes and coworkers'!?
studied the He I spectra of molecules of the general structure MesMM'Mes (M = M’ = C,
Si, Ge, Sn; M = Sn, M’ = Si; M = Sn, M’ = Ge), which were assigned with the aid of
CNDO7/2 calculations. They found that the HOMO is in all cases highly localized at the
metal-metal bond. Table 7 reports the observed IEs for the outermost MOs. The authors

TABLE 7. Ionization energies (eV) for Me3sMM’'Mej derivatives. Reproduced by
permission of Elsevier Science from Reference 113

M-M' M—-M/(a;) C3M(e) C3M/(e) C3M(ay)
Ge—Ge 8.6 9.7 10.2

Sn—Sn 8.20 92 9.6

Sn—Si 8.32 9.42 10.1 11.65

Sn—Ge 8.33 9.5 10.15 11.63
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FIGURE 17. Plot of the ionic bond dissociation energy (D" = AP — IE) for the formation of the
[Me3;M] T ion from MesMM'Mes vs IE; for Me3SnSnMes (a), Me3SiSnMes (b), Me;GeSnMes (c),
Me3GeGeMes (d) and Me3SiSiMes (e). The appropriate appearance potentials (APs) and ionization
energies (IEs) are taken from Reference 117. Reproduced by permission of Elsevier Science from
Reference 113

6 8 10 12 14 16 18
IE (eV)

FIGURE 18. The photoelectron spectra of MesGe (a), Me3GeGeMes (b), Me(Me,Ge);Me (c) and
Me(Me;Ge)sMe (d). Reproduced by permission of The Chemical Society of Japan from Reference 116
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made a plot of the ionization energy of the HOMO versus the ionic bond dissociation
energy taken from the literature!!’, finding a satisfactory linear relationship, as shown in
Figure 17. This good correlation is explained by a gradual weakening of the M—M’ bond
upon ionization of the HOMO going down the group.

Mochida and coworkers investigated series of peralkylated catenates of silicon, germa-
nium and tin!'>11%_ In particular, they studied some permethylated linear polygermanes,
Me(Me,Ge), Me (n = 2-5), with the aim of investigating the electron-donor ability of the
germanium-germanium o bonds, i.e. the ability to transfer an electron to an electrophile
acting as an electron acceptor. Figure 18 shows the He I spectra of the Me(Me,Ge),Me
(n = 2-4) together with the spectrum of Me4sGe. One can see that on going from MesGe
to Me3GeGeMes; a band at low IE appears. This band is split into two and three bands,
respectively, on going to Me(Me,Ge);Me and Me(Me,Ge)sMe. These bands were there-
fore ascribed to ionization out of orbitals of Ge—Ge ¢ bonding character.

VI. COMPLEX COMPOUNDS

With the designation ‘complex compounds’ we mean germanium, tin and lead deriva-
tives in which the metal atoms are bonded to quite large groups, giving rise to complex
molecules, although they can not always be classified as classical ‘complexes’. We will
further divide this section into subsections, trying to identify classes of compounds with
some analogies.

A. Nitrogen-containing Compounds

The first IE of a series of substituted diazoalkanes of formula Me3MC(N),CO,Et
M = Si, Ge, Sn, Pb), MesMCHN, (M = Si, Ge) and (Me3M);CN, (M = Si, Ge,
Sn, Pb) were measured by He I PES!!8. The electronic structure of these molecules was
also investigated by Mossbauer, NMR and IR spectroscopy. The HOMO, of mcnn char-
acter, is increasingly destabilized by substitution of hydrogen in diazomethane CH,N; for
organometallic groups at the o-C-atom. The measured IE values correspondingly decrease
along the series H > Si = Ge > Sn > Pb.

Andreocci and coworkers!'!® studied a series of four-membered cyclic amines, of for-
mula

tBu tBu

N N
N N
MeZSi< /M M= Sn (27), Pb (28) and MezM< /SnMez M = Si (29), Sn (30)
N N

+Bu +Bu

The main aim was, on the one hand, to ascertain the presence of a ‘through-space’
interaction between the two nitrogen lone pairs and the role played by the Si—C and
Sn—C bonds in the mechanism of this interaction, and on the other hand, to evaluate
the effect of the change in tin oxidation state (42 in 27, +4 in 30) on the electronic
structure of these molecules. The He I and He II spectra were interpreted by comparison
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with literature PES data on the non-cyclic molecules*8:

+-Bu
Mes Si N
M M=Sn,Pb
Me; Si N
-Bu

as well as with the results of pseudopotential calculations performed on model molecules
containing methyl in place of the ¢-butyl substituents, and with NMR data. The cyclic
compounds were assumed to be monomeric species in the gas phase, with a planar geom-
etry of the ring. Table 8 reports the IE values measured for the various photoelectron
bands with the assignment. Some points emerge clearly:

(i) The ‘through-space’ interaction between the nitrogen lone-pair orbitals, perpendic-
ular to the ring, is significantly stronger in 27 and 28 than in 29 and 30, this resulting
from the larger splitting between the antisymmetric (ni‘?ym) and the symmetric (ni?m)

TABLE 8. Ionization energies and assignments for cyclic amines
27-30. Reproduced by permission of Verlag der Zeitschrift fiir Natur-
forschung from Reference 119

Compounds Band label? IE (eV) Assignment
27 3az 7.40 "
9a 8.09 nsy
5by 8.40 g
6b, 9.50 OSn—N
4b,y 10.5° Osi—c
28 3a; 7.12 ™"
9(11 7.89 npyp
5by 8.11 ny
6b1 9.03 OPb—N
4by 10.2° Osi—C
29 4ay 7.40 "
8b, 7.78 "
11a; 9.28 Ogn—N T OSiN
by 9.28 Ogn—N T OSiN
Thy 9.85" Ogn—c + Tsic
6b) 10.49° Ogn—c + Tsic
30 4ay 7.11 "
8b, 7.34 R
11ay 8.83 OSn—N
7by 8.83 OSn—N
7b2 9.48 Ogp—C
6b, 10.00 Ogn—c

4MO labels of dimethyl compounds are used.
b Shoulder.
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combination of these orbitals in the M(II) derivatives. This effect can be explained, from
theoretical calculations, by the fact that in 29 and 30 the ni‘;ym orbital (8b,) may combine,
and actually does, with the 60, MO, of oy;—c character.

(i) The replacing of tin with lead on passing from 27 to 28 leads to a systematic
lowering of the IEs due to the stronger metal character of Pb compared to Sn. The
calculations suggest a mixed s—p character of the ny non-bonding orbitals, as already
found in the non-cyclic amines.

(iii) The IE values of the Si-containing compound 29 are systematically higher than the
corresponding ones of 30, due to the higher electronic charge localized on the nitrogen
atoms. This can be explained by both the stronger metal character of Sn compared to Si,
and the missing d;(Si) «—— p,(N) interaction in 30.

B. Sulphur- and selenium-containing Compounds

In this section we will describe some PES investigations on Group XIV element deriva-
tives in which one or more sulphur or selenium atoms are bonded directly or indirectly
to the metal'?°~132_ The aspects investigated preferentially for these molecules were the
electronic and conformational situation, the role played in the bonding by the chalcogen
lone-pair orbitals and possible hyperconjugative interaction (n—o or p;—dy).

The electronic interactions between the MMe; substituents and the sulphur ns orbital
were analysed!?! on the basis of the semilocalized orbitals approximation in two series
of the structures S(MMe3), and MeSMMes (M = C, Si, Ge, Sn, Pb).

Three electronic effects are relevant in both series:

(i) the reciprocal electrostatic effects of the various groups,

(ii) the n—o interaction between the sulphur lone pair and oy;—c orbitals,

(iii) the p, —d, interaction between the sulphur lone pair and the d orbitals of M.

In all the compounds the HOMO was found to be of main sulphur lone-pair character.
Figure 19 shows the variation of the orbital energy along the two series. On the basis
of several considerations, the authors proposed that the most important interaction when
M = Si is the p,-d; one, while the +I effect of the PbMe3 group predominates when
M = Pb, and when M = Ge, Sn there is no evidence for the predominance of one of the
three electronic effects.

Conformational and electronic structure considerations are the main subjects treated in
studies on dithiolanes and related open-chain species!'?> 124129 of the structures I and II.

In these molecules two kinds of interactions are present: a ‘through-space’ interaction
between the two sulphur lone-pair orbitals, giving rise to an antibonding (n_) and a

eV

C Si Ge Sn Pb

FIGURE 19. Comparison between the energies of the sulphur nt MO: —, S(MMe3),, MeSMMes;
=mm. Reproduced by permission of Elsevier Science from Reference 121
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R\ /S—CHZ Me\ /S—R
/M /M
RN RN
R S——CH, Me S—R
M=C,Si, Sn; R = Me M=C, Si, Sn;
M = Si, Sn, Pb; R = Ph
@ In
bonding (ny) MO, and the interaction between the lone-pair orbitals and the orbital of
R
suitable energy and symmetry of the =~ M moiety. The extent of such interactions depends
R

of course critically on the molecular geometry. The conformation of the dithiolanes (series
I), according to Dreiding models, must contain a non-planar cycle. Therefore, due to the
low symmetry, both n_ and n; combinations can interact with other orbitals. On the
other hand, following CNDO/2 calculations performed by Bernardi and coworkers!?3, the
most stable conformer for the series II of the open-chain compounds is that with a planar
Me

M moiety, and therefore only the n; sulphur combination can interact with the rest

Me
of the molecule.

Figure 20 shows the photoelectron spectra of 31 and of Me,;Sn(SMe), (32). The assign-
ment of the spectrum of 31 is not straightforward, and controversies can be found in

He Il
31
He l
8 10 12 14 10 12 14 16
IE (eV) IE (eV)

IE (eV)

FIGURE 20. The photoelectron spectra of compounds 31 and 32. Reproduced by permission of Elsevier
Science from References 123 and 129
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S——CH,
Me, Sn

S——CH,

(3D

literature. The dramatic decrease in intensity of the first band on passing from He I to
He II ionizing radiation supports the assignment to the ionization of both ny and n_
sulphur lone-pair combination, practically unsplit, at variance with the carbon and sili-
con analogues, indicating a very small, if any, ‘through-space’ interaction. The following
three peaks, giving rise to the second broad band, were attributed to ionization of the
U;'n_s and Ogh_s and w(C—Sn—C) orbitals, the ordering in IE not being determined with
certainty. It is interesting to observe the peaks deriving from the Sn 4d pseudo-valence
orbitals, at 34.08 (3Ds ,2) and 35.07 (2Ds ,2) eV. These IE values are slightly lower than
in SnCly (34.91 and 36.05 eV)'3? and higher than in Me,SnCl, (32.59 and 33.61 eV)!33,
suggesting that the bidentate ligand acts as an electronegative group. The spectrum of
32 is fairly similar, although the first band is broader (Bernardi and coworkers!? could
identify a shoulder in the low-IE side), indicating a small interaction between the sul-
phur lone pairs. The corresponding band in the carbon and silicon derivatives is split
into two components, indicating a different mechanism of interactions. For instance,
the hyperconjugative effects, stabilizing n~ and destabilizing n*, are probably of the
same order of magnitude when M = C and M = Si, whilst being practically absent
when M = Sn. Furthermore, d-orbital participation is significant only in the case of
the silicon derivative, while in the tin derivative 32 mainly the inductive effect oper-
ates.

Modelli and coworkers'?0 studied by PES and ETS (electron transmission spectroscopy)
some silicon and tin derivatives of thiophene and furan, with the aim of following the
energy gap between the HOMO and the LUMO as a function of the substituents. In
particular they investigated the following tin derivatives:

s Ws!

