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Foreword

This is another volume in ‘The Chemistry of Functional Groups’ series which deals with
organometallic derivatives. We have assembled the remarkable recent achievements in the
synthesis, structure, synthetic uses and spectroscopy of organic lithium derivatives which
are in daily use in the organic chemist’s laboratory.

The two parts of the present volume contain 18 chapters written by experts from
10 countries. They include chapters on new developments, since Sapse and Schleyer’s
Lithium chemistry published in 1995, dealing with theoretical aspects, structural chem-
istry, thermochemistry, various spectroscopic characteristics such as solid state NMR and
vibrational spectroscopy, and gas phase chemistry, of organolithium compounds. Mech-
anistically oriented chapters deal with directing and activating effects of organolithium
derivatives and the mechanism of their additions to double bonds. There are chapters
on analysis, as well as on rearrangements of organolithium compounds and on specific
classes such as polylithium compounds, lithium carbenoids and «-amino-organolithiums.

Several chapters deal with the synthesis of and the synthetic applications of organo-
lithium compounds such as orthometallation, arene catalysed lithiation, addition to car-
bon—carbon double bonds, their reaction with oxiranes, and asymmetric deprotonation
with lithium (-)-sparteine. We gratefully acknowledge the contributions of all the authors
of these chapters.

Three promised chapters on the dynamic behaviour of organolithium compounds, on
chiral alkyllithium amides in asymmetric synthesis and on the intramolecular carbolithia-
tion reaction were not delivered. Although some material related to the first of these two
chapters appear partially in other chapters, we hope that the missing chapters will appear
in a future volume.

The literature coverage is mostly up to mid or late 2002, and several chapters contain
references from 2003.

We will be grateful to readers who draw our attention to any mistakes in the present
volume, or to omissions and new topics which deserve to be included in a future volume
on organolithium compounds.

Jerusalem and Haifa 7ZN1 RAPPOPORT
September 2003 ILAN MAREK
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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’).

Xi



Xil 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 is available from
the publisher. 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

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceeding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZV1 RAPPOPORT
Jerusalem, Israel
May 2000
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CHAPTER 1

Theoretical studies
in organolithium chemistry

ELUVATHINGAL D. JEMMIS and G. GOPAKUMAR

School of Chemistry, University of Hyderabad, Gachibowli, Hyderabad 500 046,
Andhra Pradesh, India
e-mail: jemmis@uohyd.ernet.in

I INTRODUCTION . ... ... i 1
II. THENATUREOFTHEC—-LiBOND ........................ 2
III. STRUCTURE AND ENERGY . ... ... .. i g
A. Effect of Solvation . . .. ... ... .. . . e 6
B. Stability due to Sulfur . . . . ... ... ... 10
C. Lithium Amides . . . ... .. ... .. 14
D. Oligomerization and Aggregation . . ....................... 18
E. Examples of Other Organolithium Compounds . . . .............. 18

IV. THEORETICAL STUDIES INVOLVING REACTIONS OF
ORGANOLITHIUM COMPOUNDS . .......... .. .. .. .. .. ..... 22
A. Regioselectivity in Addition . . . ....... .. .. .. . L oL L., 22
B. Self-condensation Reaction. . ... ...... ... ... ... ... .. ..... 25
C. Lithium Organocuprate Clusters . ......................... 32
D. Organolithium Compounds Involving Aldehydes and Ketones . . . . . .. 35
E. Other Reactions . . .. ...... ... ... .. ... ... ... ...... 41
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VL. CONCLUSIONS . ... e 44
VII. REFERENCES . . . . ... 44

I. INTRODUCTION

With their versatile structure, bonding and reactions, organolithium compounds continue to
fascinate chemists. Tremendous progress has been made in each of these areas during the
last few years. Theoretical studies have played an important role in these developments.
Several reviews had appeared on the contribution of theoretical methods in organolithium
compounds' 2. Wave-function-based quantum mechanical methods at various levels con-
tinue to be used in these studies; theoretical studies based on Density Functional Theory

The Chemistry of Organolithium Compounds. Edited by Z. Rappopart and 1. Marek
0 2004 John Wiley & Sons, Ltd. ISBN: 0-470-84339-X
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2 Eluvathingal D. Jemmis and G. Gopakumar

(DFT) have also become popular in recent years. A major review on theoretical studies in
organolithium compounds was published in 1995 by Streitwieser, Bachrach and Schleyer?.
We concentrate here on publications that have appeared since then. During these years
considerable progress has been made in the application of theoretical methods to the
chemistry of organolithium compounds at various levels of sophistication depending on
the problem. Attempts have been made to further delineate the nature of C—Li bonding.
Semiempirical calculations with the inclusion of solvent effects through various approx-
imations have been used to study larger systems. Reactions have been modeled in the
gas phase. Mechanistic details of several reactions have been studied theoretically. We
discuss the developments in the nature of the C—Li bonding first. Theoretical studies on
the structure and energetics, reactions and some applications involving NMR parameters
are discussed in subsequent sections.

Il. THE NATURE OF THE C—Li BOND

The nature of C—Li bond is still a dilemma for chemists due to the unusual behavior of
the bond in different compounds. Although the electronegativity difference suggests the
carbon-lithium bond to be essentially ionic, the solubility of some organolithium com-
pounds in nonpolar solvents such as benzene makes the problem more complex®. The
nature of the C—Li bond is different from those of the heavier analogs of alkali—metal
organic complexes; C—Na to C—Cs bonds are acknowledged to be even more ionic than
the C—Li bond. It was therefore felt that a certain percentage of covalent character may
be associated with the C—Li bond®. But recent studies and developments of methodolo-
gies for the analysis of wave functions and charge distributions suggest a much higher
polarity to the bond. In 1995, Streitwieser, Bachrach and Schleyer’suggested: ‘The carbon
lithium bond in theory and in chemical properties can be modeled as an essentially ionic
bond’. They described a number of examples, which support the ionic behavior of the
carbon-lithium bond.

Later, Koizumi and Kikuchi* used ab initio calculations of NMR spin—spin coupling
constants in monomeric methyllithium, tert-butyllithium and methyllithium oligomers
using self-consistent perturbation theory to probe the nature of C—Li bonding. Their
studies suggested that solvation affects the nature of the C—Li bond and reduces the
'Jewi value significantly. The calculations were also carried out using a truncated basis
set (the MIDI-4 basis set for lithium which includes only the 1s function and corresponds
to lithium cation), which models a purely ionic C—Li bond. The calculated coupling
constants were in excellent agreement with experimental data, suggesting the importance
of the ionic character of the C—Li bond in alkyllithiums. The calculated ' Jor; value of
methyllithium, 44.0 Hz, is found to be very close to that calculated for methyllithium
with three solvating ligands. This result, which strongly suggests the ionic nature of the
C—Li bond in methyllithium, does not change with the addition of ligands. The difference
between the ' Jor; values calculated by two different types of basis set for methyllithium
tetramer is much smaller than that in monomeric methyllithium. This trend is in accor-
dance with the observation that the coupling constants in methyllithium tetramer are
independent of solvent. Comparing the coupling constants of the ring structures la, 1b
and 1c (Figure 1) with the tetrahedral structure 1d (staggered and eclipsed form) implies
that !Jcr; depends on the state of aggregation rather than on the degree of aggregation.
More clearly, e in methyllithium varies nearly inversely with the number of lithium
atoms, which are bonded directly to the carbon atom. The implications are that the ionic
nature of the monomeric MeLi increases on solvation and the tetrameric MeLi has more
ionic C—Li bonding. In addition, further solvation is not desirable as the bridging nature
of tetramer provides the effect of solvation.
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FIGURE 1. The ring structures of the dimer (1a), trimer (1b) and tetramer (1c¢) of CH;3Li and a
perspective representation of the tetrahedral structure (1d) of the latter. The calculated coupling
constants are given below each structure. Reprinted with permission from Reference 4. Copyright
1995 American Chemical Society

In 1996, Bickelhaupt and coworkers investigated CH;Li, (CH;Li), and (CH;Li)4 using
Density Functional Theory (DFT) and conventional ab initio Molecular Orbital Theory
(MOT)’. This study highlighted the important role of a small covalent component in
the polar C—Li bond, especially in the methyllithium tetramer. It was suggested that the
lithium outer 2p orbital serves only as ‘superposition functions’, helping to describe the
carbanion, and does not play any part in covalent interaction. However, there appears
to be a small contribution from the inner parts of the Li 2p orbital. Streitwieser and
coworkers® showed that calculations using a truncated basis set on lithium with only
s-type basis functions yield essentially the same result (including the energetic ordering
of isomers) as calculated using the full basis sets. They concluded that the bonding is
governed by electrostatic interactions. The extended 6-31+G* basis set used in the eval-
uation of aggregation energies was expected to minimize the basis set superposition error
as suggested by Bickelhaupt and coworkers’. The result showed that the oligomerization
energies (A Ejg, + AZPE) calculated with truncated basis set are up to 20% lower than
those obtained using the full 6-314+G™* basis. This indicated that the bonding mechanism
is more complicated than suggested by the purely electrostatic model.

Charges on lithium calculated using the Voronoi Deformation Density (VDD) decrease
from 0.38 via 0.26 to 0.13¢ along CH;3Li, (CH;3Li),, (CH;Li),; showing that the shift
of electron density from lithium to methyl decreases upon oligomerization’. Similarly,
Hirshfeld lithium charges decrease from +0.49 via 0.42 down to +0.30e along the same
series of methyl lithium oligomers (Table 1). The fragment molecular orbital analysis
shows (CH3*), and (Li*), fragments to have triplet and quintet electronic structures
in (CH;3Li), and (CHsLi)4, respectively. Thus the interacting fragments are two singly
occupied molecular orbitals (SOMO,, and SOMOy,g) in each (CH3*), and (Li%),. The
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TABLE 1. The charges of Li in CH3Li and its oligomers. Reproduced with per-
mission from Ref. 5

Method CH;Li (CH3Li), (CH3Li)4
Voronoi deformation density (VDD) 0.38 0.26 0.13
Hirshfeld 0.49 0.42 0.30

above trend of decrease in electron density transfer from lithium is in accordance with
the increasing population of the (Li*), fragment orbitals SOMO,o,, and SOMOy;g, from
(CH3Li); [SOMOy,y = 0.57 and SOMOy;g, = 0.63] to (CH3Li)s [SOMOy,, = 0.91 and
SOMOy;gn = 0.85]. This is indicative of the increasing importance of a covalent com-
ponent in the carbon—lithium bond. Also, the carbon-lithium bond is much less ionic
according to Hirshfeld® (50-30%) than according to NPA charges (90%). These factors
suggest that the degree of ionicity of a bond obtained on the basis of atomic charges
should not be regarded as an absolute quantity, rather it will be more meaningful to
consider trends in atomic charges across a series of molecules using the same method.
Even though Bickelhaupt® emphasized the importance of covalent contributions to the
C—Li bonding, the results imply the ‘dual nature’ of the C—Li bond. It can be concluded
that the appearance of a covalent or ionic aspect depends strongly on the physical and
chemical context.

From their analysis of the conformational energies of pentadienyl anion and the penta-
dienyl metal compounds, Pratt and Streitwieser’ in 2000 pointed out that the stabilization
of the planar forms of the organometallic structures results from both conjugation and
electrostatic attraction between the negative carbons and the alkali metal cations. To
determine the relative magnitude of these effects, the reaction energies were determined
for hypothetical reaction, shown in Scheme 1 where M represents any alkali metal.

SCHEME 1

The reaction energies for the formation of pentadienyllithium are found to be much
greater than those for pentadienyl sodium, which indicate a greater electrostatic attraction
for the shorter Li—C bond. The calculated regional charges for the pentadienyllithiums
(HF/6-3114-G*) indicate that the most positive charge is concentrated on lithium and
the most negative charge is concentrated on the carbon atom coordinated to the lithium.
These results imply an ionic nature of the C—Li bond in pentadienyllithium. However,
the larger magnitude of electrostatic interaction may be due to the shorter distance of
the C—Li bond, and not necessarily to a larger charge separation. In other words, it is
possible that the charge on lithium may be less than that on sodium in the corresponding
sodium derivative and yet the electrostatic interaction may be larger in the former due to
the shorter distance.

Density functional theory calculations on methyllithium, ters-butyllithium and phenyl-
lithium oligomers by Kwon, Sevin and McKee support the ionic character of the C—Li
bond®. Their calculations of carbon lithium Natural Population Analysis (NPA) charges
and dipole moments for CH;Li, #-BuLi and Ph-Li oligomers (Table 2) indicate the ionic
behavior of the C—Li bond. Comparison of the charges of various oligomers suggests
that charges of lithium and carbon atoms are almost independent of the size of oligomers.
There are minor variations in the charge of the Li on going from CHsLi via #-BuLi and
PhLi, implying that there are changes in the nature of C—Li bonding as a function of the
organic group. Thus it is not correct to say that all C—Li bonds are 100% ionic. There
are minor variations.
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TABLE 2. The charges on Li and, C coordinated to the Li and the dipole
moments for a series of MeLi, #-BuLi and PhLi oligomers. Reproduced with
permission from Ref. 8

NPA charge Dipole moment”
Li C
MeLi (monomer) 0.83 —1.48 5.51
Me,Li, 0.87 —1.53 0
MesLis 0.84 —1.51 0
MeyLiy 0.86 —1.51 0
t-BuLi 0.81 —-0.59 6.23
t-BuyLi, 0.87 —-0.71 0
t-BuzLij 0.82 —0.69 0
t-BuyLiy 0.85 —0.74 0
PhLi (monomer) 0.87¢ —0.64¢ 6.61
PhyLiy 0.85¢ —0.69¢ 0

@At the B3LYP/6-314+G* level where diffuse functions have been omitted from lithium
atoms.

b At the B3LYP/6-31+G* level.

€At the B3LYP/6-314+G* level where diffuse functions have been omitted from lithium
atoms and carbon atoms not coordinated to the lithium face.