(6}

SnMe; MesSi SnMe, SnMe,

The experimental results indicated that the filled and empty # MOs of thiophene and
furan are perturbed in opposite directions by the MR3 substituents, causing a reduction
of their energy gap. Furthermore, the empty orbitals of the substituents do not stabilize
significantly the filled ring 7 orbitals, whilst mixing significantly with the unoccupied 7*
orbitals.

A spectroscopic detection of germathiones and silathiones, previously characterized
only by chemical trapping, was described elsewhere!?’-128, Dimethylgermathione (33)
and dimethylsilathione were generated from the corresponding trimers (Me;MS)3[M =
Ge(34), Si] by pyrolysis (250-300°C, 5 x 10~2 mbar).

Me\
/M=S (M = Ge (33), Si)
Me
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34

42°C

IE (eV)
34

272°C

IE (eV)

FIGURE 21. The He I photoelectron spectra of compound 34 (M = Ge) at 42 and 272 °C. Reproduced
by permission of Elsevier Science from Reference 127

Figure 21 shows the photoelectron spectra of 34 (M = Ge) at 42 and 272 °C. The
evident change in the shape of the spectrum clearly indicates the decomposition of the
trimer. Band 1 was attributed to ionization of the sulphur lone pair of the monomeric
species 33 (M = Ge), band 2 is related to the w# Ge=S bond, bands 4 and 6 to the o
Ge—S and o Ge—C bonds respectively. Bands 3 and 5 were assigned to the ionization of
a dimeric species. The assignment was supported by pseudopotential calculations. Also,
the photoelectron spectrum of the dimeric species (n-BuyGeS), was detected.

A joint study of cyclic compounds and smaller open units, which can be considered in
some way precursors of the former ones, was carried out by Cauletti and coworkers'>?
on the following systems:

Me Me

\S /
Me; Sn n
EhaNy X/ \X
X and Me | | Me (X=S§,Se)
/ AN /

Me; Sn Sn Sn

V4 \X/
Me Me

The main aim was to verify the changes in the tin—chalcogen bonding on passing
from open to cyclic molecules, also in light of previous experience on some Group XIV
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thiospiranes'3*. The PES results were analysed on the basis of pseudopotential calcula-
tions, and compared with NMR data, namely 8(!1°S) and 8("’Se). Both the experimental
and theoretical results indicated that in both the monomeric and trimeric species the
HOMO has a predominant chalcogen p lone-pair character, though with a not negligi-
ble contribution of orbitals of the CH3 groups via hyperconjugative interaction. Such an
interaction is allowed by the twisted-boat conformation assumed by the cyclic molecules
(Cy symmetry). The expected ‘through-space’ interaction between the three p lone pairs
in the trimers was proven to be quite weak, given that only one PES band in the IE region
between 8 and 9 eV, typical of the chalcogen lone-pair ionizations, could be observed
and assigned to ionization of the three quasi-degenerate lone-pair orbitals. It is interesting
to observe that the spectra of Si and Ge sulphur analogues just discussed'?”-128 are quite
similar, though showing an evident shoulder on the low-energy side of the first band.
This hints at a similar geometry for these molecules, with a slightly greater interaction
between the sulphur lone pairs in the Si and Ge derivatives. On the other hand, the
analogous molecule with C atoms, 1,3,5-trithiane, shows a doublet of bands of intensity
ratio 1:2 in the PE spectrum'3’, indicating quite important sulphur lone-pair interaction,
probably due to the different molecular geometry (chair conformation, C3, symmetry).
Both in the monomeric and in the trimeric molecules, extensive delocalization of o-
electron density was suggested by the calculations and the NMR results, which showed
a remarkable deshielding of the ''°Sn nuclei, attributed not only to the mentioned high
degree of delocalization of o-electron density but also to the presence of electronegative
ligands.

A nice example of conformational studies in vapour phase by PES is represented
by the investigation described in Reference 131 on trimethylphenylthiostannane (35).
In this molecule the dihedral angle ¥ (see Figure 22) between the plane of the phenyl
ring and the C—S—Sn plane determines the extent of the conjugation between the
system of the phenyl group, on the one hand, and the sulphur lone pair and/or the og,_g
bond, on the other, the maximum interaction being with the sulphur lone pair for ¢ =
0° and with the og,_g orbital for & = 90°. The He I and He II spectra of 35 are
shown in Figure 23. The band A, dramatically decreasing in intensity on passing from
He I to He II ionizing radiation, clearly related to the sulphur 3p lone pair, falls at
8.39 eV, an IE value higher than that of the corresponding band in HSPh (8.28 eV'??)
and MeSPh (8.07 eV'3%), despite the greater electron-donor ability of the Me3Sn group
relative to H and Me. In the latter two compounds a significant n— interaction between the
sulphur lone pair and the 7 system of the phenyl ring is present, destabilizing the HOMO,
differently than in 35, where the HOMO is essentially of S 3p lone-pair character. The
following system of the three bands B, C and D, at 8.63, 9.20 and 9.79 eV, respectively,
is typical of conjugative interaction of a 7 orbital of the phenyl ring (ejg in benzene)
in a monosubstituted benzene. In this case bands B and D represent the antibonding and
bonding combinations, respectively, of the 7 phenyl orbital with the og,_¢ bond, while
band C is related to the unperturbed component of the phenyl & orbital. This is a clear

FIGURE 22. Definition of the dihedral angle ¥ in trimethylphenylthiostannane (35). Reproduced by
permission of Elsevier Science from Reference 131
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8 10 12 14
IE (eV)

FIGURE 23. The photoelectron spectra of compound 35. Reproduced by permission of Elsevier Science
from Reference 131

indication of a molecular conformation with ¥ around 90° allowing an important o -7
conjugation, causing the splitting of 1.16 eV between bands B and D.

It is interesting to observe that the og,—g bond in Me3SnSMe, which is not involved
in any conjugative interaction, ionizes at 9.55 eV'?0, i.e. at a much higher IE than that
of the first band (B) of the triplet in the spectrum of 35.

The electronic structure of some alkyltin derivatives with sulphur-containing ligands
was studied by Cauletti and coworkers'?>, by means of PES supported by CNDO/2
calculations. The compounds investigated were trialkyltindialkyldithiocarbamates:
R3SnS;CNR; (R = Me, Et), dialkyltin bisdialkyldithiocarbamates: Rgsn(SZCNR’2 » R =
R’ = Me; R = n-Bu, R’ = Me), trimethyltindimethyldithiophosphinate: Me3;SnS;PMe,
and dialkyltin bisdiethyldithiophosphinates: R,Sn(S>PEt;), (R = Me, n-Bu).

The analysis of the experimental and theoretical results on these complex molecules
leads to some generalizations about the sequence of MOs in such compounds. The highest
energy levels in both dithiocarbamato and dithiophosphinato complexes are 7-type orbitals
of predominant S 3p character; the following orbitals are of og,_g and og,_¢ type. There
are indications, originating from comparison between He I and He II spectra, that in the
dithiocarbamates both ligand sulphur atoms are involved in the coordinative bonding
with Sn.

C. Acetylacetonate Derivatives

This section deals with PES studies on alkyl-and chloro-tin complexes, with acety-

lacetonate and related ions as ligands®>!37. Cauletti and coworkers® investigated the
following compounds:

R3Sn(acac) (R = Me, Et; acac = acetylacetonate)
R>Sn(acac), (R = Me, n-Bu; acac = acetylacetonate)
R>Sn(Tacac), (R = Me; Tacac = trifluoroacetylacetonate)

along with simpler molecules [Me3SnOMe, R>SnCl, (R = Me, n-Bu)] for comparison.
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Fragala and coworkers'3” analysed the He I and He II spectra of S-diketonato com-
plexes of formula Me,;Sn(pd); (36) and Cl,Sn(pd), (37) (pd = pentane-2,4-dionate),
having a pseudo-octahedral frans or cis configuration, with the aim both of elucidating
the stereochemistry of such complexes and of gaining more direct insight into the bonding
of the alkyl- or halo-tin moiety with the bidentate ligand. The interaction between the
orbitals of the ligands (73, n_ and ny for each chelate ring, following the notation of
Evans and coworkers!?®) and the Sn orbitals depends critically on the molecular con-
formation. The molecule of 36 is known to have in both solution and the solid state a
trans-‘pseudo-octahedral’ geometry, whilst that of 37 has a cis structure, as shown in
Figure 24. The authors assumed the same geometry in the vapour phase. Correspondingly,
the photoelectron spectra of the two compounds look quite different, as appears clearly

37 a

L
/
Me c v
CH™
Me
Me *Z

36 4 Sn X H
S\
/ Me \

FIGURE 24. Geometrical arrangement of 36 (D symmetry) and 37 (C, symmetry). Reproduced by
permission of The Royal Society of Chemistry from Reference 137

TABLE 9. Ionization energies and assignments for
Me>Sn(pd),. Reproduced by permission of the Royal
Society of Chemistry from Reference 137

Band labelling IE (eV) Assignment
A 8.35 biu(3)
B 8.93 bag(13)
C 9.16 big(n_)
D 9.63 boy(n-)
E 10.16 biulo(Sn—C)]
F 10.51 ag(ny)
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from Figure 25. On the basis of a localized bond model and of comparison of the band
intensity ratios in the He I and He II spectra, the assignments reported in Tables 9 and 10
were carried out. Some interesting information can be extracted from the results obtained:

(i) In the trans complex 36 the MOs localized on the equatorial ligands are pro-
foundly involved in bonding with the 5 p, and 5 py orbitals of Sn; furthermore, some

IE (eV)

Hell

| | | | | |
8 9 10 11 12 13

IE (eV)

FIGURE 25. The photoelectron spectra of compounds 36 and 37. Reproduced by permission of The
Royal Society of Chemistry from Reference 137
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TABLE 10. Ionization energies and assignments for CloSn(pd);.
Reproduced by permission of the Royal Society of Chemistry from
Reference 137

Band labelling IE (eV) Assignment
A 9.10 a+ b(m3)
B 10.20 a+bmn_)+alo(Sn—Cl)]
(10.57)
C 10.74 Cl lone pairs
(10.86)
D 11.64 a+bmn-)+alo(Sn—Cl)]

Sn 5s electron density is transferred to equatorial bonding via the ag[o(Sn—C)]-ag(ny)
interaction.

(ii) In the cis complex 37 significant interaction between MOs of the ligands and those
of Sn does not exist, the observed IEs of the highest occupied MOs being only affected
by the potential field due to the tin atom, experienced by the ligand.

D. Cyclopentadienyl Derivatives

In this section PES studies of sandwich compounds of Group XIV elements with
cyclopentadienyl and related ligands'3®~14! will be described. Cradock and coworkers!3°
studied the Sn(II) and Pb(Il) cyclopentadienyl (Cp) complexes, SnCp; (38) and PbCp,
(39), along with other heavy-metal derivatives, namely HgCp,, TICp and InCp. SnCp,
and PbCp; are of considerable interest since they are the most stable organic derivatives
of these metals in the oxidation state +2. They have centrally bonded metal atoms, i.e.
a pentahapto coordination implying a delocalized 7 system extending over all the five

carbon atoms of the ring, as in the cyclopentadienide anion, CsHj : @

In the Group XIV compounds the two rings are not parallel, due to the influence of the
metal lone pair, giving rise to a bent-sandwich molecular structure'*> (C,, symmetry),
different from that in other stable cyclopentadienyl derivatives, such as Fe(Cp),, where
the two rings are parallel (D5, symmetry in the eclipsed conformation and Dsq symmetry
in the staggered one).

Baxter and coworkers!? also studied 38 and 39, together with the pentamethylated
analogues, SnCp’, (40) and PbCp’, (41) (Cp’ = MesCs). The authors analysed the PE
spectra with the help of Xa-SW calculations on the molecule of 38, assuming the molec-
ular geometry shown in Figure 26. The computed IE values of 38 and the experimental
IE values of compounds 38-41 are reported in Table 11. It is clear that the two highest
occupied MOs (6a, and 9b,, very close in energy) are localized on the & system of the
two rings, while the bonding ring Sn MOs are the 11a;, 6b;, 10a;, 8b, and 9a;. The
calculation indicated that the least bonding orbital is 11a; in which the primary interaction
occurs between the ring 7 MOs and the Sn 5p, AO, with significant participation also of
the Sn 5s AO. In 6b, the bonding interaction is with the Sn 5p,. The strongest bonding
occurs in the 86 MO. The 9a; MO arises from interaction of the Sn 5s AO with an a;
combination of ring 7 MOs. The Sn lone pair is the 10a; orbitals. The other compounds
gave rise to similar PE spectra, whose assignment followed the same lines as discussed
for 38. The observation that the averages of IE values for the 6a; and 9b, MOs are
practically identical for the couples 38, 39 and 40, 41 is consistent with the localization
of these MOs on the rings and the consequent independence of their IE of the central
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FIGURE 26. The geometry of SnCp, (40), omitting the hydrogen atoms; V = 146°, dg,_¢ = 2.70 4,
dec = 1.42 A, dey = 1.14 A. The molecule has Cay symmetry and the equivalent carbon atoms have
identical numbers. The Sn, C; and C;’ atoms lie in the yz plane. Reprinted with permission from
Reference 140. Copyright (1982) American Chemical Society

TABLE 11. Calculated ionization energies for SnCp, (38) and experimental ionization energies for
SnCp; (38), PbCp» (39), SnCp’, (40) and PbCp’;, (41). Reprinted with permission from Reference 140.
Copyright (1982) American Chemical Society

Calculated Experimental IE values (eV)

Assignment MO“ 1IE(eV) 38 39 40 41
Ring 7 6a; 6.60 7.57 7.55 6.60 6.33

9b2} 6.61 791 7.85 6.60 6.88
Ring-Sn 11a; 7.31 8.85 8.54 7.64 7.38
Bonding MO 6b1} 7.64 8.85 8.88 7.64 7.38
Sn lone pair 10a; 8.74 9.58 10.10 8.40 8.93
Ring-Sn 8b, 11.25 10.5 10.6 9.4 9.38
Ring o Sa 13.34

5by } 13.35 11.2 12.0 10.2 10.0
Ring-Sn 9a; 13.41 to to to to
Ring o 8a; 13.46 14.0 145 16.0 16.0

7b2} 13.41

“The orbital labelling employed is that of the Xa-SW calculation on 38 and it has been used for the other compounds.

atom. The IE values of the metal ‘lone-pair’ MOs are larger for 40 and 41 than for 38
and 39, indicating a greater participation for these MOs of s AO of the metal in the lead
than in the tin derivatives.

Bruno and coworkers'#! investigated some Cp’ derivatives of Ge and Sn by He I and
He II PES, namely GeCp) (42), SnCp) (40) and GeCp'Cl. The authors, on the basis of
the band-intensity ratio variations on passing from the He I to the He II spectra (see
Figure 27), make a different analysis of the electronic structure of 40 than the authors
of Reference 140. They observed that the bands A and B present comparable total half-
widths, and do not show any significant metal dependence. Furthermore, on the whole,
the low-IE spectral region is similar for both 42 and 40 to that for highly symmetri-

cal cyclopentadienyl derivatives, such as Mngé43 and Mng’2144, where the rings are
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FIGURE 27. The photoelectron spectra of compounds 40 and 42. The solid line refers to the experimen-
tal data; the dashed line shows the Gaussian components; the points refer to the convoluted Gaussian
components. Reproduced by permission of Elsevier Science from Reference 141

parallel. This is consistent with electron diffraction data for 42 in the vapour phase!*’,

indicating an equilibrium conformation with almost parallel ring ligands. In conclusion,
the authors of this investigation propose that the four highest occupied MOs in both 42
and 40, corresponding to the spectral doublet A, B, are of main ring 7 character, though
with some admixture of metal p orbitals, while the following orbital, corresponding to
band C, is related to the metal s lone-pair orbital. Also, the high IE associated with the
latter orbital (8.46 eV in 42, 8.39 eV in 40) is indicative of a pronounced ‘inertness’ of
the metal lone pair, and therefore of almost ionic metal-ligand bonding character.

VIl. CARBONYL DERIVATIVES

This section contains a description of a PES study on an interesting class of complexes,
of formula LsMCo(CO)4!*¢ (M = Si, Ge, Sn, Pb; L = CI, Br, Me). The chemistry of
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FIGURE 28. Low-IE region of the photoelectron spectra of compounds 43 and 44. Reproduced with
permission from Reference 146

complexes with main group metal-cobalt bonds attracted a great deal of attention'*’ also

due to the catalytic activity of octacarbonyldicobalt in reactions involving organosilicon
hydrides. A strong intermetallic bonding (M—Co) was suggested on the basis of measure-
ments and calculations of bond dissociation energies from appearance potential data and
mass spectroscopy 8. The low-IE region of the He I and He II spectra of Me3SnCo(CO)y4
(43) and Me3PbCo(CO)4 (44) is shown in Figure 28, while a qualitative MO diagram is
reproduced in Figure 29. From this scheme and the observation of band-intensity ratio
variations on switching from the He I to the He II ionizing radiation, the authors suggested
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MezMCo(CO),
’ AN MezM*
/// T—ay
Co(CO),~ / /

aq —H_/:\ //
2o bbb M

FIGURE 29. Qualitative MO diagram of the interaction between MesM™ and Co(CO4)~ fragments.
Reproduced with permission from Reference 146

that the HOMO, corresponding to band A, has a strong metal-metal character. The fol-
lowing two MOs, corresponding to bands B and C, are derived by the 2¢ and le levels of
the Co(CO4) moiety, mainly localized on the cobalt 3d orbitals, although some interaction
occurs with the e(0M—C) orbital of the MesM™ fragment. The fourth MO, associated
with band D, is of predominant M—C character. Band D is well split in 44 into two
components, D’ and D”, with a separation of 0.55 eV, due to the spin-orbit effect, larger
for Pb than for Sn (in 43 band D is broad, but not clearly split), supporting the view of
an important participation of metal p AOs to this MO.

As for the halogen-substituted derivatives, ClsMCo(CO)s and BrzsMCo(CO)4, some
indication of multiple bonding was found, namely a § donative bonding from cobalt
to M.

No bands due to Sn(4d) or Pb(5d) ionizations could be observed in the complexes of
these metals.
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ABBREVIATIONS

The following abbreviations are used in Chapters 7-9 dealing with analytical aspects of
organometallic compounds containing group 14 elements:

AAS
AED
AES
AFD
ASV
CP-MAS-NMR
CVD
DCP-AES
DPASV
ECD
EIMS
ENDOR
EPAAS
ESCA
ESR
EXAFS
ETAAS
FABMS
FDMS
FIA

FID
FPD

LAMMA
LC

LEAF
LEAF-ETA
LEI

LOD
MAS-NMR
MS

NMR

NQR
PC-FIA
PID

PVC
RNAA
RSD

atomic absorption spectrometry

atomic emission detector

atomic emission spectrometry

atomic fluorescense detector

anodic stripping voltametry

cross polarization-MAS-NMR

chemical vapour deposition

direct current plasma AES

differential pulse ASV

electron capture detector

electron impact MS

electron—nucleus double resonance
electrostatic precipitation-AAS

electron spectroscopy for chemical analysis
electron spin resonance

extended X-ray absorption fine structure
electrothermal AAS

field absorption MS

field desorption MS

flow injection analysis

flame ionization detector

flame photometric detector
Fourier-transform infra-red

gas chromatography

GC combined with detectors of various types
graphite furnace AAS

high resolution electron-energy loss spectroscopy
inductively coupled plasma combined with detectors of various types
isotope dilution MS

instrumental neutron activation analysis
inelastic neutron scattering

ion scattering spectrometry

ion trap detector

laser microprobe mass analysis

liquid chromatography

laser-excited atomic fluorescence

LEAF electrothermal atomisation
laser-enhanced ionisation

limit(s) of detection

magic-angle spinning NMR

mass spectrometry

nuclear magnetic resonance

nuclear quadrupole resonance

packed column FIA

photoionization detector

poly(vinyl chloride)

radiochemical neutron activation analysis
relative standard deviation
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SCE supercritical extraction
SCEF-MO self-consistent field molecular orbital
SCF-MS self-consistent field multiple scattering
SIMS secondary ion MS
SNR signal-to-noise ratio
TEL tetraethyllead
TLC thin layer chromatography
TML tetramethyllead
TPD temperature-programmed desorption
UPS UV photoemission spectroscopy
uvv UV-visible
vVuv vacuum-UV
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence

I. INTRODUCTION
A. Remarks on the Analysis of Group 14 Organometallics
1. General

During the organization of the literature sources gathered on the analytical aspects per-
taining to organometallic compounds containing Ge, Sn and Pb, it was realized that the
subject needs to be treated in three separate chapters for various reasons: The profusion
of the material, the scant number of sources dealing with two or more elements of the
group, and predominantly, the driving force underlying analytical research for each one
of the elements. Thus, at present environmental pollution is by far the predominant theme
with organometallics containing Pb and to a lesser extent Sn, due to their technologi-
cal importance and their impact on biological systems. The main underlying theme with
organotin compounds is structural analysis, due to their continuously increasing impor-
tance as intermediates in organic synthesis. Organogermanium compounds have not yet
reached the technological importance of the other two groups.

2. Elemental analysis

Two subjects of fundamental importance in elemental analysis of organometallic com-
pounds are sample preparation and end analysis. In many published articles emphasis is
placed on one or the other when trying to find optimal analytical conditions for a certain
type of sample. For example, an article dealing with an improved method for trace concen-
trations of tin may be based on the use of some additives to the usual digestion reagents;
once the tin present in the sample is converted to an adequate form, measurement can
proceed either as described in the article or by alternative methods compatible with the
nature of the digested sample. No separation of the subjects is attempted in this section,
and the reader should judge by himself, on perusal of the cited literature and many addi-
tional sources, what combination of sample preparation and finishing methods best fits the
problem on hand. In the following sections two trends are reviewed for elemental analysis:
the classical macro or semi-micro methods and the modern approach, heavily based on
expensive instruments, allowing faster and more accurate determinations, and extremely
low detection limits. It should be pointed out that the modern trend is much influenced
by the stringent demands of environmental and occupational protection agencies.

Some of the older methods of analysis of the metallic element are mentioned, not only
for their historical value, but also because they may serve as the basis for the development
of new methods requiring simpler instrumentation than those in vogue today. Modern
devices used in the analytical laboratory, with prices in the range of tens if not hundreds
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of thousands $US, and requiring highly trained maintenance and operating personnel
would usually be unacceptable for on-line automatic control in industrial plants.