Ponec and coworkers’® reconsidered the conventional concept of C—Li bond in CH;Li
and CLig. Their calculations were based on two recently proposed methodologies: the
Atoms in Molecule (AIM) generalized population analysis and Fermi hole analysis. These
results support the ionic nature of C—Li bonding in CH;Li, but in CLis a different
description than the one published earlier” is suggested. The bonding description of CLig
proposed by Schleyer and coworkers in 1995 involves a C*~ ion surrounded by Lig**
in an octahedral fashion (Figure 2). The two electrons in the lithium cluster are placed
in an orbital, which is completely symmetric, being a Li—Li bonding orbital among all
lithium atoms, with a small contribution from the carbon 2s orbital. This extra electron
pair was considered as a part of the Li---Li bonding interactions. According to Ponec

SEINS

FIGURE 2. Optimized structure of CLig at HF/6-31G*. Reproduced by permission of J. Wiley
& Sons from A. M. Sapse and P. v. R. Schleyer (Eds.), Lithium Chemistry. A Theoretical and
Experimental Overview, J. Wiley & Sons, New York, 1995
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and coworkers the AIM analysis suggests that this electron pair is also shared between
the carbon and lithiums and the contributions of C and Li are roughly equal to 1.2 and
0.8e, respectively. Although the oxidation state of the central carbon is indeed close to
the NPA estimate (—IV), the interactions between the central atom and the surrounding
cage need not be purely ionic as expected so far. This is supported by the result of gen-
eralized population analysis, which detects the presence of 3-center bonding interactions
in Li—C—Li fragments as seen from the values of the corresponding indices, such as
the C- - -Li cage interactions. The Li- - -Li bond indices drop from 0.167 (Mulliken-like
analysis) to 0.020 (AIM generalized value), correlating the conclusions above.

Thus it is evident from all these studies that the nature of the C—Li bond varies from
compound to compound; hence any generalization of the nature of bonding is to be taken
cautiously. As Schleyer and Streitwieser have discussed in the past, the C—Li bond is
essentially ionic; however, the covalent components cannot be neglected’. The unusual
behavior of the C—Li bond has been a subject of discussion from the initial years of
applying theoretical methods, and the debate continues in an interesting manner due to
the developments of new theoretical methodologies. In fact, we support the implications
of Bickelhaupt that there is a covalent contribution to the C—Li bonding, however small
this turns out to be in specific examples®.

lll. STRUCTURE AND ENERGY

Theoretical studies of the structure of organolithium compounds continue to attract much
attention for several reasons. Often, it is not possible to obtain detailed structural informa-
tion from experiments. Experimental realization of a single crystal, which is good enough
for X-ray diffraction studies, is not always easy. Even when such detailed information
about the structure is available, theoretical studies provide an electronic structural descrip-
tion that helps one proceed further. The theoretical results depend on the level of theory
used. This often results in the re-examination of structures studied earlier using lower
levels of theory. Many of the structures that were thought to be minima were found to
have several imaginary frequencies at more sophisticated levels of theory. Schleyer and
coworkers in 1995 discussed a large number of compounds and their optimized struc-
tures. We consider here results that have appeared since then. Optimized structures and
the factors affecting the stability are discussed below. The last ten years have witnessed a
revolution in modeling solvent effects. Several theoretical studies incorporating the effect
of solvents are known and we first discuss this aspect of structural studies.

A. Effect of Solvation

The structures of organolithium compounds are affected by solvation. For example,
Sorger, Schleyer and Stalke have shown that the solid-state cisoid dimeric structure of 3,3-
dimethyl-2-(trimethylsilyl)cyclopropenyllithium-tetramethylenediamine does not persist in
solution; it is monomeric in THF solution!®. In 1996, Weiss and coworkers studied the
effect of specific and nonspecific solvations by THF on methyl isobutyrate aggregates'!.
This study shows that the solvent influences the stability of the dimer to a higher extent
than that of the tetramer. In total disagreement with earlier experimental results, ab initio
MO calculations (gas-phase studies) at the MP2/SVD//SCF/SVD, SCF/SVD//SCF/SVD
and SCF/TZD//SCF/SVD (split valence basis sets augmented with one d-polarization
function for carbon and oxygen, for Li augmented with one p-polarization function and a
double-¢ basis set for hydrogen; this is referred to as SVD; the Karlsruhe TZP basis sets
for Li, O and C, and for hydrogen the same DZ basis set as for the structure optimization
have been used, is referred to as TZD) levels for the energies of dimer and cubic tetramer,
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suggest that the tetramer is more stable than the dimer. But the results of solvent effects,
using the semiempirical MNDO and PM3 methods, predict the dimer to be more stable!!.
Clearly, more careful investigation is required here before definite conclusions can be
drawn. The general indication is that the dimers are more strongly affected by solvation
than the tetramers.

Since several aspects of the regio- and stereoselectivity of lithium enolates involves the
characteristics of their aggregation, the effect of solvation on the structure and aggregation
of lithium enolates plays an important role in the mechanistic study. In 1997, Abbotto,
Streitwieser and Schleyer investigated theoretically by using ab initio and semiempirical
MO methods the effect of ether solvent on the aggregation of lithium enolates'?. This
study shows that solvation has a critical role in determining the relative energies of the
aggregated species. m-Interaction between lithium and the enolate double bond is another
factor that helps to determine the relative stabilities of the isomers and the degree of
solvation. The cubic tetramer is stable because of the electrostatic stabilization of the
aggregation, but the monomeric species is important in the equilibrium owing to its
high solvation energies. In contrast, the dimer, and to a greater extent the trimer, is
less important. The tendency of lithium cation to reach tetracoordination is shown to
be less significant than commonly believed. Jackman and Lange studied the aggregation
and reactivity of lithium enolates using °Li and '*C NMR spectroscopy and suggested
that the parent lithium enolate of acetaldehyde exists exclusively as a tetramer in THF
solution'3. Selection of water as a solvent molecule in the study of the solvation effect is
less effective due to the property of water to form hydrogen bonds. In their study Abbotto
and coworkers abandoned THF as the solvent due to its large size and took dimethyl ether
as a realistic coordinating solvent!2.

The effect of solvation in CH,=CHOLi was studied in detail. Earlier studies at the
B3LYP/6-314+G* level suggested that the lowest energy minima correspond to isolated
bridged lithium enolate 2a, rather than the open-chain structure 2b; this is attributed to
the interaction of the lithium cation with the enolate anion (Figure 3).

The main consequences of the solvation are found to be the increment in bond lengths
between the enolate oxygen atom and the lithium in the mono and the disolvated (3a)
enolates, together with the increment in the Li—Osolvent bond. However, the trend con-
tinues up to trisolvated species 3b (Figure 4), where the Li—O distance is found to be less
than that in isolated species. These characteristics of larger Li—dimethyl ether distance
(due to the steric hindrance) and the absence of coordination to the double bonds suggest
an ionic interaction of Li with enolate oxygen.

AL Li-O-C 83.66°
1763 : Li-O-C-C —41.91° Li-O-C 175.48°
2.0/& 2.23A
1303 A 1321 A
1.380 A 13514
(2a) (2b)

FIGURE 3. Optimized structures of monomer CH,=CHOLi as obtained from B3LYP/6-314+G* cal-
culations. Reprinted with permission from Reference 12. Copyright 1997 American Chemical Society
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Li-O-C 89.05°
Li-O-C-C —46.07°

Og-Li-O 111.51,123.96°
Og-Li-Og 107.74°
Og-Li-0-C —106.02, 122.66°

(B3LYP)
(6-31 + G¥)
(3a)

Li;-0,-C, 168.28°
0,-Li,-0, 109.30°
05-Li;-0, 110.89°
04-Li;-0,-C; 117.26°

() (PM3)
(6-31 + G*)
(3b)

FIGURE 4. Optimized structures of CH,=CHOLi(Me,0), (3a) as obtained from B3LYP/6-31+G*
calculations (3b) and CH,=CHOLi(Me,0); as obtained from PM3 calculations. Reprinted with
permission from Reference 12. Copyright 1997 American Chemical Society

The geometries for the dimeric isomers are also optimized at the B3LYP/6-314-G*
level. The results were compared with Hartree—Fock and PM3 results. The stable dimers
4a, 4b and 4c are found to have C; symmetry (Figure 5).
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Li,-0,-C, 84.71°% Li,-0,-C, 135.82°;

_ Lij-Oy-Li, 79.19° Li,-0,-C, 88.82°; Li,-0,-C, 113.49°

B 1i,-0,-C-C; 46.53% Li,-0,-C,-C, 7.61°  Li;-0,-Li, 79.21°

Li,-0,-C,-C; 38.98°; Liy-0,-C,-C, —0.88°

13154 1922A 1798 A

334 A

1.765 A 1805 A, 914 &

EF-
L - - -3430A- - - - =
Ry

(Cp) (B3LYP) (C)) (PM3)
(4a) (4b)
o SEBAOLAERE
B~ 064, LMIA - 1§1-0,-C485.05° Li;-0,-C, 133.60°;
1.820A e G Li;-0,-Li, 79.14°
13354 Li;-0,-C5-C, 46.62°; Li|-0,-C;-C, 4.13°

(C) (B3LYP)
(4c)

2.100A

T0,-C3 1.32A;C4C, 1.35A
Li;-0-C; 130.97°; 0,-Li;-O; 85.94°
& 0,-Li;-0; 118.20° O,-Li;-O; 91.07°
0Os-Li,-0, 137.72°
&5 Li;-0,-C,-C, —176.65°;
05-Li;-0,-C; —52.59°
(C)) (PM3)
(4d)

FIGURE 5. 4a—4c¢ are optimized structures of dimers (CH,=CHOLIi), as obtained from
B3LYP/6-31+G* and PM3 calculations. Hydrogen atoms are omitted in PM3. Structure 4d represents
the optimized structure of the complex of the dimer (CH,=CHOLIi), with three molecules of
Me,O at the PM3 level. Reprinted with permission from Reference 12. Copyright 1997 American
Chemical Society
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The relatively high stability of the three isomers 4a, 4b and 4c is attributed to the
stabilizing interaction between lithium cation and enolate double bond. Comparison of
the energy of monomer, dimer and trimer systems, with and without m-coordination (as
in 2a vs 2b in Figure 3) indicated the 7-coordination energy to be 0.5-2.6 kcal mol~!.
It is found that for the trisolvated monomer 3b (and for other aggregates) -coordination
disappears on solvation (Figure 4). Thus m-coordination is also a decisive factor in deter-
mining the most favorable degree of solvation. Abbotto and coworkers concluded that if
the negative entropic contribution relative to the third solvation process of monomeric
CH,=CHOLi is assumed to be about 5—10 eu, the small negative enthalpy suggests that
this step has a positive AG at room temperature. Thus it is clear that tetracoordina-
tion of the lithium center is not necessarily a thermodynamically favored process; less
solvated species with coordinated lithium may well be more stable. If we consider the
solvation enthalpies and entropies, the most stable solvated species are the disolvated
monomer 4a, the trisolvated dimer 4d, the trisolvated trimer 5a and the tetrasolvated
tetramer Sb (Figures 5—6). The association energies among these solvated species are
monomer/dimer —14.9, monomer/trimer —11.6 and monomer/tetramer —17.2 kcal mol ™!
(per mol of monomeric unit). Comparison of these values with the corresponding ener-
gies without solvation of —26.0, —33.5 and —35.3 kcal mol~! (which are increasing in the
order monomer/dimer < monomer/trimer < monomer/tetramer) suggests a different order
with the monomer/dimer equilibrium being the least favored.

The calculations of the natural charge populations of selected B3LYP/6-314+G* opti-
mized structures, using the two different basis sets 6-31+G* and 6-311+G™, reveal the
increase of negative charge on the oxygen, and a decrease on the carbons on aggregation
(Table 3). The results are rationalized as follows. Compared to the monomer, each oxy-
gen of the dimer is close to two positively charged lithium centers and, as a consequence
of its higher effective electronegativity, it removes more charge from the double bond.
The increase in the charge on oxygen is about the same as the decrease in Cg charge.
In the dimer in which the m-coordination is absent, the lithium atom carries more posi-
tive charge. Hence the oxygen of the bridged unit is effectively less electronegative and
less charge is withdrawn from the «-carbon. This fact suggests that the w-coordination
between the enolate double bond and the lithium cation increases the negative charge by
about 0.1 electron at the B-position. The lack of significant difference observed between
the carbon of the bridged unit in 4a in Figure 5 and the corresponding position of the Cy;,
isomer (Figure 7) suggests that the 7-delocalization from oxygen to the double bond is
not important and that the polarization mechanism controls charge redistribution in lithium
enolates. This is also reflected in the identical distances of O—C and C—C bonds'? in the
unbridged enolate unit of C; isomer (Figure 5) and in the C,, isomer 6 (Figure 7).

The decrease in the negative charge on Cg on going from monomer to higher aggregates
implies the opposite behavior in the solvated monomers. The reverse behavior is due to
the bonding of lithium to more oxygens on solvation. Thus the solvation limits its effect
on charge redistribution primarily to the lithium cation, and the populations on the enolate
moiety are relatively unaffected by solvent contribution.

B. Stability due to Sulfur

The high nucleophilicity of heterosubstituted allyllithium compounds makes them
attractive reagents in synthetic organic chemistry. Structural studies of these compounds
give a fundamental understanding about the control of the regioselectivity. Often,
these studies are difficult due to the tendency of the compounds to form complex
fluxional aggregates in solution. Piffl and coworkers have studied the dependency of the
oxidation state of sulfur on the structure and electronic properties of the heterosubstituted
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Li;-0,-C; 121.04°
0y-Li;-0, 115.44°
0,Li;-0, 116.63°
0,-Li;-0, 127.70°
Li;-0,-C3-C4 —38.67°
0,-Li;-0,-Li, 3.15°
0,Li;-0,-0, 174.24°

1335A, 1348 A

(C3) (PM3)

Li;-0,-C; 131.14% 0,-Lis-O;3 90.54°
01-Li;-0, 88.96% Og-Liy-0, 119.91°
Og-Liy-O; 124.45°%; Og-Liy-O, 131.43°
Li3-0,-C-C; 3.81% O,-Li;-O,-Li; 1.63°;
0,-Liy-O5-Liy 6.10° C,-O5-Liy-Li; —128.28°
Og-Liy-05-0, —142.20°; Og-Li,-O,-Li; —129.75°

(Sy) (PM3)

(5b)

FIGURE 6. Optimized structures of trimer (CH,=CHOLI) (5a) complex with three molecules of
Me,O from PM3 computations and of the Cubic tetrasolvated tetramer (CH,=CHOLIi)4(Me,0)4 (5b)

obtained at the PM3 level. Reprinted with permission from Reference 12. Copyright 1997 American
Chemical Society
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TABLE 3. The natural charge population in monomeric and aggregated structures of CH,=CHOLi
and corresponding solvated forms using method A (B3LYP/6-31+G*//6-314-G*) and method B
(B3LYP/6-311+G**//6-31+G*) calculations

Species Method Li (0] C, (CH) Cg (CHy)

(CH,=CHOLI); (C2)¢
(CH,=CHOLI)3 (C)

+0.948 —1.087 40.148 (0.322) —0.615 (—0.182)
+0.921 —-1.015 40.145 (0.332) —0.688 (—0.238)
+0.921 —1.019 +40.181 (0.329) —0.624 (—0.233)

CH,=CHOLI (C;) A +0.926 —0.887 +0.158 (0.036) —0.820 (—0.375)
B +0.923 —0.884 +0.912 (0.330) —0.758 (—0.369)
CH,=CHOLi(Me,0) C; A +0.889 —0.882  +0.161 (0.331)  —0.803 (—0.367)
B +0.888 —0.881 -+0.194 (0.324) —0.742 (—0.360)
CH,=CHOLi(Me,0), (C)) A +0.873 —0.891  +0.159 (0.318)  —0.765 (—0.346)
B +0.868 —0.891  +0.192 (0.313)  —0.706 (—0.340)
(CH,=CHOLI), (C))
unit 14 A +0.913  —0.998  +0.160 (0.348)  —0.725 (—0.273)
unit 17 B +0.913 —1.002  +0.195 (0.343)  —0.660 (—0.267)
unit 2¢ A +0.943 —1.059 +0.160 (0.330) —0.625 (—0.203)
unit 2° B +0.950 —1.068 +0.196 (0.327) —0.564 (—0.199)
A
A
B

“Bridged (Li-m-interaction) unit of the dimer.
bNon-bridged unit of the dimer.
“Plane corresponding to the moiety Li—O—Li—O is perpendicular to the plane of the carbon atoms.