Organic chemists frequently make use of analytical instrumentation operating with
extremely small amounts of sample, for example GC and most of the spectroscopic
methods, but they rarely require analyses at trace or ultratrace concentration levels. The
demands of environmental and occupational protection drove analytical sensitivity to
concentrations in the subnanogram per litre level for elements such as lead. However,
instrumental sensitivity and accuracy are not sufficient. To illustrate the labours involved
in a reliable analysis of Pb in that concentration range, one should imagine a speck of
lead the size of a bacterium distributed uniformly in one litre volume. Another speck of
lead of that size could have fallen in the sample, carried by the air or shaken off from
the dress of the analyst. To avoid such contingencies, reliable analyses involve painstak-
ing procedures for sample collection and preparation, besides adequate handling of the
sensitive instrumentation required for the actual determination. This makes such analyses
extremely expensive. A comprehensive review of trace analysis of the elements appeared
recently, including underlying theory, sampling and instrumental methods!?.

3. Speciation

Trace level analyses are frequently required for forensic, clinical and toxicological appli-
cations and for better understanding of the fate of individual pollutants in the environment,
where not only the element is determined but the organic species are also identified and
individualy quantified. These analyses can be performed with or without actual separation
of the individual species.

4. Structural analysis

Classifying a compound as organometallic does not confer on it sufficient ‘function-
ality’, in the sense established for ordinary organic compounds in The Chemistry of
Functional Groups series of books. Thus, a certain untoward filling of crowding and
lack of unity may be developed when trying to discuss the organometallic compounds of
the present volume. In fact, several tomes could have been compiled for the chemistry of
organotin compounds. The structural features of organometallic compounds of group 14
give rise to various types of spectroscopic properties discussed in detail elsewhere. In
the three ‘analytical chapters’ examples published in the recent literature are shown with
scant comment, that may serve as leading references for analytical problems involving
similar structures. For example, NMR spectroscopy of organic compounds appears in the
literature with a profusion of values for chemical shifts, coupling constants and solvent
effects, and a steadily growing pool of information on MAS-NMR (magic-angle spinning
NMR). Such information is not discussed in the analytical chapters.

Coordination numbers higher than 4 for C are hardly encountered in ordinary organic
chemistry. A familiar example for a coordination 5 is the trigonal bipyramidal transition
state involved in a Walden inversion. However, with organometallic compounds containing
Ge, Sn and Pb coordination numbers of 5 and 6 are frequent, and even 7 is occasion-
ally encountered, especially in the solid state. Such structural features are analysed by
NMR and Moessbauer spectroscopies, and most frequently by single-crystal XRD (X-ray
diffraction). Innumerable solid organometallic compounds containing Ge, Sn and Pb atoms
have been analysed by XRD crystallography alone or in addition to other spectroscopic
methods for structural assessment. Of special interest are direct observation of coordina-
tion numbers of the metal atoms with surrounding ligands and their spacial arrangement,
shapes of cyclic groups in the molecule and abnormal bond lengths and angles.
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TABLE 1. Industrial organogermanium compounds®

Compound and CAS registry number NIOSH/OSHA
RTECS?
Allyltriethylgermane [1793-90-4] LY 5360000
Butyltrichlorogermane [4872-26-8] LY 4940000
Chlorogermane WH 6790000
Chlorotributylgermane [2117-36-4] LY 5230000
Dibutyldichlorogermane [4593-81-1] LY 5020000
Dichlorogermane
Digermane
Ethyltriiodogermane [4916-38-5] LY 5100000
Germane [7782-65-2] LY 4900000
Isopropyltriiodogermane [21342-26-7] LY 5125000
Methyltriiodogermane [1111-91-7] LY 5150000
Propyltriethylgermane [994-43-4] LY 5390000

“See also Reference 5.

b Registry of Toxic Effects of Chemical Substances of National Institute
for Occupational Safety and Health/Occupational Safety and Health
Administration.

5. Derivatization

Derivatization of organic compounds has been traditionally used in organic analysis as
additional evidence for structural features, to simplify analytical procedures, to improve
the sensitivity or accuracy of the analysis, etc. It is worthwhile recalling briefly the require-
ments for a good derivatizing scheme that were summarized elsewhere in the Functional
Group series'®, because such schemes will be an important part of the analytical chapters.

i. Functional selectivity. Only the functional group of interest reacts in a predetermined
way, while the rest of the molecule remains untouched.

ii. Analytical compatibility. The properties to be measured should be enhanced in the
derivative.

iii. Stability. Derivatives should be stable under ordinary laboratory conditions and those
involved in the analytical process.

iv. Ease of handling. The derivatizing process should be easy to perform within a
reasonable time.

B. Remarks on the Analysis of Organogermanium Compounds

Among the organometallic compounds of group 14 elements, those of germanium are
technologically the least important. They have, however, a certain potential in medical
applications and in high-tech fields, such as electronics, optics and radiation detectors,
where elemental germanium itself is important. Germanes, for example, can be used
for deposition of germanium thin films. A complex continental-marine environmen-
tal correlation for methylated germanium pollutants has been described”. Table 1 lists
organogermanium compounds that have found industrial application with references to
occupational protection protocols, where analytical methods for the particular compound
can be found. Analysis of organogermanium compounds has been reviewed>*.

Il. ELEMENTAL ANALYSIS
A. Determination in Organic Samples

Germanium in organometallic compounds can be determined by a modification of the
combustion tube method. The sample is mixed with a large excess of chromic oxide,
the ‘organic’ elements are burnt in the tube and are absorbed downstream, whereas the
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non-volatile germanium dioxide residue is determined by the weight difference of the
combustion tube®. Ordinary tube combustion of organogermanium compounds can lead
to erratic C-H analyses. This was overcome by carrying out the combustion very slowly’.
Volatile organogermanium compounds can be carried by the oxygen stream into the com-
bustion tube, where they leave a deposite of germanium dioxide, to be weighed at the
end of the process®.

Organogermanium compounds can be mineralized by wet oxidative digestion for 4 h at
70°C, in aqueous potassium persulphate, at pH 12. After dilution to an adequate concen-
tration germanium can be determined by ICP-AES (inductively coupled plasma atomic

emission spectrometry)°.

B. Trace Analysis
1. Atomic absorption and emission spectroscopies

A method combining FIA (flow injection analysis), hydride generation and ICP-AES
allowed 150 analyses per hour; LOD (limits of detection) 0.4 jLg/L at SNR (signal-to-noise
ratio) 3, for 1 mL aqueous sample, RSD (relative standard deviation) 3-4%. Interference
from transition metals was reduced with EDTA!C. Daily intake of high doses of germanium
compounds for 12-16 months resulted in high Ge concentrations in hair and nails, as
determined by ICP-AES. Corresponding analyses were under the LOD of the method for
individuals exposed to normal Ge levels'!.

The chemical reactions undergone by Ge in the graphite furnace during analysis by
GFAAS (graphite furnace AAS) were elucidated by AAS (atomic absorption spectrom-
etry), XRD, electron microscopy and molecular absorption spectroscopy. The Na,GeO3
deposited during the drying stage is reduced by C to elementary Ge. Volatile GeO formed
at temperatures over 1100 K leads to analytical losses. Excess NaOH enhances the Ge
absorbance, due to GeO reduction by Na at temperatures over 1500 K. Treatment of the
furnace with carbide-forming elements also enhances the Ge absorbance'2.

Two methods were examined for digestion of biological samples prior to trace element
analysis. In the first one a nitric acid—hydrogen peroxide-hydrofluoric acid mixture was
used in an open system, and in the second one nitric acid in a closed Teflon bomb.
The latter method was superior for Ge determination, however, germanium was lost
whenever hydrogen fluoride had to be added for disolving silicious material. End analysis
by ICP-AES was used for Ge concentrations in the pg/g range!>.

A method based on hydride generation and DCP-AES (direct current plasma AES)
was proposed with claims of reduced sensitivity to instrumental parameters. Addition of
L-cystine or L-cysteine reduces interference from transition metals; interference of other
hydride-forming elements is negligible; LOD 20 ng Ge/L'%. The presence of easily ion-
ized elements for signal enhancement is an important feature of DCP-AES. Alkaline and
alkaline earth elements improve the performance of this method with hydride generation
for group 14 elements. The RSD showed by 2 g Ge/L was 4.7% in water and 4.1% in
1 M KCI". Use of ammonium peroxodisulphate achieved simultaneous signal enhance-
ment and suppression of interference by Al, As, Cu, Hg, Pb and Sn at the 1 g/L level.

Cd, Co, Ni and Zn at this level interferred with the determination'®.

2. Spectrophotometric methods

Germanium solutions in the presence of phenylfluorone (1) and lauryldimethylam-
monium bromide yield coloured compounds, Apmax 508 nm, £1.60 x 10°. This allows
germanium determination at concentrations of 8-80 pg/L. Only Sb, Sn, Cr(VI) and Mo
interfere with the analysis'”. Precipition and filtration of the Ge(IV)-1 complex formed in
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the presence of zephiramine chloride (2), followed by spectrophotometric analysis of the
filter, was applied to determination ppb levels of Ge in groundwater and spring water'S.
Trace analysis of Ge in water was carried out spectrophotometrically after extraction at
pH 3.3-4.0, with heptanol containing 0.1 M of benzilic acid (HL, 3) and 5 x 107> M
of phenylfluorone (HL', 1). A complex Ge(OH),L, is formed and subsequently trans-
formed into Ge(OH),L), with An,510-515 nm, ¢ 120,000; LOD 2 pg Ge/L of aqueous
phase, RSD 0.5-0.7% for 0.5-5.0 pg Ge!®. A combination of FIA with phenylfluo-
rone complex formation was also reported’’. A complex is formed between Ge ions
and 3,7-dihydroxyflavone (4) in 4 M phosphoric acid solution that can be measured by
its fluorescence at 444 nm, using the Hg line at 405 nm for excitation; RSD 0.71% for
0.44 g Ge. A preliminary extraction of GeCly from a concentrated HCI solution will
avoid interference by Sb(IIl), Sn(IV) and In(II1)2!. An analogous method consists of
forming a complex with mandelic acid (S) and malachite green (6) which is extracted into
chlorobenzene and measured at Ap,x628 nm, & 133,000. Interference by Fe, Ti, Sn(IV),
Mo and Sb(III) is eliminated by chelating agents??.

) 0
/

Ph [n-CuH290Mes (PhCH, )N+]C17 Ph,C(OH)CO,H
(6)) ?2) 3
HO o Ph Me,N N'Me,
OH =
0 PhCH(OH)CO,H Ph
(C)] (5) (6)

A selective method for determination of Ge(IV) consists in reacting the sample with
iodide in the presence of sulphuric acid. The tetraiodogermane(IV) formed is extracted
into chloroform and a complex is formed with reagent 7, ¢ = 15, 000 at Apax = 395 nm;

LOD 0.1 pg Ge/L?.
Ph%
NOH

Ph/

Q)

NPh

Germanium in samples dissolved in water or dioxane or dispersed into borax disks can
be determined by XRF (X-ray fluorescence), using K, radiation and arsenic as internal
standard®*,
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3. Electrochemical methods

A plasticized ion-selective electrode was developed for the complexes of Sb(III) and
Ge(IV) with 3,5-dinitrocatechol (8)%°.