1.346 A Li;-0,-C; 139.12° Li;-O;-Li, 79.94°
Li;-0,-C;-C3 ~79.00°

(Cyp) (B3LYP)
©®)

FIGURE 7. Optimized structures of dimer (CH,=CHOLi), (6) as obtained from B3LYP/6-314+-G*
calculations. Reprinted with permission from Reference 12. Copyright 1997 American
Chemical Society

allyllithium compounds'*. They combined ab initio calculations with experimental NMR
and cryoscopic investigations, which gave insight to the structural assignments as
suggested by Weston and Ahlbrecht in 1999'°. The stability of the endo conformation
over the exo (called the ‘cis-effect’) is observed both experimentally and theoretically for
all lithiated compounds during the studies. Successive coordination of THF molecules
to lithium and re-optimization of the two nearly isoenergetic endo conformers for 1-
thiophenylallyllithium 7a and 7b (Figure 8) shows that specific solvation has a strong
influence on the structure and electronic properties of the anionic substrate.

Increasing the solvation causes the C,, —Li contact to be gradually given up whereas the
electrostatic contact of the lithium to the «-carbon is maintained. However, the estimation
of the solvation number in the solid state shows the presence of two THF molecules per
lithium. This study suggests that specific solvation increases the ability of the sulfur group
to localize the negative charge on the a-carbon atom («-heteroatom stabilization).



1. Theoretical studies in organolithium chemistry 13

Li
A
L "30 ]
i T e il
Z“\E; ‘F{ ‘:‘ﬁ
WS
000  //
."li,n
l.'
jl'.',f""
!
)i
(7a) (7b)

FIGURE 8. Energetically stable endo conformations found for I-thiophenylallyllithium at the
B3LYP/6-314+-G* level of theory. Energy difference in kcal mol~!. Reprinted with permission from
Reference 14. Copyright 2000 American Chemical Society

Close examination of various B3LYP/6-31+G* optimized geometries of all the three
isomers of sulfoxy-substituted allyllithium suggests the minimum energy structures as 8a
and 8b (Figure 9). The relative stabilities of these structures are attributed to the additional
electrostatic interaction due to the presence of extra Li—O contact.

Although in structure 8c the allyl system is decoupled, the structure shows surprising
stability (only 2.2 kcal mol~! above global minimum) due to the presence of Li—O contact.
The calculations on the solvated structure lead to the conclusion that the presence of
Li—O contact reduces the number of THF molecules bound to lithium as compared
to the thiophenyl compound. This is supported by experimental results, which suggests
the presence of two THF molecules per allyllithium unit in the solid state. The cation
decoupled solvated allyl system 9a is only 1.7 kcalmol~! less stable than 9b (Figure 10)
even though specific solvation stabilizes conformer 8¢ more than 8a. The calculated
solvation energies indicate that conformer 8a is only 0.5 kcal mol~! more stable than 8c,
indicating the presence of both conformers in the solution. The conformational equilibrium

HH,,__F
'L\:\ 0.00
Y h
éﬁ‘h “' '{"ﬂ‘.
bh *
iy /
\a +2.12
(8a) (8b) (8c)

FIGURE 9. Energetically stable endo conformers found for sulfoxides of 1-thiophenylallyllithium
at the B3LYP/6-31+G* level of theory. Energy difference in kcal mol~'. Reprinted with permission
from Reference 14. Copyright 2000 American Chemical Society
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(9a) (9b)

FIGURE 10. Energetically stable solvated conformers found for sulfoxides of 1-thiophenylallyl-
lithium at the B3LYP/6-314+G* computations. Energy difference in kcalmol~'. Reprinted with
permission from Reference 14. Copyright 2000 American Chemical Society

was not found in the NMR timescale since warming the solution caused a slight broadening
of the signals observed in the 'H and *C NMR spectra; the solution decomposes, however,
before coalescence is observed.

The presence of two chelating oxygen atoms in 1-(phenyl)sulfonylallyllithium enables
the lithium to form a very stable intramolecular O—Li—O scissor contact ion pair, at least
in the solid state. Thus, among all the heteroatom-substituted allyllithium compounds, the
lithium is bonded not only to the heteroatom but also to the allylic backbone. Recent inves-
tigations of the structure of lithiated allylic norbornyl sulfones showed that, in addition
to the exo—endo equilibrium, there is also a monomer—dimer aggregational equilibrium
present in THF solution, which occur rapidly on the NMR timescale. Knowledge of the
solution structure of these three types of lithiated compounds enabled Piffl and coworkers
to develop a reliable model system for the calculation of heterocumulene fixation. New

developments in this area will help direct experimental investigations'*.

C. Lithium Amides

Though many lithium amides have no formal Li—C bonds, they are included here
as honorary organolithium compounds because the lithium amides are used extensively
in organic synthesis. The interest in aminolithium complexes is in their use as non-
nucleophilic Bronsted—Lowry bases in organic synthesis and in their applications as
anionic transfer reagents for the preparation of other main group and transition metal
amides. In addition to the ab initio molecular orbital calculations on the association
of solvent-free and solvated LiNH,, the theories concerning autocomplexation of these
species have considerable interest. In 1995, Gardiner and Raston reported a model ab
initio theoretical study of (E)-4-lithio-1,4-diazabut-1-ene focusing on the energetics of
association to the possible diastereomers arising from amido nitrogen bridging!®. The ab
initio theoretical studies dealt with the aggregation of Lewis base functionalized deriva-
tives, which are very few in number. Their study used a 3-21G* basis set. The fully
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12)

FIGURE 11. Optimized geometries for minima located using the 3-21G* basis set for
[LiN(H)CH,CHNH] (10), [cis-{Li[«-N(H)CH,CHNH]}»] 11 and [trans-{Li[u-N(H)CH,CHNH]},]
(12). Reprinted with permission from Reference 16a. Copyright 1995 American Chemical Society

optimized structures of [LiN(H)CH,CHNH], [cis-{Li[u-N(H)CH,CHNH]},] and [trans-
{Li[u-N(H)CH,CHNH]},] with Cs symmetry for monomer 10, C; for centrosymmetric
dimer 11 and C, for symmetric dimer 12 are represented in Figure 11.

The minimum energy structure corresponding to the monomer 10 has Cy symmetry. The
Li—N bond distance in this highly electron-deficient complex, as expected, is much shorter
than typically observed. The calculations suggest the dimeric species to have structures
with C; and C, symmetry (11 and 12). The amido nitrogen atoms in the dimers are sp?
hybridized'®*, which introduce stepped and concaved secondary structures into the three
edge-fused rings of the C; and C, symmetric dimers. The formation of C; and C, dimers
gives stabilization energies of 31.9 and 32.0 kcal mol~!, respectively.

Even though ab initio molecular orbital calculations on unsolvated and solvated model
compounds of lithium amides suggest the formation of polymeric/cyclic oligomeric aggre-
gates featuring Li,N,, ladder core, a shortage of direct experimental evidence makes the
evaluation of the reliability of the study difficult. The only structurally characterized
polymeric lithium amide in the solid state, {Li(u-N(Pr-i),)}, has a coiled linear Li,N,
framework. Gardiner and Raston also reported the synthesis of the lithium amides 14-16
by lithiation of N,N’-di-tert-butylethylenediamine 13 by alkyllithium species (Figure 12)
together with ab initio molecular orbital calculations, in order to monitor the energetics of
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FIGURE 12. Synthesis of the lithium amides 14-16 produced by the lithiation of
N,N'-di-tert-butylethylenediamine. Reprinted with permission from Reference 16b. Copyright 1996
American Chemical Society
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aggregation'®*. The calculations indeed proved the polymeric ladders 16a as energetically
favored over stacked dimers. The aggregates of various oligomeric/polymeric form in
N,N’-dilithium ethylenediamide complexes were optimized using basis sets ranging from
STO-3G, 3-21G*, to 6-31G*. The association energies and optimized structures (Figure 13)
are discussed below.

The above data indicate that the association energy for dimerization of stacked dimeric
species G is —26.3 (—29.2) kcalmol~! (energies at the 6-31G* and 3-21G* level of the-
ory). The energies for the polymerization of the species C and F are —40.4 (—47.0)
kcal mol~! and —40.6 (—46.1) kcal mol~!, respectively. This calculated energy of aggre-
gation suggests the formation of a polymeric ladder as more favorable than the stacked
dimer. In the experiment, it is seen that the stacked dimer crystallizes only on rapid cooling
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of solutions but the polymeric ladder form precipitates from solution over time as the most
stable form. This was found to be in good agreement with theoretical calculations.

The centrosymmetric four-ring ethylene edge-bridged ladder structure of [{Li,[N(2,6-i-
Pr,C¢H3)CH,],},] is 16.7 (19.8) kcalmol~! higher in energy than the polymeric ethylene
face-bridging ladder. This energy difference, close to that of the ladder and stacked dimer
difference, can be attributed to the influence of the steric effect due to the highly hindered
aryl group. Comparison of the unsolvated ladders E and H with ladders bearing a single
molecule of water on each terminal lithium atom, J and K, shows an energy difference
of 5.0 (4.6) and 3.8(3.1) kcal mol~!, which favors the ethylene edge-bridged ladders (per
monomeric unit), (H-E)/2 and (K-J)/2. According to the authors this preference is due to
the relief of steric strain in the ‘Li,N, double bridged’ butterfly shaped Li,N; ring.

D. Oligomerization and Aggregation

The questions of oligomerization and aggregation of organolithium compounds appear
wherever these reagents are discussed. We have already given several examples in the
context of solvation. In view of the great insights it provides to the structure and energies,
we give here definite examples not discussed earlier. While the literature in this area is not
as extensive as those of lithium amides, there are several interesting theoretical studies.

An ab initio study on the ‘superbasic reagents’ formed by transmetalation reaction is
performed using mixed alkali—metal dimers!’. Comparison of the structure and energies
of the resulting dimeric aggregates suggests that mixed aggregates are more stable than
other possible combinations (Figure 14a). The stability of mixed metal dimers is attributed
to a combination of high LiX/LiO bond strengths and the decrease of the metal—metal
repulsions, even though the latter is considered to be a main factor in mixed dimers
involving heavier alkali metals (Rb, Cs). The relative energies for dimethyl ether sol-
vated mixtures compared to the uncomplexed species and computational results on the
intermolecular exchange reactions are illustrated in Figure 14b. The final energies are
obtained by single point calculations using B3LYP density functional theory on RHF
optimized geometries. Although mixed aggregates may well exist in superbasic mixtures,
their enhanced reactivity is yet to be explained.

E. Examples of Other Organolithium Compounds

Goldfuss, Schleyer and Hampel studied in 1996 the interactions of alkali—metal ions
with cyclopropyl groups and correlated them with experimental results from X-ray crystal
structure of [Li—O—C(Me)-(c-Pr),]¢ 17a (Figure 15)'8. This work explained the bonding
in terms of edge-coordinated cyclopropyllithium arrangements. The geometries of the
lithium-bonded cyclopropyl groups obtained from the X-ray crystal structure studies and
from theoretical studies at the B3LYP/6-3114+G™* level are comparable. The geometries
17b—f obtained from the calculations are given in Figure 15. The coordination energies
and natural charges of protonated lithium-complexed hydrocarbons are listed in Table 4.
The results indicate the exceptional stability of edge complex 17d in comparison to
corner transition structure 17¢ and face isomer 17e. The C—C bent bonds of cyclopropane
17b give rise to areas of negative electrostatic potential outside the ring; this favors the
Li* edge coordination of 17b over 17¢ (corner coordination). Above the ring plane the
positively charged H atoms provide three electrostatic potential minima, surrounding a
lower positive area. This explains the ‘meta’-stable Li* position in 17e.