OH
OH

O:N NO,
@®)

A comparative study was carried out for various methods for trace analysis of germa-
nium in biological samples: germanium tetrachloride extraction with carbon tetrachloride
followed by electrochemical determination based on Ge accumulation in a hanging Hg
drop electrode of Ge(IV)-diol complexes with phenolic reagents (e.g. pyrogallol) fol-
lowed by cathodic stripping voltametry, LOD 0.1 pg/L, 13% RSD; spectrophotometric
determination of the phenylfluorone (1) complex, LOD 5 pg Ge/L, 6% RSD; ETAAS
(electrothermal AAS) using alkaline samples in the presence of an oxidant and palladium
nitrate—magnesium nitrate as matrix modifiers, LOD 20 pg Ge/L, 8% RSD?26:27,

lll. TRACE ANALYSIS ALLOWING SPECIATION
A. Chromatographic Methods

The behaviour of alkylgermanium compounds is similar to that of alkylsilicon
compounds®®?°. Equation 1 is an empirical correlation between the retention time, fg,
relative to that of mesitylene taken as 100, and the number of normal alkyl groups of
tetraalkygermanes’’. Linear correlations were also found for straight-chain compounds
of formula Ge,,Si,Ho(n4n+1), m,n = 0,1, ..., when taking log,q#r as function of the

number of heteroatoms>!.

log g tr = 0.14 4 0.14nme + 0.45ng + 0.697,,-pr 4 0.93n,,-u (1)

Organosilicon and organogermanium compounds were separated at 330-350 K on a
Cromaton column coated with squalene. Improved quantitative determination was achieved
by accumulation of preliminary decomposition products of the organometallic compounds
in a graphite atomizer, followed by ETAAS??,

Permethylated oligogermanes (9) and various photolysis degradation products (10) were
scavenged with carbon tetrachloride and other agents and determined by GC-MS33.

Me(GeMe; ), Me Me(GeMe,),,Cl
(n=3-6,9) (n=1-4, 10)

B. Miscellaneous Methods

A method was devised for the precise measurement of the flow of dense vapours

dissolved in an inert carrier gas, and was demonstrated with a stream of tetraethylgermane

vapour’,

Organogermanium chorides R, GeCl4-,) (n = 1-3) are strong and hard Lewis acids.
When these compounds are extracted into alkaline aqueous solutions they become hydrol-
ysed to the corresponding hydroxides. On acidification of these aqueous solutions with
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hydrochloric acid Ge—Cl bonds are formed to various extents, depending on the acid con-
centration and the nature of the organometallic ion. The chlorides can be extracted into an
organic solvent. The series of extraction constants Kex, depicted in equation 2 for various
organogermanium halides, reflects the coordination ability of the central germanium atom
with chlorine atoms and the hydrophobic properties of the alkyl groups. Such behaviour
allows separation of individual components of organogermanium halides by liquid-liquid
extraction’. Inorganic germanium and organogermanium compounds extracted into aque-
ous solutions can be determined by ICP-AES methods either in alkaline or acid media.
Detection limits may be as low as 3.1 x 10~8 M. Trialkylgermanium compounds showed
higher sensitivity than inorganic or other organogermanium compounds, and should be
determined separately™.

Et3GeCl > Me3GeCl > Et,GeCl, > Me,GeCl, > PhGeCls
> EtGeCly > MeGeCl; > GeCly 2)

IV. STRUCTURAL ANALYSIS
The aryl groups depicted in formula 11 appear throughout Sections IV and V.

R Ar':R=R’=iPr
Ar’ :R =R’ = (Me,Si),CH
R~ A :R=R =Me
Ar*:R=Et R =H
R Ar’:R=R’=1Bu
an

A. Vibrational and Rotational Spectra

The IR vibration frequencies of compounds MHs and MeMH3; were calculated ab
initio for the metallic elements of group 14, including M = Ge, and were compared with
experimental data from various sources’®. Many constants pertaining to rotational and
vibrational spectra of compounds MH3X M =C, ..., Sn; X =F, ..., I) were calculated
ab initio, showing good agreement with experimental values’’. The microwave spectra
of 18 isotopic species of methylfluorogermane (MeGeH,F) were interpreted taking into
account the GeH, angle and the tilt angle of the methyl group’®.

The stretching band of germane (GeHy) in the vg._p 2000 cm™! region was recorded
in a high resolution IR spectrometer and analysed. The rotational constants and Coriolis
parameters were in accord with those obtained for the band in the 3000 cm™! region. A
C3, symmetric top geometry was assigned to the molecule’* !, The IR band at vg.—py
2040 cm™! served to investigate the kinetics and mechanism of CVD (chemical vapour
deposition) of a thin germanium layer, by thermolysis of trimethylgermane at 420-670 K*?
and 673-873 K*. Fourier transform microwave spectroscopy was applied to determine
the tensorial spin-rotation and spin—spin interaction constants of germane**.

The vibrational frequencies vg and v,s of the Ge—Y —Ge in hexasubstituted digermyl
chalcogenides (12) were studied. The electronegative effect of CF3 groups displaces the

bands to higher frequencies®.

R3Ge—Y—GeRj
(12,R =H,Me, CF3; Y =0, S, Se, Te)
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Laser Raman and IR spectra of H3SiGeHs were analysed on the basis of fundamental,
overtone and combination frequencies, assuming a Csy point group symmetry, and the
frequencies were asigned to the various vibrational modes*®. The structure of gaseous
H3GeSiH3 was determined by analysis of the electron diffraction intensities and rotational
constants. The Ge—Si bond length obtained from this analysis (0.2364 nm) is 0.004 to
0.007 nm shorter than values calculated ab initio®’.

The molecular structure of cyclopropylgermane (13) was investigated, based on the
rotational spectra of 41 isotopomers obtained by combining the isotopes "°Ge, 7>Ge, 7*Ge,
76Ge, 13C and 2H attached to Ge*®. The barrier to internal rotation of the germyl group
in 13 was determined from its IR spectrum and compared to that of cyclopropylsilane®.
The IR and Raman vibrational spectra of cyclobutylgermane (14) were assigned>® and
the rotational spectra of three isotopic species of equatorial and axial conformers were
identified and assigned for the ground state, including the rotational constants for all six

51
I>G6H3 GeH,

species”".
(13) 14)

Tetraalkynylgermanes [Ge(C=CR)4, R = Me, Ph] were characterized spectroscopically
IR(vc=c = 2180 cm™!), MS and 13C and 7*Ge NMR spectroscopysz.

The structure of the stable germanethione 31 (see reaction 14 in Section V) was char-
acterized by FT-Raman spectrum (vge=s 521 cm~ ! in good agreement with 518 cm™!
reported for Me,Ge=S), UVV spectrum (Amax = 450 nm, €100, Ge=S n-nx* transition)
and FABMS (field absorption). See also Tables 2 and 393,

Properties of the carbonyl group of ferrocenyl germyl ketones (15) were studied by IR,
NMR and XRD. The carbonyl basicity was assessed based on hydrogen bonding with phe-
nol in carbon tetrachloride solution (see also Tables 2 and 3). The spectra were compared

with those of the analogous Si compounds and those of acetyl- and benzoylgermanes>*.

“Fe GeR;

o)
(R = Me, Ph)

as)

The Raman, mid- and far-IR spectra of liquid and solid CH3zGeD,NCO and
CD3GeH,NCO were assigned and applied for the conformational analysis of these
isocyanates>>?.

The kinetics of the autooxidation of trimethylgermane (Me3;GeH) vapours, in the range
493-533 K, leading to bis(trimethylgermyl) oxide (Me3Ge—O—GeMe3) was followed by
FTIR>®.

The nature of the surface of organogermanium films, obtained by magnetically enhanced
rf-plasma deposition from tetracthylgermane, was examined by ESCA (electron spec-
troscopy for chemical analysis) and FTIR methods>®.
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B. NMR Spectroscopy

See introductory remarks in Section I.A.4. Information on NMR spectra of organoger-
manium compounds appears in Table 2. Most sources usually include chemical shift
values, §, and coupling constants, J, however, in many cases other features are also
discussed. A general discussion of ”>Ge NMR appeared in the literature’.

C. X-ray Crystallography

See introductory remarks in Section I.A.4. Table 3 summarizes examples of crytallo-
graphic analysis published in the recent literature, with brief comments about structural
features of organogermanium compounds.

D. Miscellaneous Methods

The molecular structure of gaseous cyclopropylgermane (13) was investigated, based
on electron diffraction analysis and theoretical calculations. A 2-3.4° tilt of the GeHs
group towards the ring was found, attributed to a hyperconjugative interaction between the
group and the ring®* (see also Section IV.A). The structure of gaseous tetrasilylgermane
was determined by electron diffraction analysis, showing Ty symmetry, with almost freely
rotating silyl groups®! (see also Table 2). The symmetry of gaseous tetraphenylgermane is
debatable on the basis of its electron diffraction spectrum®®. The same method was used for
investigating the molecular structure of gaseous trimethylgermyl formate (HCO,GeMe3).
The Ge—O—C=0 fragment is not planar and the H—C=O0 plane is nearly perpendicular
to the Ge—O—C plane”®.

The conformational analysis of compounds RGeBr3 (R = BrCH,, Br,CH, BrCH=CH,
CH,=CHCH,, CH,=CBrCH;, CH;=C(SiMe3) and i-PrO,CCH;) was studied by T9Br
and 8'Br NQR (nuclear quadrupole resonance) spectroscopy”’.

Using Auger spectroscopy and XPS (X-ray photoelectron spectroscopy), it was con-
cluded that CVD of germane on the Si(100)2x 1 surface at 110 K proceeds by chemisorp-
tion, according to the mechanism depicted in reaction 3%, Digermane (Ge;Hg), on the
other hand, undergoes molecular adsorption without scission on Si(100)2x1 at 110 K
or on Ge(111) at 120 K. At 150 K digermane breaks up and a surface covered with
chemisorbed GeHs groups is generated® %0, Homoepitaxial growth of thin germanium
films on the Ge(100) surface, by digermane chemisorption followed by H> elimination
was observed by differential reflectance, before and after chemisorption. The reflectance
can be measured spectroscopically for structure characterization, or at a fixed wave-
length for rate determination. The IR frequency of the Ge—H bond does not change
on chemisorption. Various mechanisms for Hy elimination were discussed !0, Heteroepi-
taxial growth of germanium with digermane was also investigated'?%. Epitaxial growth
of thin germanium layers by chemisorption of digermane on deuterated Si(100)(2x1)-D
surfaces, using UV radiation, was studied by means of TPD (temperature-programmed
desorption) and Auger electron spectroscopy!?>. The CVD mechanism of germanium
layers on the Si(100) surface using diethylgermane (Et,GeH,) was studied by a combina-
tion of Auger electron spectroscopy, TPD and HREELS (high resolution electron-energy
loss spectroscopy). Chemisorbed Et;GeH and H species were reported. The desorption
peak temperature is about 693 K for ethylene and 780 K for hydrogen!'®+10>, CVD of
ultrafine germane layers on Si(100)7x7 surfaces by chemisorption of diethylgermane
was investigated using FTIR and laser-induced thermal desorption. Upon adsorption of
diethylgermane the surface shows Si—Et, Si—H, and Ge—H species, but probably no
Ge—Et species. Si—Et moieties undergo H g-elimination, as shown in reaction 4, induced
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TABLE 2. Structural determination of organogermanium compounds by NMR spectroscopy