In 1997, Jemmis, Schleyer and coworkers studied the structure and energetics of lithi-
ated cyclopropenyl cation and their acyclic isomers using ab initio MO (HF/6-31G*) and
density functional theory (DFT, B3LYP/6-31G*) methods'®. Successive lithiation results in
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Starting Mixed Transmetalated
compounds aggregate compounds

solvated 5.3 —-10.1
unsolvated -8.7 (-9.1) -12.4 (-10.1)
2
“}% —
solvated 0.0 -8.1 -9.1
unsolvated 0.0 —-13.7 (-13.9) -104 (-7.1)

FIGURE 14a. Relative energies for dimethyl ether solvated mixtures [(MOH), /(LiCH3),; M = Na,
K] compared to the uncomplexed species at B3LYP basis D //RHF basis A. (D //MP2(full) basis
B energies for the unsolvated equilibria are given in parentheses.) Basis A: Li, Na, H, C, N, O, F
(6-314G*) K, Rb, Cs: 9VE-ECP MWB 6s6p1d/4sdpld; basis B: Li, Na, H, C, N, O, F (6-31++4+G™**),
K, Rb, Cs: 9VE-ECP MWB 6s6p2d/5s5p2d; basis D: Li, Na, H, C, O (6-311+G*), K: 9VE-ECP
MWB 6s6p2d/5s5p2d. Reprinted with permission from Reference 17. Copyright 1996 American
Chemical Society



20 Eluvathingal D. Jemmis and G. Gopakumar

/Li\ /Li\ /Li\ /Li\ /Li\
X ‘/X X /X HO_ ./X HO__ /X HO_ ‘/OH
Li M Li M Li
+ + +
- M ~ e M ~ ~ M ~ - M ~N - M ~
HO__ /OH HO\ _OH  X__ /OH X\ _OH  X__ /X
M i M Li M
Starting compounds Cation exchange Anion exchange Mixed aggregates Transmetalated
compounds
Ew1=0.0
M= Li
X=H 0.0 -2.6 -2.6 0.0
X=CHj3 0.0 -34 -34 0.0
X=NH, 0.0 -2.0 -2.0 0.0
X=OH 0.0 0.0 0.0 0.0
X=F 0.0 -0.8 -0.8 0.0
M= Na
X=H -10.2 -10.5 -11.9 -16.8
X= CHj3 -6.3 -73 -9.1 -10.1
X=NH, -29 -2.6 -43 -2.6
X=OH -2.0 0.0 -2.0 0.0
X=F -4.0 -1.8 -4.8 -2.6
M=K
X=H -144 -95 -16.0 -14.1
X= CH3 -11.8 -5.8 -139 -7.1
X=NH, -6.5 -0.9 -8.2 0.6
X=OH -6.8 0.0 -6.8 0.0
X=F -11.2 -3.8 -122 -6.5
M=Rb
X=H -17.6 -10.6 -19.0 -16.9
X=CHj3; —-15.1 -6.8 -17.2 -93
X=NH, -8.1 -0.7 -9.8 1.0
X=OH -8.6 0.0 -8.6 0.0
X=F -13.6 -4.2 -145 -74
M= Cs
X=H -18.7 -10.0 -19.8 -16.4
X=CH; -16.9 -6.7 -18.9 -94
X=NH, -85 0.1 -9.9 2.5
X=OH =95 0.0 -95 0.0
X=F -14.7 -4.6 -15.6 -8.2

FIGURE 14b. Summary of computational results on intermolecular exchange reactions at MP2(full)
(+AZPE) (kcalmol~'). Reprinted with permission from Reference 17. Copyright 1996 American
Chemical Society
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FIGURE 15. Asymmetric unit in the X-ray crystal structure of [Li—O—C(Me)-(c-Pr),]¢ 17a, cyclo-
propane 17b (Ds,); 17¢—f are optimized geometries of Li™ and LiOH cyclopropane complexes (Ca,,
Cyy, C3y, Coy respectively) at RB3LYP/6-311+G** (C, H, O), /6-31G* (Li) level. Bond distances
are given in angstroms. Reprinted with permission from Reference 18. Copyright 1996 American
Chemical Society
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TABLE 4. Coordination energies and natural charges of protonated lithium-
complexed hydrocarbons® illustrated in Figure 15. Reproduced with permission
from Reference 18. Copyright 1996 American Chemical Society

PG(NIMAG)? E coord (kcal mol~!)¢ gqH™ or gLi* (au)?
17¢ Cyy (1) 13.18 +0.985
17d Cyy (0) 2291 +0.982
17e Cyy (0) 11.63 40974
17f Cyy (0) 8.86 +0.953

“B3LYP/6-311+G** (C,H,0), /6-31G* (Li) optimized geometries.

bPoint group and number of imaginary frequencies, obtained from B3LYP frequency calcu-
lations.

°H* or Li* coordination energies E coord (ZPE corrected) of the protonated or Lit-
complexed species.

4Natural charges of coordinated Ht or Li*.

C3;H,Li* , C3HLi,* and CsLi3* with lithiation energy of 67.0, 48.2 and 40.5 kcal mol~!,
respectively (equations 1, 2 and 3). The fall-off in this lithium-substituted cycloprope-
nium ion is somewhat less than that along CH,Li*, CHLi,", and CLi3* series. This
study showed the elongation of adjacent C—C bonds when both Li and NH, substituents
are used; this is attributed to hyperconjugation and m-delocalization. The results suggest
that one NH, and two Li substituents should be more stabilizing than two NH, and one
Li substituents.

c-C3H3t + CHiLi c-C3H,Lit + CHy AH =—67.0 kcalmol~! (1)

c-C3HLLit + CHjLi c-C3HLi,* + CH,  AH=-48.2kcalmol™! (2)

C-C3HL12+ + CH3L1 C-C3Li3+ + CH4 AH =-40.5 kcalmol’l (3)

Improvements of the theoretical methodologies during the past few years have resulted
in valuable corrections in the proposed structures. The availability of accurate struc-
tural and energetic data has encouraged detailed mechanistic studies of the reactions of
organolithium compounds. These are discussed in the next section.

IV. THEORETICAL STUDIES INVOLVING REACTIONS OF ORGANOLITHIUM
COMPOUNDS

Many reactions exhibited by organolithium compounds are studied theoretically. The
structure, energy and bonding discussed above have direct consequences in determining
the reaction paths. The large variety of the reactions of organolithium compounds studied
theoretically are discussed below.

A. Regioselectivity in Addition

Regioselectivity of a reaction is important in synthetic organic chemistry. Although
experimental results suggest an overview concerning the regioselectivity of the
lithium metallation reaction, detailed theoretical studies were unavailable until recently.
Application of the theoretical methodologies to various regioselectivity problems will be
useful in predicting the result of a reaction. In 1995, Opitz and coworkers conducted a
theoretical survey on the lithiation reaction of lithium methyl 1-naphthylcarbamate-2H,0,
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lithium methyl 2-naphthylcarbamate-2H,O and lithium 1,2,3,4-tetrahydroisoquinoline
carbamate-2H,0 based on MO theory®®. The theoretical results using PM3 and MNDO
approximations correlate well with experiments. Comparison of the calculated energy of
various transition state structures indicates the favored reaction path. The usefulness of
semiempirical calculations for the investigation of the regioselectivity of lithiation reaction
for molecules in which the carbon center has the same type of hybridization is very clear
from this study.

Canepa and Tonachini investigated the addition reaction of formaldehyde with (1,1-
difluoroallyl)lithium and (1,1-dichloro)allyllithium and -potassium (and the corresponding
free anions) at HF and MP2 levels of theory?'. It is found that the «-attack path-
way (Scheme 2) is sharply preferred in 1,1-difluoroallyllithium, in the free anion and in
1,1-dichloroallylpotassium. In contrast, for (1,1-dichloroallyl)lithium the transition state
energies for both the - and y-pathways are nearly the same, and the y-attack pathway
(Figure 16 and Table 5) is slightly preferred. Their calculations indicate that varying sub-
stituents on the electrophilic carbon could modulate the regioselectivity. These results are
in good agreement with experiments.

H,C==CHCHCI, %ﬁs‘f’ (H,CCHCCl,)" Li*
THE, 95 °C | RR'C=0
R’ R’
R—é—O’LiJr + R—(li—O’ Li*
H2|CCH = CCl, H,C==CHCCl,
THF, 95 °C | H;0*
R’ R’
R—C—OH + R—C—OH
H,C= CH(|ZC12 H2(|ZCH =CCl,
o attack y attack

SCHEME 2. The «- and y-selectivity in the addition reaction of carbonyl electrophiles to
gem-dichloroallyl anion

The theoretical study of Saa and coworkers on the stereochemical puzzle of Birch and
vinylogous Birch reductive cleavage (BICLE and VIBICLE) of unsaturated benzyl ethers
throws some light on the mechanistic path?2. Their work, involving the theoretical analysis
of these complex reactions using a simplified model for contact, solvent separated and
isolated ion pairs, is the first one in which calculations predict the existence of haptomers in
anion radicals. Alternative routes for the vinylogous Birch reductive cleavage of cinnamyl
ether (18) and Birch reductive cleavage of methyl phenylpropenyl ether (19) promoted
by lithium naphthalenide is examined (Figures 17a and 17b) in order to understand the
mechanistic details.

The MNDO structures of intermediates and transition states for the cleavage of ben-
zyl and cinnamyl ethers through anion-radical routes and dianion routes involving CIPs
(contact ion pairs) and IIPs (isolated nonsolvated ion pairs) are given in Figure 18.
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FIGURE 16. Structures involved in the addition of allyllithium reagents to formaldehyde. A(i)
The o-complex between formaldehyde and (1,1-dichloroallyl)lithium; A(ii) the a-attack transition
structure; A(iii) the y-attack transition structure. B(i) The o-complex between formaldehyde and
(1,1-difluoroallyl)lithium; B(ii) the a-attack transition structure; B(iii) the y-attack transition struc-
ture. Interatomic distances are in angstroms, angles in degrees (top figures: HF; bottom: MP2).
Reprinted with permission from Reference 21. Copyright 1996 American Chemical Society

Based on their study, Saa and coworkers?? suggested the lower energy cleavage routes
as those involving contact ion pair, in which an important role is played by the lithium
counterion, by assisting the leaving group through a spin B-elimination pathway. Tran-
sition states TS A and TS B in Figure 18a clearly illustrate this assertion. The lithium-
promoted cleavage of phenylpropenyl derivatives (BICLE) is a stepwise process involving
transient radical anion/cation species (Figure 18a). But the lowest energy route for cleav-
age of cinnamyl derivatives (VIBICLE), also stepwise, is that of the dianion/dication
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TABLE 5. (1,1-Dichloroallyl)lithium and (1,1-difluoroallyl)lithium. Total® and relative® energies of
the important structures. Reproduced with permission from Reference 21. Copyright 1996 American
Chemical Society

Structure MP2/3-21G*¢ RHF/3-21G*¢
in Figure 16
E AE E AE

(1,1-Dichloroallyl)lithium

o-Complex A) —1150.94546 0.0 —1150.15497 0.0
o T.S A(ii) —1150.93094 9.1 —1150.13734 11.1
y T.S Aiii) —1150.93765 49 —1150.14091 8.8
o Product — —1150.98167 —22.7 —1150.19049 —22.3
y Product — —1150.97565 —18.9 —1150.18671 —19.9
(1,1-Difluoroallyl)lithium
o-Complex B() —433.91239 0.0 —433.17589 0.0
o T.S B(ii) —433.90641 3.8 —433.16996 3.7
y T.S B(iii) —4333.88817 152 —433.14354 20.3
o Product — —433.95507 —26.8 —433.22434 —-30.4
y Product — —433.94525 —20.6 —433.21046 —-21.7
“In hartees.

bIn kealmol~!.
“Level of theory at which the geometries of the critical points are optimized.

species as seen in transition structures TSC and TSD (Figure 18b). There are two com-
peting diastereomeric transition states for the latter due to the existence of a chiral plane,
but only one for the former, which does not have a chiral plane. This is responsible for
the puzzling stereochemistry observed for BICLE and VIBICLE reactions.

In 1998, Kubota, Nakamura and coworkers studied the addition of substituted
(alkoxy)allyllithium and zinc reagents to cyclopropenone acetal®>. They found that the
regioselectivity of the (alkoxy)allyllithiation is dependent on the substituent, while the
diastereoselectivity remains constantly high (>97%). This is supported by their theoretical
study (at the B3LYP/6-31G* level, Scheme 3) which reveals that a (hydroxy)allyllithium
species of m-allylmetal nature can react with cyclopropene via two [2 + 2]-type four-
centered transition states of similar energies leading to «- and y-adducts.

Tomioka and coworkers studied recently the effect of the electronic and steric factors in
a,B-unsaturated imines required for high 1,2- and 1,4-regioselectivity?* (Figure 19). The
1,4- and 1,2-addition reactions of organolithium reagents with enaldimines depend on the
nature of imines. Besides experimental investigation, they found that calculations using
MOPAC (PM3, precise mode) and ab initio calculations at the HF/STO-3G level are com-
parable. The study reveals that the relative magnitude of the LUMO coefficient is one of
the essential factors governing the substituent-dependent regioselectivity of the ambident
enimines. An electron-withdrawing aryl group can increase the C, LUMO coefficient and
direct the 1,2-selective addition reaction. Hence, the LUMO coefficient as well as steric
control would become an essential methodology for designing a selective reaction.

B. Self-condensation Reaction

Self-condensations are another set of important reactions of organolithium compounds.
Tamao and Kawachi had reported that [(tert-butoxy diphenyl)silyl]lithium (20) exhib-
ited ambiphilic character, and underwent a self-condensation reaction to give a [2-(tert-
butoxy)disilynyl]lithium derivative in THF as shown in Scheme 4, and also a nucleophilic
substitution reaction with n-butyllithium?.
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FIGURE 17a. Alternative routes for vinylogous birch reductive cleavage of cinnamyl ether promoted
by lithium naphthalenide. Reprinted with permission from Reference 22. Copyright 1996 American
Chemical Society
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FIGURE 18a. MNDO-determined structures of intermediates and transition states for the cleavage
of cinnamyl and phenylpropenyl ethers 18 and 19, through anion-radical routes involving contact
ion pairs (CIP) and isolated ion pairs (IIP). All energies are in kcal mol~'. Geometrical features
relevant to haptomeric activation are shown: (1) C—OMe bond length and bond order (in brackets),
(2) Li—OMe distance and (3) enthalpy of formation. Reprinted with permission from Reference 22.
Copyright 1996 American Chemical Society
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FIGURE 18b. MNDO-determined structures of intermediates and transition states for the cleavage
of cinnamyl and phenylpropenyl ethers 18 and 19, through dianion-radical routes involving contact
ion pairs (CIP) and isolated ion pairs (IIP). All energies are in kcalmol~'. Geometrical features
relevant to haptomeric activation are shown: (1) C—OMe bond length and bond order (in brackets),
(2) Li—OMe distance and (3) enthalpy of formation. Reprinted with permission from Reference 22.

Copyright 1996 American Chemical Society
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SCHEME 3. (Alkoxy)allylmetalation of cyclopropene, the four-centered transition states leading to
both «-adduct and y-adduct are shown.
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FIGURE 19. Scheme showing 1,2- and 1,4-selective addition reactions of NuLi (Nu = Ph, Bu)
followed by work-up. Reprinted with permission from Reference 24. Copyright 2001 American
Chemical Society
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SCHEME 4. Self-condensation reaction of [(tert-butoxydiphenyl)silyl]lithium (20) to give
[2-(tert-butoxy)disilanyl]lithium derivative 21

In this case the self-condensation product undergoes no B-elimination, perhaps due to
the low stability of the corresponding elimination product, disilene. Tanaka and cowork-
ers studied theoretically the self-condensation reaction of lithium (alkoxy)silylenoid®® and
provided a new reaction mode of silicon—silicon bond formation. A possible mechanism
for this reaction involves the direct condensation of two molecules in which one func-
tions as a nucleophile and the other as an electrophile. Although (z-BuO)Ph,SiLi was
used experimentally, (MeO)H,SiLi was used as a model to make the calculation feasible.
Various geometries are optimized at HF/6-31G* level of theory and single-point ener-
gies at the optimized stationary points were calculated at the MP2/6-31G** level. Stable
geometries of (MeO)H,SiLi 22 (I-VI) and its bis (23) and tris (24) solvated compounds
are reproduced in Figure 20.

In order to undergo self-condensation, the two reactant molecules should approach each
other to form a Si—Si bond. The geometries of the intermediate, the transition structure
and the product are shown in Figure 21.

The potential-energy profile of the self-condensation reaction is given in Figure 22.
The small activation energy of 0.9 kcalmol~!' agrees with the experimental result that
the compound undergoes a self-condensation reaction at low temperatures. The product
is 24.8 kcal mol~! more favorable than the reactants. The transition state is formed at the
Si-Si distance of 2.62 A in which one silicon center has become nucleophilic and the
other electrophilic. The lithium-assisted ionization of the Si—O bond lowers the energy
of the o*(Si—0) in the electrophilic part. The interaction between the HOMO in the
nucleophilic part and the backside lobe of the o*(Si—O) orbital in the electrophilic part
leads to the formation of the Si—Si bond and breaking of the Si—O bond (Figure 23).
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FIGURE 20. Optimized geometries and relative energies (kcalmol™!) for (MeO)H,SiLi (22),
(MeO)H,SiLi(H,0), (23) at MP2//HF/6-31G** and optimized geometry for (MeO)H,SiLi(H,0);
(24) at HF/6-31G**. Bond lengths are in angstroms, bond angles in degrees. Reprinted with
permission from Reference 26. Copyright 1998 American Chemical Society

The study also suggests that the reaction proceeds via Sy2-type displacement with
retention of configuration of the silicon in the nucleophilic part but with inversion of
configuration of the silicon in the electrophilic part. However, the final products, [2-
(alkoxy)disilanyl]lithium and lithium methoxide, were in good agreement with experi-
mental results. The verification of the stereochemistry is of future interest.

C. Lithium Organocuprate Clusters

The reactions of organocuprate reagents are of great importance owing to their synthetic
utilities. The nature of the reacting species and their mechanism was a mystery until 1960.
It was after the work of House in 1960, who demonstrated that the reactive species in
organocopper reactions is a species having R,CuLi stoichiometry, that the study emerged
in new directions.

Experimental evidence indicates that cuprates in solution exist largely as dimer
(R,CuLi), (25), which is found as the reactive species in conjugate addition. The kinetic
results were consistent with the participation of the dimer (R,CuLi),/enone complex
26 (Figure 24) in the C—C bond-forming process of the conjugate addition. Relatively
unreactive o, S-unsaturated ketones, esters and nitriles were also found to form complexes
represented by 26 in Figure 24.

Since NMR studies suggest a C,—Cpg double bond in 26 to be significantly weak, a
better representation of the cuprate/enone complex is as a cupriocyclopropene 27, which
is represented in the reaction shown in Figure 25. However, the indispensability of the
dimeric cluster in the crucial C—C bond-forming step is not clearly understood.

In 1997, the work of Nakamura, Mon and Morokuma demonstrated the important roles
of the cluster structure and the cooperation of different metals therein?’. They determined
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FIGURE 21. Optimized geometries for reactive intermediate (Int), transition state (TS) and prod-
uct (P) at MP2//HF/6-31G** for the self-condensation reaction of lithium(alkoxy)silylenoid. Bond
lengths are in angstroms, and bond angles in degrees. Reprinted with permission from Reference 26.
Copyright 1998 American Chemical Society
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FIGURE 22. Potential-energy profile for the self-condensation reaction of lithium(alkoxy)silylenoid
23, VII (see Figure 20) at MP2//HF/6-31G**. Reprinted with permission from Reference 26. Copy-
right 1998 American Chemical Society

the structures of the intermediates and the transition states on the potential-energy surface
of the reaction pathway for transfer of a methyl group of a cuprate cluster (Me,CuLi), to
acrolein in the conjugate addition, using DFT calculations. At the stage of crucial C—C
bond formation, intrinsic reaction coordinate (IRC) analysis was also performed. The study
demonstrated a rotational pathway for the dimer which undergoes the conjugate addition,
and cooperation of lithium and copper atoms in order to facilitate the reaction. A number
of complexes that exist before the transition state of irreversible C—C bond formation as
well as a series of structural rearrangements involved in the conjugate addition are shown
in Figure 26. The two Lewis acidic lithium atoms in the cluster cooperatively assist the
electron transfer process. Electron transfer from the cuprate moiety to the substrate triggers
the cluster opening. This study reveals the important role of the cations in organocuprate
clusters for the C—C bond-forming reaction. These theoretical calculations also suggest
the importance of solvation in the C—C bond-forming stage of carbocupration and the
conjugate addition.

Nakamura and coworkers extended their work on organocuprate clusters by studying
its effects on acetylene®”. In 1997, they illustrated the 1,2-addition of cuprates to acetylene
and discussed computational studies on the conjugate addition of bis-, tris- and tetram-
etallic cuprate clusters to acrolein. In the cluster reaction of Me,CuLi.LiCl, the lithium
atom in the cluster stabilizes the developing negative charge on the acetylene moiety
and assists the electron flow from the copper atom. Experimental results imply that the
solvation of lithium atom with a crown ether, which separates the lithium cation from the
cluster, affects the carbocupration reaction. Excellent correlation between the theoretical
and experimental results suggests the cooperative functions of lithium and copper atoms
in the cuprate reactions.
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FIGURE 23. Molecular orbital analysis of the TS of the dimerization of lithium(alkoxy)silylenoid.
Orbital correlation energy diagram (above) and molecular orbitals of HOMO (TS, TS(L) and TS(R)),
HOMO-1 (TS) and ¢*-(Si2-O2) (TS(R)) (below). Reprinted with permission from Reference 26.
Copyright 1998 American Chemical Society

D. Organolithium Compounds Involving Aldehydes and Ketones

Though lithium enolates are important reagents in their versatile synthetic utility, the
property of aggregation makes it difficult to understand the mechanism of their reactions.
The carbonyl carbon kinetic isotope effect (KIE) and the substituent effect were measured
in 1997 for the reaction of lithium pinacolone enolate (CH,=C(OLi1)C(CH3)3) with ben-
zaldehyde by Yamataka, Tsuno and coworkers®. The results were compared with those
for other lithium reagents such as MeLi, PhLi and CH,=CHCH,Li. Ab initio MO calcu-
lations at HF/6-314+G* were carried out to estimate the equilibrium isotopic effect (IE)
on the addition to benzaldehyde. Two general mechanisms were analyzed for carbonyl
addition reaction using model compounds: the polar addition mechanism (PL) and the
electron transfer (ET)-radical coupling (RC) sequence (Figure 27).
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FIGURE 24. Structures of the cyclic solvated dimer (25) of Me,Culi and of the dimer
(Me,CuLi),/enone complex (26). Reprinted with permission from Reference 27. Copyright 1997
American Chemical Society
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FIGURE 25. Reaction pathway of conjugate addition occurring via the formation of cupriocyclo-

propane 27 (a donation/back-donation complex). Reprinted with permission from Reference 27.
Copyright 1997 American Chemical Society

In this study, benzaldehyde and benzaldehyde-methyllithium adduct were fully opti-
mized at HF/6-31G* and their vibrational frequencies were calculated. The authors used
MelLi instead of lithium pinacolone enolate, since it was assumed that the equilibrium IEs
are not much different for the MeLi addition and lithium enolate addition. Dehalogena-
tion and enone-isomerization probe experiments detected no evidence of a single electron
transfer to occur during the course of the reaction. The primary carbonyl carbon kinetic
isotope effects and chemical probe experiments led them to conclude that the reaction of
lithium pinacolone enolate with benzaldehyde proceeds via a polar mechanism.
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FIGURE 27. The polar addition mechanism and electron transfer—radical coupling sequence in the
addition of lithium pinacolone enolate to benzaldehyde. Reprinted with permission from Refer-
ence 28. Copyright 1997 American Chemical Society

In 1998, Hasanayn and Streitwieser reported the kinetics and isotope effects of the
Aldol-Tishchenko reaction?. They studied the reaction between lithium enolates of isobu-
tyrophenone and two molecule of benzaldehyde, which results in the formation of a
1,3-diol monoester after protonation (Figure 28). They analyzed several aspects of this
mechanism experimentally. Ab initio molecular orbital calculations on models are used to
study the equilibrium and transition state structures. The spectroscopic properties of the
lithium enolate of p-(phenylsulfonyl) isobutyrophenone (LiSIBP) have allowed kinetic
study of the reaction. The computed equilibrium and transition state structures for the
compounds in the sequence of reactions in Figure 28 are given along with the computed
reaction barriers and energy in Figure 29 and Table 6.

The excellent agreement with the experimental and calculated isotope effect (calculated
for formaldehyde, 3.22, and for acetaldehyde, 3.3; experimental value 2.9) supports the
computational approach. This suggests that the computed transition structure for hydride
transfer in the reaction of the lithium enolate of acetone with acetaldehyde (Figure 30)
is realistic.

. O LiO
LiO Me kl
>_< + R'CHO R

ki R .

R Me . H,

P1
ks O R’ LiO LR
P1 + R'CHO -0 Hp
ko R :
. H,

k3

FIGURE 28. Reaction sequence for formation of a diol monoester from the reaction between a
lithium enolate and two aldehyde molecules. Reprinted with permission from Reference 29. Copy-
right 1998 American Chemical Society
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(Figure 28)—TS3 (Figure 30)—P3 (Figure 28). Theoretical calculations were carried out at the

HF/6-3114+4G* level.
Chemical Society

Reprinted with permission from Reference 29. Copyright 1998 American
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TABLE 6. Computed reaction and activation energies and corresponding isotope effects for the
sequence of reactions between lithium vinyloxide (LiEn) and formaldehyde and between the lithium
enolate of acetone (AcCH,Li) and acetaldehyde. Reproduced with permission from Reference 29.
Copyright 1998 American Chemical Society

Reaction AE® AZPE? AAZPE¢ MMIY EXC? EXP? Isotope effect’/
LiEn + CH,O — complex-1 —184 1.625  0.122 135 0.83 0.82 ElE;nu_; = 0.92
LiEn + CH,O — TSI —122 2379 0225 135 091 0.68 KIE, = 0.84
LiEn + CH,0 — P1 -26.8 4135 0256 134 094 065 EIE; = 0.82
Pl + CH,O — complex-2 —13.8 1280  0.085 136 0.80 0.87 ElE;u_ =0.95
P1 + CH,O0 — TS2 —11.1 2205 0225 137 085 0.68 KIE, = 0.79
P1 + CH,0 — P2 —14.1 4070 0293 137 092 061 EIE, = 0.77
P2 — P3 25.1 —1.152 —0.654 101 1.06 3.1 KIE; = 3.22
LiAc + MeCHO — TS1-Me -3.0 0315 -0033 099 100 1.06 EIE; = 1.05

LiAc + MeCHO — TS1-Me -9.0 1.872 0.175 1.15 098 0.74 KIE|;_pe =0.84
LiAc + MeCHO — P1-Me —24.5 3.654 0.187 1.15 1.00 0.73 EIE;_pe =0.84
P1-Me + MeCHO — P2-Me —10.2  3.348 0.240 1.16 1.00 0.67 EIE;_pe =0.78
P2Me — TS3-Me 279 —1.584 —0.702 1.00  1.02 327 KIEs_pe =3.33

“Energies are given in kcalmol~! and corrected for AZPE (scaled by a factor of 0.9).

bAZPE = ZPEproduCl — 2 (ZPE)reactants; 0r ZPEts — X (ZPE)reactants (protio species).

¢ AAZPE = AZPEy — AZPEp; AZPEp, corresponds to the terms for the reactions of monodeuteriated aldehydes.
4Terms defined by IE = MMI x EXC x EXP (IE is the Isotopic exchange equilibrium, MMI is the mass moment of
inertia term representing the rotational and translational partition function ratios, EXC is the vibrational excitation
term and EXP is the exponential zero point energy).

¢Isotope effects were computed at 25 °C. The symmetry term due to CH,O/CHDO has not been accounted for in
the calculation, since this is unique to formaldehyde. EIE is the equilibrium isotope effect and KIE is the Kinetic
isotope effect.

/The two hydrogens of formaldehyde become inequivalent in their action products. Similar isotope effects are
obtained when either of the two hydrogens is deuteriated.

FIGURE 30. Computed transition structure (TS3-Me) for hydride transfer in the reaction of the
lithium enolate of acetone with acetaldehyde. The methyl substituent is equatorial. Reprinted with
permission from Reference 29. Copyright 1998 American Chemical Society

The computed transition state also rationalizes the observed stereochemistry. For the
current reactions, a transition structure represented in Figure 31 appears to be appropriate.
This structure indicates that the three substituents R and R’ are all equatorial and give
rise to the anti product. The corresponding syn product would require a highly strained
structure in which one R’ group is axial.
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FIGURE 31. Another representation of the transition structure for hydride transfer in the reaction
of the lithium enolate of acetone with acetaldehyde. R = R’ = Me. Reprinted with permission from
Reference 29. Copyright 1998 American Chemical Society

E. Other Reactions

Besides the reactions discussed earlier for organolithium compounds, there are several
specific reactions which have been studied theoretically. A brief description of some of
them is given below.

Romesberg and Collum studied the lithium-amide-mediated metallations of ketones and
the corresponding N-alkylimines, through semiempirical MNDO calculations®. The study
suggests that the relative stabilities of the transition state structures for two or more com-
peting reaction pathways are not regulated by their geometries, but depend more precisely
on the effect of substituents and solvents. In 1998, Johansson, Tegenfeldt and Lindgren
attempted to model the lithium ion transport along a polyethyleneoxide (PEO) chain’'.
They used the PEO oligomer diglyme (CH3;(CH,CH,0),CHj3) as the model system. The
results obtained using HF/6-31G** and MP2/6-311+G** were compared with the NMR
data for the activation energies of conformational transformations in complexed PEO.
A transport path of Li* along a single PEO chain involving tetradentate and tridentate
coordination with small energy difference has been calculated.