Compounds Comments Refs.
'H and '3C NMR. Allyltrimethygermanes of 58
GeEts E-configuration.
R R®
R2
13C and 7*Ge NMR. Spectroscopic data and 59
/Me molecular mechanics calculations indicate a
Ge preferred axial over equatorial configuration
\H (3:2 ratio) for the Me group.
13C and 7*Ge NMR. Chair conformation as 60
%GBHz determined from spectroscopy, in accordance
with molecular structure calculations, similarly
to the analogous carbocyclic compound.
Introduction of bulky substituents results in
a preferred boat conformation.
(SiH3),GeHy-p,, n = 2-4, 'H and ?°Si NMR. The 'H NMR quadruplet 61
(SiH3),GeH;-,CH3, n = 1-3 bands of the silyl groups are further split into
deciplets.
R3SnCl, R = 9-triptycyl 'H and '3C NMR. The three triptycyl groups 62
have no rotation about the C-Sn axis due to
mechanical interlocking.
(CHF;),,(CF3), SnGeMes IH, 13C, 1F and '"°Sn NMR. 63
m+n=3
Organogermanium compounds in 13C and *Ge NMR. 64
reaction A (see end of table)
16-18 (see end of table) Iy, 13C, 3Ge and ''9Sn NMR. The molecular 65
structure of these compounds, bearing the
bulky Si(SiMe3)3 and Ge(SiMe3)3 groups, was
analysed, showing the steric effects. NMR
spectra point to a straight line tetragermane
backbone for compound 16.¢
MesGe, Y B¢, 8i and !!Sn NMR. 66
/C:C:
X Z
X = H, SnMej;
Y = H, SiMes, GeMes, SnMe3, SEt
Z = SnMes.
Mey.,Ge(CH=CH,),,, n = 1-4 'H, 3C and *Ge NMR. Good correlation for 67
chemical shifts with those of Si analogues.
Some discrepancy with MNDO calculations.
Mey-,Ge(C=CH),, n = 1-4 'H, 13C and *Ge NMR. Increasing the number 68

of ethynyl groups decreases the electron density
at the Ge atom, displacing the signal upfield. The
following correlation was found for the chemical
shifts of analogous Ge and Sn compounds of
this series: 673G, = 0.4818110g, — 0.842.
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TABLE 2. (continued)
Compounds Comments Refs.
_ 'H and '>C NMR aided by spectral stimulation 69
of 'H NMR.
Ge
7\
R° 'R R=aky)
Cp#GeCp# 13C NMR, IR, Raman, MS and powder XRD. 70,71
A Ge(Il) compound. Parallel planes
staggered conformation proposed for
decaphenylgermanocene.€
13C and 'F NMR and MS. Stable adamantane- 72
(|:F3 like structure.
Ge
Y7 Y
FC._|Y |
Ge|.. Ge
Ly
Y// —~Y
F3C
(Y =S, Se)
SuMe 'H, 3C and "Sn NMR.¢ 73
3
iPr;Si — C=N"—N— Ge— Cp*
CH(SMe3 ),
M M IH, 13C and '"Sn NMR. Two diastereoisomers 73
- - and two different SnMej signals.
?“ e3 SnMes d two different SnMe; signals.4
Cp* — Ge— C=N"—N—Ge— Cp*
|
CI‘I(SIMC 3 )2 C[‘I(S]MC3 )2
(Me3Si)sMM(SiMe;3 )3 'H and '3C NMR. The analogue with M = Pb 74
M = Ge, Sn; 19) and Sn could not be synthesized.”
(31) (see reaction 14 in Section V) 'H and '*C NMR, FT-Raman, UVV and 53
FABMS. A germanethione stabilized by bulky
aryl substituents.”
Me; Si 'H, 13C and 3'P NMR and XRD. This yllide is 75
PMe, the first example synthesized of a homocyclic
\ t;Bu organonogermanium compound containing
Me, P Ge—Ge alternating 4- and 3-coordinated Ge atoms.
N6 G DPMe,
/
t-Bu Me,P
SiMes

(continued overleaf)
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TABLE 2. (continued)

Compounds

Comments Refs.

H ML,

Ry_,H,GeMl,, Ry,Ge — GeR,

R =Et, Ph, Ar’; n =1,2;
ML,, = FeCp(CO),, WCp(CO);

Ar O0=C—VK

Ge—N
7/
A

R’ = NMe,, OMe

'H and *C NMR, IR. Spectroscopic data 76
correlate with a negative charge on the Ge atom
coordinated to the M atom.”

'H and '3C NMR. These are rare examples 77
of thermally stable monomeric germaimines.

At room temperature the mesityl and the N-

Me groups are not equivalent. At 55°C the

split signals coalesce. This is possibly due to

interaction between Ge and NMe,. Stability is

adduced to intramolecular Ge—O coordination,

electron withdrawal by the C=0 group and

bulkiness of the mesityl groups.”

“See also crystallographic analysis in Table 3.
bSee formula 11 for the aryl groups.

‘Cp# = pentaphenylcyclopentadienyl anion.

d Cp* = pentamethylcyclopentadienyl anion.

B
Me,PhGe (CH, ),GePhMe, ——2=—% Me, BrGe(CH, j;GeBiMe,
BrMg(CH, ),MgBr | n =3-6,8, 10
l l (A)
(CHyp)y (CH, ), GeMe, (CH, ),

Me,Ge GeMe, Me, Ge GeMe,

AN
(CHz)n/ \(CHz nGeMe; (CH, )n/

/
AN
Cl Si(SiMes )3
(Mej; Si); Si—Ge —Ge —Cl
Cl——Ge —Ge —Si(SiMej3 );
(Mej; Si); GeGeCl, GeCl, Ge(SiMej )3 (Mej; Si); Si Cl

Cl, Sn[Ge(SiMej )3 I,

(16) (17) (18)
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TABLE 3. Structural determination of organogermanium compounds by XRD crystallographic methods

Compounds Comments Refs.
(Me3Si);sMM(SiMes)s Only the crystalline analogue with M = Sn 74
(M = Ge, Sn; 19) could be analysed. See also Table 2.
17, 18 (see end of Table 2) The cyclotetragermane ring of compound 17 65
has an average torsion angle of 17.2°. Large
distortions in the coordination angles of Sn are
observed in compound 18: Ge—Sn—Ge 142.1°,
Cl—Sn—Cl 98.8°. See also Table 2.
Longest Ge—Ge and Ge—C bonds measured to 78
t—Bu\ /Bu—t the date of publication.
/ \
t-Bu—Ge —GE —Bu-t
t-Bu Bu-t
Stable highly substituted siladigermiranes (20) 79
Ar\ /Ar and cyclotrigermanes (21).
Si
/\
Ar—Ge —Ge —Ar
Ar Ar (20)
Ar  Ar
\ /
Ge
/ \
Ar—Ge —Ge —Ar
Ar Ar (21
Chair conformation. Molecular packing in 80
Ph, Ge —Gsth crystal changes with number of molecules and
Ph, Ge GePh, 1 solvent nature of solvate.
Phy Ge —GePh,
D3, molecular symmetry. All Ge—Ge bonds 81
M considerably longer than in other polygermanes.
/| Also MS; 'H, 13C and 9Si NMR; gy 280 nm,
,N{ & 32200 (hexane); exhibits thermochromism.
M M
(M = GeCH(SiMe3)»)
C, molecular symmetry. Stable in air, moisture. 82

M

M\—M
N\,
SN/

(M = GeBu-t)

Good thermal stability.

(continued overleaf)
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TABLE 3. (continued)

Compounds Comments Refs.
Puckered eight-membered ring. Ethyl groups in 83
Et\ Et disordered arrangement.
/Ge\
Ph, O O pn
N/ \./
Si Si
7\ /N
Ph 0 o Ph
\Ge/
\
Et/ Et
The six-membered heterocyclic ring has twisted 84
Ph\ /Ph boat conformation for Y = S and is nearly
_Ge _ planar for Y = O.
ph Y Y ph
N [
Ge  _Ge
| Y]
Ph Ph (Y=0,5)
i S , S Tetrachalcogenagermolanes. 85, 86
Ar\ /7S Ar\ s
Ge | G |
Ar/ \S/ Ar Se/Se
Ph3GeOH Crystallizes with eight independent molecules 87
in the asymmetric unit, arranged in two groups
of four molecules. At the core of each group
lie four oxygen atoms in a flattened tetrahedral
arrangement.
. . The two Ge atoms and the four C atoms 88
(Me3Si) CH_ /CH(SMC3)2 attached to them form a centrosymmetric group,
/Ge=Ge\ however, these atoms are not coplanar. The fold
(Me3 Si), CH CH(SiMej3 ), angle of the R—Ge—R plane with the Ge—Ge
line is 32°. The analogous Sn compound was
also investigated.
31 (see reaction 14 in Section V) The Ge=S distance, 0.2049 nm, was the shortest 53
one known to the date of publication. The planes
of the aryl groups lie almost perpendicular to
each other. See also Table 2.
[Li([12]crown-4), ] [Ge(SiMe3 )3 ]~ The Si—Ge—Si angle (101.6°) is slightly lower 89
than the Si—Si—Si angle of analogous Si
compounds.
22 (see end of table) One doubly bidentate Lewis base 2,2'- 90
bipyrimidine is coordinated with one germanium
atom, while in the case of the analogous lead
compound coordination takes place with two
lead atoms.
03(GeCH,CH,CO,H), The basic structure of carboxyethylgermanium 91

sesquioxide, a low-toxicity y-interferon
inducing agent, consists of a 12-membered
ring containing six Ge tetrahedra bridged by
oxygen atoms.
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TABLE 3. (continued)

Compounds Comments Refs.

34 (see reaction 21 in Section V) Twisted digermacyclobutene ring because of 92
steric interaction between N-t-Bu groups. In
the analogous Sn compound this ring is planar.

A Ge(II) compound. This dispiro compound 93
t-Bu 1-Bu 1-Bu was prepared by the same method used for
N N the pentacyclo compound 83 of Table 8 in
{ N7 Ng7 Chapter 8 using analogous Sn reagents.
N7 N7 N/
N Il\T N
t-Bu t-Bu t-Bu
(23)
B|sH
B&
N
m BH\/ /TH—SiMe_;

BH —~—B —SiMe;

(Ol NNL
@)

(22)

OO

by the laser radiation'%. Diethylgermane is claimed to undergo the chemisorption shown
in reaction 5 on Si(111)7x7 surfaces. Ethylene becomes desorbed at 700 K and hydrogen
at 800 K197, The chemisorption of GeMe4 on Si(100) surface at 110 K was studied by
Auger and UV-photoelectron spectroscopies. The TPD species characterized by MS were
GeMey, GeMes, CH3 and H,'%.

GeHy(g) —> GeHs(ad) + H(ad) A3)
Si—CH,—CHjz(ad) — Si—H(ad) + CH,=CH,(ad) )
Et,GeH,(g) —> Ge—CH,—CHj(ad) —> Ge—H(ad) + CH,=CHa(ad)  (5)

Dimethylgermylene is a very reactive intermediate that may be detected by UVV spec-
trophotometry. It undergoes dimerization as shown in reaction 6 or can be scavenged by
various reagents'%.

2Me,Ge: ——— Me,Ge=GeMe; (6)
Amax450 nm Amax350 nm

Compounds 24 and 25, containing highly methylated aryl groups, yield the correspond-
ing arene radical cation on treatment with AICIl3 in CHCl; solution, as demonstrated by
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ESR and ENDOR (electron-nucleus double resonance) spectroscopies' 1.
Al'zGe
| >Gear,
Ar:;MMAI':; (MZ Ge, Sn) ArzGe
24) (25)

The photoelectronic properties of poly(dihexylgermane) were investigated by pho-
toluminescence spectroscopy, after one- and two-photon absorption. The spectra were
compared with those of the analogous poly(dihexylsilane)'!!.

Diorganylgermylenes, the analogues of diorganylcarbenes, were characterized by their
UVV spectra in hydrocarbon matrices at 77 K, Apax 420-558 nm. In the presence of
p-electron substrates they form adducts with a bathochromic shift!'2. The structure of
dimethylgermylene trapped in a hydrocarbon matrix at 77 K was analysed by IR and
UVV spectroscopy' 3.