In the same year, Schleyer and coworkers came up with a revolutionary observation
regarding the anionic (3 4 2) cycloaddition of allyl, 2-borylallyl- and 2-azaallyllithium
to ethylene®?. Their study used B3LYP/6-311+G** and MP2(fc)6-314+G* computations.
The study revealed that the concerted 4, + 27, mechanism as expected from the Wood-
ward—Hoffmann rules is less favorable than the two-step pathway for the cycloadditions
of ethylene to the allyl, 2-borylallyl and 2-azaallyl anion and their lithiated counterparts.
The work was also in excellent agreement with that of Sauers in 19963, A suggestion for
the unfavorability of the concerted cycloaddition mechanism has been made in terms of
molecular polarizability anisotropy of the reactants, which is illustrated in Figure 32 and
Table 7. The diagonal elements of the polarizability tensors (o, oy, and o) define the
molecular polarizabilities along the x, y and z axes and measure the ease and direction in
which the electrons in a molecule are shifted by an external magnetic field. Experimental
data are only available for ethylene.

The electrostatic interaction of ethylene and the allylic compounds is more favorable
energetically for the stepwise than for the concerted cycloaddition mechanism.

Campos, Sampedro and Rodriguez studied theoretically in 19983 the competition of
the concerted and stepwise mechanism of hydrogen migration and lithium iodide «-
elimination in the trihydrate 1-iodo-1-lithioethene 28. Since the lithiated derivative of
1-iodoethane readily decomposes to ethylene, experimental techniques are found to be
of less use. Their ab initio theoretical calculations indicate that the preferred mechanism
is the concerted rather than stepwise pathway as illustrated in Figure 33. Their studies
also suggest that 1-iodo-1-thioethene prefers to be a monomer in THF and the activation
barriers for the cis and frans hydrogen migration are nearly the same.
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FIGURE 32. Diagonal elements of the polarizability tensors of ethylene and the allylic compounds
(cf. Table 7). Reprinted with permission from Reference 32. Copyright 1998 American Chemi-
cal Society

TABLE 7. The polarizability tensors of ethylene, allyl
anions and allyl lithiums. Reproduced with permission from
Reference 32. Copyright 1998 American Chemical Society

Compound Olyy Qyy oy,

Ethylene 2491 22.68 36.22
Allyl anion 48.65 89.51 111.42
Allyllithium 50.73 50.31 81.56
2-Borylallyl anion 80.26 86.12 134.73
2-Borylallyllithium 71.44 59.22 95.69
2-Azaallyl anion 51.35 75.06 113.26
2-Azaallyllithium 42.53 49.77 83.34

V. APPLICATIONS IN SPECTROSCOPY

In addition to the structural characterization, several dynamic processes involving organo-
lithium reagents are monitored by various spectroscopic methods. Theoretical studies have
helped enormously in these studies. Many of these applications have already been dis-
cussed. A few additional results are added here. Experimentally observed and theoretically
calculated '3C and '"H NMR shifts suggest some insights into the mechanism of the reac-
tions. Wave functions obtained at the RHF/6-314+G* level of theory were used with the
new method IGAIM (Individual Gauges for Atoms In Molecules) developed by Keith and
Bader in the calculation of '*C and 'H NMR chemical shifts’. Werstiuk and Ma sup-
ported the usefulness of this method in 1996 during their study of '*C and 'H chemical
shift calculations on unsaturated hydrocarbons and organolithium compounds®. The ionic
nature of the C—Li bond is supported by theoretical calculation of the NMR spin—spin
coupling constant by Koizumi and Kikuchi in 1995*. The implications of their study and
conclusion on the mostly ionic nature of the C—Li bond in alkyllithiums are supported
by experiment. The usefulness of HOESY experiment in the description of initial state
geometries of organolithium complexes is also supported by crystallographic and com-
putational results of Hilmersson and coworkers®’. This study suggests the importance of
theory in extracting maximum information from an experimental technique.
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VI. CONCLUSIONS

It is clear from the above survey that theoretical approaches contribute enormously in the
study of structure, bonding, energetics and reactions of organolithium compounds. Major
advances have been made in understanding the nature of the C—Li bond during the last
six years. A predominantly ionic bond with a definite, though small and varying cova-
lent contribution is perhaps a description that reflects the emerging trends. Theoretical
studies of various reactions gave a clear answer to many questions, which were unan-
swered in the past. The developments in software and hardware have enabled theoretical
studies on systems that were considered beyond reach just a few years ago. Theoretical
calculations in conjunction with spectroscopic measurements are of great importance in
many applications. Further developments of sophisticated methodologies and more pow-
erful computers will lead to yet deeper understanding of the chemistry of organolithium
compounds through theoretical studies.
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. INTRODUCTION

Structures of lithium organics can basically be approached either by diffraction, spectro-
scopic or by computational methods. This chapter is almost exclusively concerned with
structures derived from experimental methods, either from powder diffraction techniques
or from single crystal structure determination. In the class of s-block metal organics the
lithium compounds are by far the most elaborated subset. In the current Cambridge Crys-
tallographic Database 778 structures containing a Li—C bond are filed"2. Second is the
Mg—C bond with 274 structures, yet again confirming the diagonal relationship between
lithium and magnesium. It seems worth mentioning that there are more potassium organic
structures (235) than sodium organics (197, see Figure 1). Cesium (57) and rubidium (31)
are far less employed in metal organic compounds.

The plain numbers already document the outstanding role of the lithium organics,
even ahead of the about 20 years older Grignard reagents®>*. After the first landmark

FIGURE 1. Number of structures containing M—C bonds in the current CSD, M = s-block metal
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synthesis by Schlenk and Holtz> it took 46 years until the first structure of a lithium
organic compound was published. Dietrich determined the structure of soluble ethyl-
lithium from single crystals® in 1963 and just shortly afterwards the structure of insoluble
methyllithium was published by Lucken and Weiss from powder data’. As the structure
determination techniques improved over the years, both the textbook structures of [EtLi],®
and [MeLi];> ' were re-determined various times. It took another 15 years until the first
increase in the amount of lithium organic structures was detectable in the mid-80s (from
the previously one or two each year to 31 in 1984; Figure 2a). As most lithium organics
are notoriously pyrophoric and thermally unstable, this is most probably due to the devel-
opments in low temperature data collection techniques in the early 80s'!~4. The second
increase in the mid-90s is due to the improvements in cryo techniques enabling mainte-
nance of a cold chain all the way from the synthesis to the end of the data collection,
hence cryo crystal application'>~!7. The third increase coincides with the area detec-
tor technology, i.e. the Charge Coupled Device (CCD)'8, following the serial scintillation
detectors. The parallel detection of a magnitude of Bragg reflections increased the amount
of structures per time eminently. The total number of Li—C structures increases almost
exponentially. In the year 2010 one can expect about 1600 lithium organic structures
(Figure 2b).

The 778 present lithium organic structures in the CSD! contain 3228 Li—C contacts.
This means that every lithium atom either forms a multiple contact to the related carbanion
or that most of the structures dimerize around the metal or both. On average, every
lithium shows four Li—C contacts and certainly it is not just coincidence that this number
is identical to the favorite coordination number of lithium in a molecular environment.
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FIGURE 2. (a) Number of lithium organic structures per year and (b) total amount over the years
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FIGURE 3. Number of Li—C bonds above Li—C distances in pm

The mean Li—C bond length is 230 pm with a minimum of 180 pm and a maximum of
300 pm (see Figure 3).

However, rather than discussing bond distances in detail, with this chapter we try
to elucidate some basic lead structure forming principles in lithium organics. Aggrega-
tion and deaggregation phenomena will be discussed throughout this chapter. Basically,
deaggregation is achieved by addition of neutral Lewis donor-bases, by inter- or intramole-
cular side-arm donation or by salt co-complexation. Synthetically, deaggregation is most
important as in most cases the monomer is believed to be the rate-determining species.
This chapter will outline the basic building principles of the molecular architectures of
lithium organics.

Of course, it is not without precedence as there are already various reviews and text-
books in the area. Most closely related to this work are the reviews by Setzer and
Schleyer'® and by Weiss®. A textbook edited by Sapse and Schleyer contains chapters on
various topics of lithium chemistry?!. Three reviews by Stalke??, Harder?® and by Jutzi
and Burford?* concentrate on cyclopentadienyl organometallic derivatives, containing also
the s-block derivatives. Two reviews deal with the heavier alkali metal organics, the first
written by Schade and Schleyer?, the second by Smith?. There are several chapters on
lithium organics within more general metal organic publications?’-28,

Il. DELTAHEDRAL [RLi]ls TETRAMERS AND [RLi]J¢e HEXAMERS

One of the most efficient structure building principles in lithium organic chemistry is
the Li; triangle p3-capped by a carbanionic C, atom. This structural motif can further be
aggregated to build deltahedral metal cores. The Liy tetrahedron is found in various lithium
organic tetramers while the Lig octahedron is present in many hexamers (Figure 4).

l.-.@c,

M R/l
0._')__ .

tetrahedron
octahedron

FIGURE 4. Aggregation of the u3-C, capped Liz triangle to give deltahedral metal cores
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The nature of the Li—C bond was an issue of constant debate, oscillating between
predominantly ionic* and mainly covalent®. Currently, the Li—C bond is commonly
considered basically ionic. However, the presence of a direct Li—Li metal bond has
never been assumed in the tetrameric or hexameric aggregates. If there is any cova-
lent contribution the Li;C, moieties are believed to be held together by a 4c2e bond.
Hence the lines between lithium atoms in this chapter are purely of topological nature
and do not suggest any 2c2e bonding between the metals. Most phenomena in lithium
organic structural chemistry can reasonably be explained by electrostatics and simple
point charges.

Figure 5 explains the virtual metamorphosis of the cubic [LiF]., salt structure to the
lithium organic [RLi], tetramer. From the infinite [AB], lithium fluoride salt structure
(gray spheres for Lit and black spheres for F~) in (a), a single LisF4 cube is high-
lighted (b) and extruded (c). A cube can always be described as two interpenetrating
tetrahedra. This becomes evident by connecting the lithium metal atoms topologically (d)
and already gives the Lis metal core known from the lithium organic tetramers. Switching
the fluorides to carbon and connecting them to the center of each Li; face (e) gives the
leading building block of lithium organics in the solid-state (f). This suggests that the infi-
nite lithium halide salts and the tetrameric molecular metal organic aggregates share the

(e) ®

FIGURE 5. Virtual metamorphosis of the [LiF], salt to the molecular [RLi]4 tetramer
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same ionic building principles. Even the Li- - -Li distances fit reasonably well. While they
are 284 pm in [LiF], they cover the range from 241 to 259 pm in the [RLi]4 tetramers.
We leave it to the reader’s imagination to ‘morph’ a [RLi]¢ hexamer by an analogous
procedure from the [LiF],, salt.

A. Donor-base-free Deltahedra

Tetrameric [MeLil,’ (1), [EtLil4® (2) and [¢-BuLi]4*! (3) are white pyrophoric powders.
While methyllithium is soluble only in polar solvents like diethyl ether, the two others
are soluble even in non-polar hydrocarbons like hexane. In non-donating solvent the
tetrameric aggregation is retained. Each of the four Li; triangles is u;-capped by a C,
atom above the center of the equilateral metal triangle. Even in the solid-state none of
the three tetramers adopts ideal 7, symmetry (Figure 6).

However, the crystallographically independent Li---Li distances of the individual
tetramers are similar within the estimated standard deviations (esd). They decrease
from 256 pm in [MeLi]y (1) to 253 pm in [EtLi]; (2) and 241 pm in [z-BuLi]s®' (3).
Interestingly, the Li—C, bond lengths are almost invariant at 22612 pm and close to the
mean Li—C bond distance of 230 pm from the CCDC'. In addition, [EtLi] and [¢-BuLi]4
display relatively short Li- - -Cy distances. In the latter they are only 10 pm longer than
the Li—C, bonds (Table 1).

In both carbanions the methyl groups are arranged in close proximity to a lithium
cation. Each ¢-Bu group in [z-BuLi], is arranged ecliptically relative to the Li; triangle,
although a priori a staggered conformation might be assumed sterically more favorable.
Certainly, this arrangement provides some extra charge density from the Cg atom to the
lithium cation and hydrophilic shielding of the electropositive metal core. In the solid-state

[MeLil, [EtLil, [+-BuLi],
0y @ &)

FIGURE 6. Solid-state structures of the basic [RLi]s tetramers [MeLils (1), [EtLi]ly (2) and
[t-BuLily (3)

TABLE 1. Donor-base-free tetrameric lithium organics

Compound Li---Li Li—C, Li---Cg CCDC code Reference
[MeLily 1 259 226 236 METHLIO1 10
[EtLil4 2 253 228 250 ETHYLI 8
[t-BuLi] 3 241 225 237 SUHBIG 31

“Distance of the methanide carbon atom to the apical lithium atom of an adjacent tetramer.
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structure of [MeLi], (1), this long-range interaction is arranged by the methyl group of
an adjacent tetramer. Each apical lithium cation points towards the ‘back side’ of a ;-
coordinated methanide of the neighboring tetramer. Along the room diagonal of the cubic
body-centered unit cell this gives a rod-like arrangement of tilted tetrahedra leaving each
carbon atom coordinated to four lithium cations (Figure 7a). Since not only the apical
lithium cation points towards a nearby methanide group but also the basal lithium atoms,
the sum of all long-range interactions give the unit cell with a tetramer in the center
and the centroid of a tetramer at each corner (Figure 7b). The related Li- - -‘Cy’ distances
(236 pm) are only 10 pm longer than the Li—C, bonds. Their considerable contribution to
the overall lattice energy leaves [MeLi]s » insoluble in non-donating solvents. The ‘back-
site’ coordination, however, makes the methanide in methyl lithium an exceptional strong
base, not accomplished by any other binary lithium organic. The solvation energy gained
by donor-base addition (e.g. THF) and deaggregation is lost in the overall reactivity.
Once the long-range interactions are cleaved, methyl lithium loses parts of its reactivity
(vide infra).