The first direct characterization of the structure of a sterically hindered diarylgermy-
lene in solution was claimed for compound 26 (Ar = Ar’ in formula 11), using EXAFS
(extended X-ray absorption fine structure), UVV (Apax 420 nm) and 'H and 3C NMR!!4.
The UVV spectra of diarylgermylenes (26), their dimerization products (27) and the com-

plexes formed with compounds containing p-electrons (28) were studied in solution!!>-110,
ArGe(Ill)  Ar,Ge=GeAr; ArGe---XR,
(26) (27) (28,X=N,0,S,Cl,n =0-2)

V. DERIVATIZATION

Trialkylgermyl chlorides undergo the metathesis shown in reaction 7 with silver
dimesylamide!!”.

R3GeCl 4+ AgN(SO;Me), —— R3GeN(SO,Me), + AgCl 7

Bulky substituents confer stability on organogermanium compounds. Scheme 1 shows
possible derivatization reactions for some substitued germanes and digermanes. Com-
pounds d and e are obtained from reactions a4 and bz as mixtures of diasteroisomers,
however, reactions as, by and bs are more stereospecific. Compounds b-i in the scheme
were characterized by 'H NMR spectra!!8.

Trimethylgermyl substituents in aromatic compounds are easily removed with halogen,
yielding the corresponding aryl halide, as shown in reaction 8''°. Another example of
phenyl group displacement was carried out with bromine as in reaction 2 (see end of
Table 2)%4.

_—
ArGeMes + X, X, = Cly, Bry, ICI ArX (8)

Alkylaryldichlorogermanes produce substituted cyclogermanes. In the case shown in
reaction 9, three of the four possible configurations of the tetragermane product 29 are
formed, but none is all-cis. It is possible to carry out an electrophilic displacement of
the phenyl groups to form the 1,2,3,4-tetrachloro derivative 30, which is all-frans, the
configuration of 29 notwithstanding!°,



7. Analytical aspects of organogermanium compounds 357

(6]
NCl
ArGeCly Iﬁﬂ» ArGeCLCHR, —AMi o ArGeH,CHR, —0 > ArGeHCICHR,
1 2 3

@ (b) (©

Mg/HglaA

Me
(d)
(0]
NCl | 35
(0]
Ar Ar Ar Ar Ar Ar
H, O/Et; N
FGe—CGeF  <M9  HoGe—CGeOH = <22 ClGe—CeCl
bs / \ by / \
R,CH CHR, R,CH CHR, R,CH CHR,
(i) (h) (e)
RZCHUIM

L +BuLi

2.CuCl 2 CCl,

1 2

® (®
SCHEME 1. Derivatization reactions for germanes and digermanes stabilized by bulky substituent
groups'!8,
Ph  Ph Cl Cl

Ph Cl
\G/ Mg Mgbr,  BuT—Ge—Ge—But 0 4y, -Bu—Ge—Ge—Bu-r
3

B/ \c1 THF +Bu—Ge—Ge—Bu-r oMo +Bu—Ge—Ge— Bu-1
t-bu
Ph Ph coa

29 (30) 9)
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Certain heterylgermanes undergo transmetallation reactions with organolithium com-
pounds. This is shown in reaction 10, as well as the effectiveness of the various organo-
lithium compounds'?!.

RLi
Het,GeMe; ——— HetGeRMe + RyGeMe

0) Li 0] Li (0] Li

we= [\ . @\ | (10)
(6] O O

Alkoxygermanes and (alkylthio)germanes can be determined after acetylation with
acetic anhydride according to reaction 11, hydrolysis of the germyl acetate and titration
of the resulting acetic acid. The acetate and thioacetate esters produced in reaction 11
are stable under the conditions of the subsequent hydrolysis!?2. An alternative method is
based on formation of germyl bromides in an anhydrous medium, as shown in reaction 12,
and titrating the excess acid. Due to the different stability of the organometallic bromides,

the determination can be carried out in the presence of alkoxysilanes!Z3.
R}_,Ge(XR), + Ac,0 X=—O,S) R}_,Ge(OAc), + nAcXR (11)
Rit—n Ge(XR),, + nHBr X:—OS) Ri‘_n GeBr, + nRXH (12)

R.R’=Me,i-Pr,Bu,Ph

Tetraalkynylgermanes react with boranes to yield spirobigermoles, as shown in reac-
tion 13. Treatment with acetic acid displaces the boryl groups®2.

R R
Et,B Et
= / s +2AcOH
Ge(C=CR); + 2BFR: m" Ge E—
’ S _—
Et BEt,
R R
(13)
R R
H Et
— // S
Ge + 2AcOBEf,
AN =
Et H
R R

Simple dialkylgermanethiones are stable only at very low temperatures. A stable diaryl-
germanethione (31) was synthesized with stongly sterically hindered aryl groups 11, as
shown in reaction 14. The diarylgermanethione 31 is a solid crystalline compound, stable
at room temperature. However, it undergoes addition reactions across the Ge=S double
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bond with water and organic compounds, as shown in reactions 15-18%3,
A\ S Ar!
\ / S PPh; _ .
Ge | —=——» Ge=S + 3 PhsP=S$ (14)
/ N\ S
IN S Ar?
31
Ar} Ar]\ SH
/
Ge=S+H0 —‘t» Ge (15)
/' \
Ar? A2 OH
Ar! Arl\ S Ar?
/
Ge=S+APC=N'-0" —‘» & | (16)
Ar? Ar? \O/N
Ar} Ar} S
N
Ge—S+PIN=C=S —"»  G{  Co—N—ph (17)
A4
Ar2 Arz S
Arl\ CH, CH, Arl\ S
_ 90°C /
Ge=S+ e Ge Me
/ /N (18)
Ar? Me Me Ar?
Me

Germaphosphenes undergo 1,2-addition with phenylacetylene, as shown in
reaction 19124,

AI"3 AI'3 AI“S
7’ 19
/Ge=P—Ar5 + PhC=CH ——> PhC==C—Ge—P (19)
AI"3 AI‘3 H
Digermenes undergo [2 + 2] cycloaddition with phenylacetylene, as shown in reac-
tion 2012%.126,

Ge=Ge + PhC=CH — Ar—Ge—Ge— Ar
\ Ar=Ar’, Ar (20)
Ar Ar —

Ph H

Organogermanium(II) compound 32 reacts with organic azides to yield stable dispiro
compounds 33'?7. This derivatizing reaction may be applicable to different types of
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organogermanium(Il) compounds. Another effective derivatizing possibility is treatment
with acetylenic compounds, as shown in reaction 21 (see Table 3)°2.

t—|Bu t—B|u }|2 t—]Tu
N N N N
M S'/ \Ge Me,S \Ge/ \Ge \SIM
1 (SR (&
N2 N N N T
I 0]
t-Bu t-Bu R t-Bu
(32) R = Ar, ArCO, ArSO,
33
(33) t-Bu
Me. Me t-1|3u Me  Me N give,
N — N— Bu-
S H +2 Ge/ \S‘M —> S ‘ T
11VIC
N Ge—N—Bu-r 2D
T |
N— SiM
Me Me t-Bu Me Me e
t-Bu
(34
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I. INTRODUCTION

Among the organometallic compounds containing elements of group 14 treated in the
present volume, those of tin have the widest technological applications!. The variety of
these compounds can be appreciated from the list presented in Table 1. Tetraorganotins
are frequently the starting material for the preparation of organotins with the Sn atom
bonded to fewer organic radicals. Triorganotins found application as industrial and agri-
cultural biocides, wood preservatives and marine antifoulants. Diorganotins are used as
poly(vinyl chloride) stabilizers, catalysts in the manufacture of plastic materials and other
applications. Monoorganotins are synergists in poly(vinyl chloride) stabilization. Function-
alized organotin compounds are also intermediates in organic synthesis research; especially
important are compounds with a trialkylstannyl group attached to a carbon-carbon double

TABLE 1. Industrial organotin compounds®

Compound and CAS registry number NIOSH/OSHA
RTECS®
Allyltriphenylstannane [76-63-1] WH 6705000
(2-Biphenyloxy)tri-n-butylstannane [3644-37-9] WH 6711000
Bis(acetoxydibutylstannyl) oxide [5967-09-9] JN 8740000
Bis(butanoyloxy)dibutylstannane [28660-63-1] WH 7070000
Bis(butoxymaleyloxy)dibutylstannane [15546-16-4] WH 6712000
Bis(butoxymaleyloxy)dioctylstannane [29572-02-8] WH 6714000
Bis(butylthio)dimethylstannane [1000-40-4] WH 6715200
Bis(p-chlorophenylthio)dimethylstannane [55216-04-1] WH 6714300
Bis(decanoyloxy)di-n-butylstannane [3465-75-6] WH 6715310
Bis(dibutyldithiocarbamato)dibenzylstannane [64653-03-8] WH 6715330
Bis(dibutyldithiocarbamato)dimethylstannane [64653-05-0] WH 6714370
Bis(1,3-dichloro-1,1,3,3-tetraethyldistannoxane) JN 8735500
Bis(dodecanoyloxy)dibutylstannane [77-58-7] WH 7000000
Bis(dodecanoyloxy)dioctylstannane [3648-18-8] WH 7562000
Bis(2-ethylhexyloxycarbonylmethylthio)dibutylstannane [10584-98-2] WH 7125000
Bis(2-ethylhexyloxy)dibutylstannane [2781-10-4] WH 6714500

Bis(2-ethylhexyloxy)(maleyloxy)dibutylstannane WH 6717000
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Compound and CAS registry number NIOSH/OSHA
RTECS®
Bis(formyloxy)dibutylstannane [7392-96-3] WH 7125000
Bis(hexanoyloxy)dibutylstannane [19704-60-0] WH 6718000
Bis(isooctyloxycarbonylmethylthio)dibutylstannane [25168-24-5] WH 6719000
Bis(isooctyloxycarbonylmethylthio)dimethylstannane [26636-01-1] WH 6721000
Bis(isooctyloxycarbonylmethylthio)dioctylstannane [26401-97-8] WH 6723000
Bis(isooctyloxymaleyloxy)dioctylstannane [3356-89-9] WH 6727000
Bis(methoxymaleyloxy)dibutylstannane [15546-11-9] WH 6729000
Bis(methoxymaleyloxy)dioctylstannane [60494-19-1] WH 6730000
Bis(octadecanoyloxy)dibutylstannane [13323-62-1] WH 6733300
Bis(octanoyloxy)dibutylstannane [13323-62-1] WH 6731000
Bis(octanoyloxy)diethylstannane [2641-56-7]
Bis(pentanoyloxy)dibutylstannane [3465-74-5] WH 7133000
Bis(p-phenoxyphenyl)diphenylstannane [17601-12-6] WH 6733500
Bis(phenylthio)dimethylstannane [4848-63-9] WH 6733700
Bis(phenylthio)diphenylstannane [1103-05-5] WH 6733800
Bis(propanoyloxy)dibutylstannane [3465-73-4] WH 7135000
Bis(tetradecanoyloxy)dibutylstannane [28660-67-5] WH 6733850
Bis(tributylstannyl)cyclopentadienyliron [12291-11-1] LK 0725000
Bis(tributylstannyl) itaconate [25711-26-6] WH 8585250
Bis(tributylstannyl) oxide [56-35-9] JN 8750000
Bis(triethylstannyl)acetylene
Bis(triethylstannyl) sulphate [57-52-3] XQ 7175000
Bis(trifluoroacetoxy)dibutylstannane [52112-09-1] WH 6734000
Bis(trimethylhexyl)dichlorostannane [64011-34-8] WH 7230000
Bis(triphenylstannyl) sulphate [3021-41-8] XQ 7380000
Bis(triphenylstannyl) sulphide [77-80-5] JN 8850000
Bis(tris(8,-dimethylphenethyl)stannyl) oxide [13356-08-6] JN 8770000
Bromotributylstannane [1461-23-0] WH 6735000
Bromotriethylstannane [2767-54-6] WH6740000
Bromotripentylstannane [3091-18-7] WH6750000
Bromotripropylstannane [2767-61-5] WH6760000
Butylstannoic acid [2273-43-0] WH 6770000
Butyltrichlorostannane [1118-46-3] WH 6780000
Butyltris(isooctyloxycarbonylmethylthio)stannane [25852-70-4] WQ 4150000
Chlorotribenzylstannane [3151-41-5] WH 6800000
Chlorotributylstannane [1461-22-9] WH 6820000
Chlorotributylstannane complex [56573-85-4] WH 6820000
Chlorotriethylstannane [994-31-0] WH 6850000
Chlorotriisobutylstannane [7342-38-3] WH 6845000
Cyanatotributylstannane [4027-17-2] WH 687100
Diacetoxydibutylstannane [1067-33-0] WH 6880000
Diallyldibromostannane [17381-88-3] WH 6881000
Dibromodibutylstannane [996-08-7] WH 6882000
Dibromodiphenylstannane [4713-59-1] WH 6883100
Dibutyldichlorostannane [683-18-1] WH 7100000
Dibutyldifluorostannane [563-25-7] WH 7130000
Dibutyldiodostannane [2865-19-2] WH 7128000
2,2-Dibutyl-1,3-dioxa-2-stanna-7,9-dithiacyclododecan-4,12-dione JG 7880000
2,2-Dibutyl-1,3-dioxa-2-stanna-7-thiacyclodecan-4,10-dione JH 4780000
N, N-Dibutyldithiocarbamic acid tribytylstannyl ester [67057-34-5] WH 7138000
Dibutyltin maleate [15535-69-0] WH7175000