The short Li-. - -Cg interactions in [EtLil4, and [t-BuLi]ys classify them as metal organic
molecules rather than infinite solid-state aggregates. They provide solubility even in non-
polar hydrocarbons. The decreasing Li- - -Li distances from methyl via ethyl to ¢-butyl
lithium display the increasing electron-releasing capability of the carbanions along this
line. The z-butyl group provides so much charge to the single lithium cations that they can
get closer than in methyl lithium with a considerably higher positive charge and higher
repulsion. All structurally determined binary hexamers, [n-BuLils®! (4), [i-PrLils*? (5),
[c-PenLils® (6), [c-HexLile** (7), [c-PrH(Me)sCH,Lils* (8), [(z-Bu),CsHsLils* (9) and
[Me3SiCH;Lil*" (10) are readily soluble in non-polar hydrocarbons. In the Lig octahedra
only six of the eight present Lij triangles are p3;-capped by C, atoms. The two remaining
uncapped are arranged opposite. The six carbanions form a ‘paddle-wheel” along the non-
crystallographic three-fold axis through the mid-point of these uncapped triangles. This
structural motif is most obvious with the cyclic carbanions in 6 and 7 (Figure 8).

Due to the missing binding carbanions, the related Li- - -Li distances in the unoccupied
Li; triangles are considerably longer (294—318 pm; Table 2) than those in the tetrahedra

(a) (b)

FIGURE 7. Polymeric solid-state structure of [MeLi]y (1); arrangement of three tetrahedra along
the room diagonal of the unit cell illustrating the Liz—C- - -Li long-range interactions (a) and the
unit cell content (b)
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[c-PenLi]g
(6)

[c-HexLilq [c-PrH(Me),CH,Li], [(t-Bu),C¢H;Lilg
) t)) )

[Me;SiCH,Li]g
(10)

FIGURE 8. Solid-state structures of donor-base-free [RLi]¢ hexamers

of 1-3 (241-259 pm). Only these unoccupied Li; sites form equilateral metal trian-
gles. The six u3-C,-capped form isosceles with the long Li- - -Li distance as hypotenuse.
On average, the short Li---Li distances in the hexamers match those of the tetramers
(Table 2). The carbanionic C, atom is considerably shifted towards the mid-point of the
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TABLE 2. Donor-base-free hexameric lithium organics

Compound Li---Li Li—C, Li---Cg CCDC code  Reference
[n-BuLi]e 4 243 (294" 216 (227) 229 SUHBEC 31
[i-PrLile 5 240 (296) 218 (231) 231 POBLAT 32
[c-PenLi]q 6 241 (296) 218 (228) 235 33
[c-HexLi]e 7 240 (297) 218 (230) 249 CHXYLI 34
[c-PrH(Me)4CH;Li]e 8 246 (297) 214 (230) 274 COHKIT 35
[(z-Bu),CgH3Li]e 9 251 (314) 215 (221) RIZXON 36
[Me;SiCH;Li]e 10 246 (318) 219 (227) 267" JAFMUY 37

“Values in brackets represent the Li- - -Li distances in the unoccupied Li3 triangles.
bDistance of a methyl carbon atom of the trimethylsilyl group (C,) to the next lithium atom of the hexamer.

longer Li- - -Li distance. Hence, two shorter Li—C, bonds to the two lithium atoms at the
hypotenuse are found (214-219 pm). The longer bond is formed to the lithium atom at
the apex (227-231 pm; Table 2).

In 9, the metalated ring carbon atom is shifted towards one lithium atom of the long
Li- - -Li distance and the apical. Like the tetramers, all structures 4—10 except 9 display
short Li- - -Cg distances. In [i-PrLi]e (5), this distance is as short as the long Li—C, bond
(231 pm), while in 4, 6 and 7 they are only marginally longer. In 8, C4 and C, are
equally involved in charge transfer to the lithium cations. Although there is no C, atom
in the hexameric structure of lithiated tetrakis(trimethyl)silane [Me;SiCH;Lil¢ (10), the
secondary electron donation is achieved by the methyl group in the y-position relative to
the metalated carbon atom.

B. Donor-base-coordinated Deltahedra

Addition of neutral Lewis-bases like diethyl ether (Et,O), tetrahydrofuran (THF),
dimethoxy methane (DME), tetramethylethylene diamine (TMEDA), pentamethyldiethy-
lene triamine (PMDETA) or various crown ethers (12-crown-4), commonly referred to
as donor-bases, to aggregated lithium organics normally decreases their degree of aggre-
gation. Multiple Li—C, and additional Li---Cy interactions are partly substituted by N
or O—Li donor bonds. This deaggregation commonly furnishes magnitudes of increased
reactivity because the rate determining step is normally the reaction of the monomer®® 3,
With insoluble polymeric [MeLils » (1), deaggregation used to be difficult. In all struc-
turally characterized methyllithium donor-base adducts the tetrameric aggregation of the
starting material is retained in the solid-state products. While [(THF)LiMe],*° (11) con-
sists of molecules, [(TMEDA),(LiMe)s]o*' (12) and [(DEM), s(LiMe)s]oo*? (13) still
adopt polymeric architectures. 11 and 12 do not exhibit any Li- - -C long-range interac-
tions. Like in 1, each Lij triangle is u3-capped by a C, methanide atom but, different
from the donor-base-free starting material, each lithium atom is apically coordinated
by the heteroatom of the donor-base. The monodentate THF terminates the coordina-
tion of [(THF)LiMe]s (11) to molecules (Figure 9a), while the (N,N)-chelating TMEDA
in [(TMEDA),(LiMe)s] (12) further links the tetramers as the nitrogen atoms coordi-
nate lithium atoms of two adjacent tetramers (Figure 9b). Addition of THF to [MeLil4
(1) at low temperature yields molecular [(THF)LiMe], (11), but the reactivity suffers
considerably’. It is decreased by the solvation energy A H,,,., which was experimen-
tally determined to be 30—40 kJmol~!. As far as the activation of the methanide group
is concerned, the long-range Li;—CHj; - - -Li interactions seem to be vital. Addition of
TMEDA even to diethyl ether solutions of methyllithium causes precipitation of a white
product which was determined to be [(TMEDA),(LiMe)s]~ (12). Hence the donor-base
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would not enhance the reactivity but causes substraction from the reaction equilibrium.
Obviously, the bite of TMEDA is flexible enough to tolerate the most dense arrangement
of the lithium organic tetramers in the lattice without any space for additional solvent,
emphasizing precipitation. In diethoxymethane (DEM) both oxygen donor atoms are so
close to each other that the bite is suitable neither to coordinate the same lithium atom
nor to tolerate closest cubic packing of the [MeLi], tetramers. In the solid-state struc-
ture of [(DEM); s(LiMe)4] (13), straight polymeric rods of Liys tetrahedra are formed by
face-to-vertex bridging methanide groups along a three-fold axis (Figure 9c). This basic
polymeric arrangement is emulating the solid-state structure of parent [(MeLi)4]o, along
the body diagonal of the cubic body-centered cell (see also Figure 7a).

In 13 only one methyl group is exposed to intertetrameric long-range Li. - -C inter-
actions. The remaining three methyl groups cap a single Lis face, each without further
coordination. The three lithium atoms of the Li; basal face are coordinated to a single

- iv
o,
%
|
(@)
[(THF)LiMe],
1)

r."sv Li-“. ) L] \“g_._"_“_b
C "‘é,*- - !‘,""?:
“d Ty
B L
-,,.r.\I\ o S .\r' 1
o LLY |

% {.;.f‘....,. -
¥

P

()

[(DEM), 5(LiMe),]..
13)

FIGURE 9. Solid-state structures of donor-base-coordinated [MeLi], tetramers
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oxygen atom of the DEM donor each. The second provides linkage to another [(MeLi)4]oo
rod (Figure 9c). Space group symmetry constitutes a hexagonal channel along the six rods
of a more than 720 pm light diameter (Figure 9d). These channels can easily accommo-
date various solvents as the lipophilic ethyl groups of the DEM molecules coat the walls
to the inside. DEM yields the nanoporous structure of 13 with solvent-filled channels,
reminiscent of the ice structure, to improve solubility and decrease chemical hazards of
a pyrophorus material in a solvent with a very low flame point like diethyl ether.

In all three structurally known binary lithium rn-butanide donor-base adducts 14—16 the
parent hexamer [n-BuLils®' (4) is deaggregated to a tetramer. While [(THF)LiBu-n]4*
(14) is molecular in the solid-state, [(DME),(LiBu-n)4]o** (15) and [(TMEDA)(Li
Bu-n)4].** (16) aggregate by bridging (0, 0)- or (N,N)-chelating donor bases. Like
in 11, each Li; triangle in 14 is p3-capped by a C, butanide atom. In addition, each
lithium atom is apically coordinated by the THF oxygen atom (Figure 10a). 15 is more
reminiscent of 12, while 16 builds ribbon-like polymers (Figure 10b). The n-hexyl car-
banionic C, atom in [(THF)LiCH,CH,Bu-¢],* (17), the vinyl in [(THF)LiC(H)=CH,],*°
(18), the phenyl ipso-C in [(Et,O)LiPh],*’ (19) and [(Me,S)LiPh]4* (20), as well as the
ethynyl group in [(THF)LiC=CBu-¢],* (21) and in [(TMHDA),(LiC=CPh),;],,>° (22)
(TMHDA = Me,;N(CH;)¢NMe,) w3-cap a Lij triangle in the tetrameric aggregates. 17—21
form molecular structures like 11 and 14 (Figures 9a and 10a, respectively), while 22 is
a donor-base-bridged polymer like 12 and 13.

On average, the metal-metal distances in the donor-base-coordinated tetrahedra 11
to 22 are about 10 pm longer than the short Li---Li distances in the octahedra of the
hexamers (Table 3). However, the found distances that range from 250 to 272 pm are
always considerably smaller than the long Li- - -Li distances in the hexamers of just below
300 pm. It is interesting to note that the sp?> C, atoms in [(THF)LiC(H)=CH,],; (18)
and [(Et;O)LiPh]s (19), as well as the sp C, atoms in [(THF)LiC=CBu-t]s (21) and
[(TMHDA),(LiC=CPh)4] (22), cause the longest Li- - -Li distances in that series (260
in 18, 264 in 19, 268 in 21 and 272 pm in 22). Apparently, in contrast to sp> carbon
atoms they are less efficient electron density donors and cause more positive charge to
be accumulated at the metal core. This is further substantiated by the fact that with the
phenylethynyl substituent in 22 the Li---Li distance is the widest because the electron
density is delocalized to the aromatic substituent. This is precluded with the ¢-butylethynyl
carbanion in 21. The result is a stronger repulsion of the lithium cations. The carbanionic
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[(THF)LiBu-n], [(TMEDA)(LiBu-n),]..
14) (16)

FIGURE 10. Solid-state structures of donor-base-coordinated [n-BuLi], tetramers
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TABLE 3. Donor-base-coordinated deltahedra

Compound Li---Li Li—C, Li—O, N CCDC code Reference
[(THF)LiMe]4 11 251 224 196 LAMNIW 40
[(TMEDA),(LiMe)4] 0 12 257 226 221 MELIME 41
[(DEM); 5(LiMe)4] oo 13 254 226 199 QOSLOZ 42
[(THF)LiBu-n]4 14 254 224 197 WAFIJES 43
[(DME),(LiBu-1)4]00 15 252 227 201 WAFJIW 43
[(TMEDA)(LiBu-1)4]0 16 248 225 213 WAFJOC 43, 44
[(THF)LiCH,CH,Bu-t]4 17 250 226 195 RIFJUL 45
[(THF)LiC(H)=CH,]4 18 260 225 197 PAFCEE 46
[(Et,O)LiPh]y4 19 264 232 205 CALKOP 47
[(Me,S)LiPh]4 20 257 226 260" SIMRUB 48
[(THF)LiC=CBu-t]4 21 268 220 196 GIFHEI 49
[(TMHDA),(LiC=CPh)4]o,* 22 272 220 211 CAMNEJ 50

“TMHDA = Me;N(CH;)sNMe,.
bS—Li donor bond.

charge seems to be delocalized in the C=C double or C=C triple bond rather than being
transferred to the metals. The remarkably short Li—C, bonds of 220 pm in 21 and 22
compared to the average 225 pm in this class of compounds (Table 3) does not necessarily
reflect strong bonding but might be attributed to the on average 8 pm smaller radius of a
sp carbon atom compared to a sp® carbon atom’!. The most obvious fact in the geometrical
features of 11 to 22 is the absence of any Li- - -Cy interactions. This secondary electron
donation of the carbanion via the Cg is substituted by the heteroatom of the donor-base.
The found N—Li donor bond lengths of average 215 pm and O—Li of average 200 pm
are typical. Note that the Li—N bonds in lithium amide stacks and ladders are on average
more than 15 pm shorter’?~>. Li—O bonds in LiOR species (R = alkyl, aryl, silyl) are

on average even 20 pm shorter than O—Li donor bonds>7,

C. Donor-base-induced Dimers and Monomers

Electron donation of Lewis basic donor molecules, like ethers or amines to the elec-
tropositive lithium metal, causes the lithium organic aggregates to reduce in size. The
n-BuLi hexamer®' 4 shrinks to a donor-base-coordinated tetramer in 14 to 16** 4%, Unfor-
tunately, with [MeLi],'° (1), this strategy does not seem to be successful. All known
solvates of methyllithium retain the tetrameric aggregation (11-13)*°-*2, Obviously, there
are other requisites needed to get monomeric methyllithium (vide infra). While addi-
tion of TMEDA to methyllithium causes precipitation*!, the addition to n-BuLi gener-
ates donor-base-bridged tetramers 14—16 (Figure 10) and even dimers. In [(TMEDA)
LiBu-n)],* (23), a Li,C, four-membered ring is assembled as each C, binds to both
lithium atoms. The preferred four-fold coordination of lithium is reached by the two nitro-
gen atoms of the chelating TMEDA coordinating to the same lithium atom (Figure 11).
In diethyl ether the z-BuLi tetramers®! are deaggregated to give dimers of the compo-
sition [(Et,0)LiBu-],3' (24). Like in 23, in 24 a Li,C, four-membered ring is formed
but the coordination number of the lithium atom is only three, as each metal is coordi-
nated by just one diethyl ether molecule. It is important to note that dimeric #-BuLi in
diethyl ether is only stable at temperatures below —80°C, because at higher tempera-
tures the ether cleavage reaction generates explosive reaction mixtures'®!7->8, Both Li,C,
rings in 23 and 24 are bent along the transannular C.--C line because, e.g. in [(Et,O)
LiBu-t], (24), the six methyl groups and the two lithium atoms along that vector need to
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] I/.
[(TMEDA)(LiBu-n)], [(Et,O)LiBu-1], [LiC(SiMes);],
(23) 24 (26)
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.‘. d
P |
[{(—)-sparteine } LiBu-t] [(PMDETA)LiPh] [(TMEDA)LiMes*]
27) (28) (29)
FIGURE 11. Solid-state structures of donor-base-coordinated dimers and monomers

be accommodated in a staggered arrangement. This can only be reached in a non-planar
four-membered ring. While Et,O and Me,S in [(Et,O)LiPh]4*” (19) and [(Me,S)LiPh],*®
(20) coordinate the apical lithium atoms in the tetrahedral tetramers, addition of the
chelating diamine TMEDA results in the formation of the dimer [(TMEDA)LiPh],>
(25). The carbanions are almost orthogonal aligned to the Li,C, four-membered ring.
[LiC(SiMe3)3],%° (26) is a paradigmatic example that even Li. - -C, distances can be as
important as E—Li donor bonds (E = O, N): 26 is a dimer with a Li,C, four-membered
ring not coordinating any donor solvent. The methyl C, atoms are so close to the lithium
(average 250 compared to 267 pm in [Me3SiCH,Lils%", (10)) that they either shield
the metal perfectly or supply sufficient electron density. Addition of the enantiomeric
pure chiral donor-base (—)-sparteine to a ¢-BuLi solution at —78°C gives crystals of
monomeric [{(—)-sparteine}LiBu-¢]°' (27) at —30°C. It is the to-date only known enan-
tiomerically pure complex of a basic lithium organic. Like in [(PMDETA)LiPh]®* (28),
it is the bulk of the donor ligand that prevents this lithium organic from aggregation.
In [(TMEDA)LiMes*]® (29) (Mes* = (2, 4, 6-tri-t-butyl)phenyl), this is precluded by the
bulk of the carbanion. In monomeric phenyl and supermesityl lithium (28 and 29, respec-
tively) the metal atom is in the mean plane of the Cg perimeter and additionally chelated
by the PMDETA and TMEDA donor-base, respectively.