(continued overleaf)
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TABLE 1. (continued)

Compound and CAS registry number NIOSH/OSHA
RTECS®
Dibutylstannathione [4253-22-9] WH 7195000
Dibutylstannone [818-08-6] WH 7175000
Dibutyltin dinonylmaleate [59239-37-8] WH 7540000
Dichlorobis(2-ethylhexyl)stannane [25430-97-1]
Dichlorodiethylstannane [866-55-7] WH 7200000
Dichlorodihexylstannane [2767-41-1] WH 7220000
Dichlorodimethylstannane [753-73-1] WH 7245000
Dichlorodioctylstannane [3542-36-7] WH 7247000
Dichlorodipentylstannane [1118-42-9] WH 7250000
Dichlorodiphenylstannane [1135-99-5] WH 7253000
Dichlorodiphenylstannane dipyridine complex [25868-47-7] WH 7254000
Dichlorodipropylstannane [867-36-7] WH 7255000
(2,4-Dichlorophenoxy)tributylstannane [39637-16-6] WH 7260000
Diethyldiiodostannane [2767-55-7] WH 7270000
Diethylphenylstannyl acetate [64036-46-0] WH 5700000
Difluorodimethylstannane [3582-17-0] WH 7285000
Diisobutylstannone [67947-30-6] WH 7310000
Diisopentyloxystannane [63979-62-4] WH 7350000
Diisopropyloxystannane [23668-76-0] WH 7525000
0, O-Diisopropyl S -tricyclohexylstannyl phosphorodithionate [49538-98-9] WH 7400000
Dimethylstannone [2273-45-2] WH 7526500
2,2-Dioctyl-1,3-dioxa-2-stanna-7-thiadecan-4,10-dione
2,2-Dioctyl-1,3-dioxa-2-stannepin-4,7-dione [16091-18-2] JH 4745000
Dioctylstannathione [3572-47-2] WH 7690000
Dioctylstannone [870-08-6] WH 7620000
Dioctyltin mercaptide XQ 2975000
Dioctyltin B-mercaptopropionate [3033-29-2] RP 4400000
Dipentylstannone [2273-46-3] WH7700000
Diphenylstannane [1011-95-6] WH 7875000
Diphenylstannone polymer [31671-16-6] WH 8100000
Dipropylstannone [7664-98-4] WHS8225000
Fluorotributylstannane [1983-10-4] WH 8275000
Formyloxytribenzylstannane [17977-68-3] WH 8277000
Glycolyloxytributylstannane
Hexabutyldistannoxane [56-35-9]¢
Hexahydro-2,4,6-trioxo-1,3,5-tris(tributylstannyl)-s-triazine [752-58-9] WH 8880000
Hexakis(2-methyl-2-phenylpropyl)distannoxane [13356-08-6]¢
Hexamethyldistannane [661-69-8] WH 8280000
Hydroxytributylstannane [1067-97-6] WH 8310000
Hydroxytricyclohexylstannane [13121-70-5]¢ WH 8750000
Hydroxytrimethylstannane [56-24-6] WH 8400000
Hydroxytriphenylstannane [76-87-9] WH 8575000
Todotributylstannane [7342-47-4] WH 8580000
Iodotrimethylstannane [811-73-4] WH 8581000
Iodotriphenylstannane [894-09-7] WH 8582000
Iodotripropylstannane [7342-45-2] WH 8583000
(3-MethacrylyloxypropyDtributylstannane [2155-70-6] WH 8585200
Methyltrichlorostannane [993-16-8] WH 8585500
Methyltris(2-ethylhexyloxycarbonylmethylthio)stannane [57583-34-3] WH 8586000
Octyltrichlorostannane [3091-25-6] WH 8590000
Octyltris(2-ethylhexyloxycarbonylmethylthio)stannane [27107-89-7] WH 8595000
Phenoxytriethylstannane [1529-30-2] WH 8597000
Salicyloxytributylstannane [4342-30-7] WH 8600000
Tetrabutylstannane [1461-25-2] WH 8605000
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Compound and CAS registry number NIOSH/OSHA
RTECS®
Tetraethylstannane [597-64-8] WH 8625000
Tetraethynylstannane
Tetraisopropylstannane [2429-42-0] WH 8628000
Tetrakis(4-phenoxyphenyl)stannane [17068-17-6] WH 8629000
(2-(2,2,3,3-Tetramethylbutylthio)acetoxy)tributylstannane [73927-97-6] WH 8635000
Tetramethylstannane [594-27-4] WH 8630000
Tributylstannane [688-73-3] WH 8675000
Tributylstannanecarbonitrile [2179-92-2] WH 6792000
Tributylstannyl 4-acetamidobenzoate [2857-03-6] WH 5670000
Tributylstannyl acetate [56-36-0] WH 5775000
Tributylstannyl chloroacetate [5847-52-9] WH 6795000
Tributylstannyl 4-chlorobutyrate [33550-22-0] WH 6797000
Tributylstannyl 4,4-dimethyloctanoate [28801-69-9] WH 8588000
Tributylstannyl 2-ethylhexanoate [5035-67-6] WH 8255000
Tributylstannyl iodoacetate [73927-91-0] WH 8576000
Tributylstannyl 2-iodobenzoate [73927-93-2] WH 8578000
Tributylstannyl 4-iodobenzoate [73940-88-2] WH 8578200
Tributylstannyl 3-iodopropionate [73927-95-4] WH 8579200
Tributylstannyl isocyanate [681-99-2] WH 8538500
Tributylstannyl laurate [3090-36-6] WH 8584000
Tributylstannyl linoleate [24124-25-2] WH 8585000
Tributylstannyl methacrylate [2155-70-6] WH 8692000
Tributylstannyl methanesulphonate [13302-06-2] WH 8585300
Tributylstannyl nonanoate [4027-14-9] WH 8589000
Tributylstannyl oleate [3090-35-5] WH 8700000
Tributylstannyl 2-(2,4,5-trichlorophenoxy)propionate [73940-89-3] WH 8709000
Tributylstannyl undecanoate [69226-47-7] WH 8710000
Tributyl(2,4,5-trichlorophenoxy)stannane [73927-98-7] WH 8707000
Triethylstannyl trifluoroacetate [429-30-1] ‘WH 8810000
Triisopropylstannyl acetate [19464-55-2] WH 6300000
Trimethylstannyl acetate [1118-14-5] WH 6475000
Trimethylstannyl isothiocyanate [15597-43-0] WH 8583600
Trimethylstannyl sulphate [63869-87-4] XQ 7225000
Trimethylstannyl thiocyanate [4638-25-9] WH 8637000
Triphenylstannyl acetate [668-34-8]¢
Triphenylstannyl benzoate [910-06-5] WH 6710500
Triphenylstannyl hydroperoxide
Triphenylstannyl levulinate [23292-85-5] WH 8596200
Triphenylstannyl methanesulphonate [13302-08-4] WH 8585400
Triphenylstannyl propiolate [57410-20-2] WH 5702000
Triphenylstannyl thiocyanate [7224-23-9] WH 8900000
1-(Triphenylstannyl)-1H -1,2,4-triazole [974-29-8] WH 8638000
Tripropylstannyl acetate [3267-78-5] WH 6700000
Tripropylstannyl iodoacetate [73927-92-1] WH 8577000
Tripropylstannyl isothiocyanate [31709-32-7] WH 8583700
Tripropylstannyl trichloroacetate WH 8715000
Tris(dibutylbis(2-hydroxyethylthio)stannane) O-ester with bis(boric acid) XK 4860000

[34333-07-8]

“4See also Reference 3.

Registry of Toxic Effects of Chemical Substances of National Institute for Occupational Safety and Health/Occupational

Safety and Health Administration.
“See also Reference 4.
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bond. All this commercial and research activity has brough about development of analyt-
ical methods for structural characterization and quality control.

Elsewhere in The Chemistry of Functional Groups series appears a brief discussion
on the stages in the lifetime of chemicals?. Organotin compounds are usually very toxic
and they constitute a potential source of harmful pollution with both acute and long-
term effects. Increasing concern with environmental and occupational issues has also
contributed to the development of analytical methods. Table 1 lists organotin compounds
that have found industrial application with references to occupational protection protocols
where analytical methods for the particular compound can be found.

The environmental impact of tin is appreciable, as it is one of the three most enriched
metals — only lead and tellurium precede — in the atmospheric particular matter, as com-
pared with the abundance of the element in the earth crust (2.2 ppm). Tin releases to the
environment can be methylated by aquatic organisms, yielding organometallic species of
toxicity comparable to that of methylated mercury”.

Analysis of organotin compounds has been reviewed®’.

Il. ELEMENTAL ANALYSIS
A. General
See introductory comments in Sections I.A.1-2 of Chapter 7.

B. Determination in Organic Samples

The methods described under this heading are adequate for pure or concentrated organ-
otin compounds. They are of historical interest and should be compared with modern ones
as for detection limits, simplicity of procedure and outlays. The main difficulty involved
in the determination of tin by combustion or wet digestion methods is the tendency of this
element to yield mixtures of Sn(II) and Sn(IV) compounds. This requires further work-up
to oxidize or reduce the element to a uniform valence. Thus, for example, oxygen flask
combustion yields a mixture of stannous and stannic oxides, that can be dissolved with
the aid of chromous sulphate and oxidized by air to the stannic and chromic state; the
stannic ions can be reduced to stannous ions with sodium hypophosphite and titrated with
standard potassium iodate®. Volatile organotin compounds can be vaporized with an oxy-
gen stream and passed though a weighed silica combustion tube. The residue obtained in
the tube is further ignited to constant weight, until totally converted to stannic oxide”®. Wet
digestion of organotin samples in sulphonitric mixture is to be followed by strong heating
with a burner for 2-3 h and ashing'®.