Compared to the deltahedra, the Li- - -Li distances across the Li,C, rings in 23 to 26 are
shorter. The four-membered rings are elongated along the C- - -C vector (C—Li—C 110.7°,
Li—C—Li 63.6° in 24) bringing the lithium atoms in close transannular proximity. The
Li—C, distances in the non-silylated compounds 23 to 25, 27 and 28 scale nicely to the
charge at the lithium atoms. In the dimers [(TMEDA)(LiBu-n)],* (23), [(Et,0)LiBu-¢],%'
(24) and [(TMEDA)LiPh],* (25), these bonds are longer due to the steric repulsion. The
by 4 pm shorter bond in 24 compared to 23 is explained by the two N donor atoms in the
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TABLE 4. Donor-base-induced dimers and monomers of basic lithium organics

Compound Li---Li Li—C, Li—-O, N CCDC code Reference
[(TMEDA)(LiBu-n)]» 23 236 222 221 WAFJAO 43
[(E;O)LiBu-1], 24 230 218 194 SUHBOM 31
[(TMEDA)LiPh], 25 249 224 219 PHENLI 59
[LiC(SiMes)s], 26 235 230 250 (C,) KIRPEG 60
[{(—)-sparteine}LiBu-7] 27 211 206 61
[(PMDETA)LiPh] 28 214 214 DANKUY 62
[(TMEDA)LiMes*]* 29 212 217 VAPHUP 63

“Mes* = (2.4,6-tri-t-butyl)phenyl, C¢Ha(Bu-1)3.

first, rather than the single oxygen atom in the latter. In 24 the Li—C contact needs to be
closer, even against stronger steric repulsion of the 7-Bu group, compared with the n-Bu
substituent as electrostatics are more pronounced because the lithium atom in 24 is more
positive by getting less charge donated. In [{(—)-sparteine}LiBu-£]®' (27), the lithium gets
about the same electron density donated as in 23 (two nitrogen atoms) but it has not to
be shared between two carbanions. Hence, the Li—C distance of 211 pm in 27 falls at the
short end of the range covered in the CCDC (see Figure 2). Although the sparteine donor
provides considerable steric bulk to prevent further aggregation, there is enough room
at the other hemisphere of the metal to get close to the tert carbanionic atom (Table 4).
At first sight the 214 pm in [(PMDETA)LiPh] (28) seems to be only marginally longer,
but one has to take into account the by 4 pm reduced radius of the sp? carbon atom in
28 compared to the sp®> carbon atom in 27. Hence, the Li—C, distance of 212 pm in
[(TMEDA)LiMes*]%® (29) seems much more reasonable than the 180 pm found in donor-
base-free monomeric [LiMes*] co-crystallized with a molybdenum phosphide complex%*.
The N—Li and O—Li donor bond lengths in 23, 24, 28 and 29 are typical but the
N—Li distance of 206 pm in 27 is remarkably short. The relatively long Li—C, bond in
[LiC(SiMes)3], (26) of 230 pm rather suits the distances found in donor-base-coordinated
tetramers (Table 3). This seems to be a shape effect of the pocket provided by the adjacent
y-methyl groups, hence an equilibrium of the o-bond density and the secondary electron
density donated by the methyl groups.

lil. LITHIUM ORGANICS WITH CYCLIC CARBANIONS

While the previous section was predominantly concerned with lithium alkyls, this one will
elucidate the lead structures of lithium organics with cyclic C,, anions. The C; perimeter of
the cyclopropanyl anion is only used scarcely in lithium organic structural chemistry and
the cyclopropenyl carbanions have only recently been conceived in dilithiated species. The
same is valid for the C, perimeter. Dimetalated cyclobutadienyl has just been introduced to
lithium chemistry. Lithium organics with a Cs perimeter are certainly the most elaborated
class of compounds in this context. Lithium cyclopentadienyl derivatives are one of the
most applied starting materials in metal organic synthesis. They are compounds par excel-
lence to generate a huge variety of sandwich or half-sandwich d-block metal organics via
transmetalation or salt elimination reactions. The indenyl and fluorenyl substituents con-
tain, apart from the Cs perimeter, either one or two anellated six-membered carbon rings.
In addition to the likely n’-bonding mode, they supply the feasible n®-coordination mode.
The most important class of lithium organics with a Cg perimeter are the phenyllithium
derivatives. They support o- as well as w-bonding up to n°-coordination. Examples of
lithium organics containing a C; or larger perimeter are scarce.
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A. C; and C, Perimeter

Cyclopropane and -propene exhibit a remarkable chemical applicability, predominantly
due to their steric strain. The acidity of cyclopropene is comparable to that of acetylene®.
Ab initio studies suggested that upon lithiation the bond lengths in the metalated species
should differ considerably compared to the starting material®. The vicinal formal C,—C,
single bond was computed to be much longer than in parent cyclopropene (157 vs.
151 pm), while the C,—Cjy distal bond shortens to 146 pm. Moreover, the unsolvated
cyclopropenyl lithium dimer was calculated to have two planar tetracoordinated R'R?CLi,
fragments (on average 45 kJmol~' lower in energy than the perpendicular tetrahedral
carbon atom)®’.

The preference of the planar dimer is due to attractive electrostatic Li* - --C,°~ inter-
actions, which are considerably reduced in the orthogonal dimer. In terms of natural
charges (C,: —0.57; Cg: —0.26; C,: —0.66) the C, carbon atom seems at least as attrac-
tive as the C,% in the in-plane dimer. However, the solvated lithium cyclopropenyl
[(TMEDA)LiC3(Me),SiMe;3],% (30) adopts the orthogonal form with a tetrahedral tetraco-
ordinated ring carbon atom. Again, the secondary electron density donation via the anionic
periphery is substituted by a donor-base-coordination. Hence, the steric requirements
force the compound into the orthogonal arrangement as electrostatics are satisfied by the
donor-base (Figure 12). The predicted distortion of the C; perimeter, however, could be
confirmed by experiment: the vicinal C,—C, bond was found to be widened to 156.1 pm,
while the C,—C; distal bond is shortened to 148.9 pm®. The same is valid for the
dilithiated derivatives [(THF)Li,C3(Me),Si(NBu-t)Me,],”° (31), [(THF),Li,C3(Me),C(O)
Bu-5,],”' (32) and [(TMEDA)Li,C3(Me),C(O)Bu-t,],° (33). On average, the vicinal
Cy—C, bond in the C; perimeter of 30-33 is 148.6, the C,, —Cg distal bond 157.0 and the
formal C,=Cj double bond 134.1 pm long. The latter three complexes show ladder-type
dimerization known from lithium amides>* (Figure 12). The tetracoordinated R'R?CLi,
fragments show a high degree of planarization, promoted by lithium alkoxide and amide
side-arm donation. In 31 this not only leaves the C, in an almost planar environment,
but also the Cg atom next to the lithiated site. In addition to the t-BuN~ donation, the
partial C,=Cjp double bond serves as electron donor to the metal. The short Li—C dis-
tances are found in the plane of the C; anion (213-218 pm) and the longer ones provide
dimerization (Table 5).

In none of the known tricyclic carbanions is the metal haptotropic m-coordinated on
top of the ring. Obviously, the ring is too small to suit even the small lithium cation.
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[(TMEDA)LiC5(Me),SiMe;],  [(THF)Li,C3(Me),Si(NBu-H)Me,],
(30 @3n

FIGURE 12. Solid-state structures of monolithium and dilithium cyclopropenyl dimers. While
in-plane dimerization is hampered by the donor-base in 30, side-arm donation promotes a planar
R'R?CLi,-fragment in 31
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TABLE 5. Lithium organics with a cyclic C3 anion

Compound Li---Li Li—C, Li—O, N CCDC code Reference
[(TMEDA)LiC3(Me),SiMes1» 30 247 221 216 ZOTGIY 69
[(THF)Li,C3(Me),Si(NBu-7)Me,], 31 264 218/232¢ 198/203 TIMCUN 70
[(THF),Li,C3(Me),C(O)Bu-t;], 32 267 213 194/202¢ ZIHJAB 71
[(TMEDA)Li,C3(Me),C(O)Bu-,], 33 225  214/337° 192/232 TIMCOH 70

“First number refers to lithium atoms in-plane, second to out-of-plane atoms relative to the C3 perimeter.
bFirst number o-bonded, second nz—coordinated lithium atoms.
“First number THF, second alkoxy side-arm donor bond.

Furthermore, 5-coordination is precluded by the substituents at the sp> carbon atom shield-
ing the top and the bottom of the C; perimeter. With the C4R4>~ and the CsRs™ perimeter
this is quite different. The substituents are in-plane with the ring or can at least be arranged
to give access to the planar carbanionic core. Though the substituents at the cyclobuta-
dienediide need to be sterically demanding, there seems to be enough room at the Cy4
core and even in the ligand periphery for the lithium atom to decide in a haptotropic
search for a n?- or n*-coordination. In all known C4;R4>~ structures the C4 center is
o-bridging the two lithium metals on top and underneath. In this arrangement, often
referred to as ‘inverted sandwich complex’ or ‘inverted metallocene’, both metals can be
shifted from the center to the periphery in accord with the electron density distribution
and steric requirements. In the benzocyclobutadienediide [{(TMEDA)Li},C4(Ph),C4H,]7?
(34), the electron density is partially delocalized to the anellated benzene ring. This
leaves the common Cy4- and Cg-bond non-attractive for both electropositive lithium atoms,
although one might anticipate the lithium atoms to be shifted away from the n?-position
close to the phenyl groups to minimize steric interaction (Figure 13). In the isomorphous
[{(DME)Li},C4(Ph),(SiMe,),C,H,]7 (35), only the donor-base in 34 is switched to DME
and the anellated benzene ring is replaced by a non-planar cyclic (SiMe,),C,H, chain.
Hence two silyl substituents supply charge density to the C4>~ center. This makes all four
carbon atoms equally attractive for the metal and n*-coordination for both metal atoms is
observed (Figure 13).

The Li—C distances seem to be directly correlated to the amount of silyl groups
bonded to the ring. In 34 there is none and the n-coordination is relatively unattractive,
resulting in a long Li—Cyenery distance of 204 pm (Table 6). In 35 with two silyl
groups the Li—Cyenery distance is only 196 pm. Addition of two more silyl groups

[{(TMEDA)Li},C,(Ph),C4H,1 - [{(DME)Li},Cy(Ph),(SiMe,),C,Hy]
(34) 35)

FIGURE 13. Solid-state structures of dilithium cyclobutadienediide C4 perimeters
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TABLE 6. Dilithium organics with a cyclic C4 anion

Compound n" Li---C, Li—O, N CCDC code Reference
n= n(center)

[{(TMEDA)Li},C4(Ph),C4H4] 34 2 204 205 DOBRUHO1 72

[{(DME)Li},C4(Ph),(SiMe,),C,Hy] 35 4 196 205 GUNJII 73

[{(DME)Li},C4(SiMe3)4] 36 4 191 208 QIZTEY 74

[{(DME)Li},C4{C,(SiMe,)s(CH)3}] 37 4/2 222/209  200/396 ROLJUX 75

in the per-silylated C4(SiMe3);>~ anion in [{(DME)Li},C4(SiMes)4]™* (36) causes
the Li—Cy(centery distance further to decrease to 191 pm. In the heavily substituted
[{(DME)Li},C4{C,(SiMe;)(CH,)3}]” (37), there are only two silyl groups directly
bonded to the C, perimeter. The two remaining adjacent positions are occupied by
sp? hybridized carbon atoms. Those peripheral partial C—C multiple bonds are equally
attractive for the lithium metal. From the charge density point of view the electrostatic
surface of the dianion seems not accentuated and spread out. One lithium atom can be
regarded to be n*-coordinated to the core (Li—Clcentery 222 pm), while the second is more
n*-coordinated to the peripheral exocyclic C—C multiple bond (Li—Cycentery 209 pm).

B. C5 Perimeter

The physical properties of parent lithium cyclopentadienyl are those of a typical
sal*?=%*. Like [MeLi], (1), it is insoluble in hydrocarbons, has a high melting point
and a low volatility. Developments in powder diffraction techniques’® "’ just recently
enabled the structure determination of [CpLi].,’® (38).

Many lithium organic structures can be rationalized as molecular fractions from poly-
meric lithium cyclopentadienyl (a in Figure 14): a single lithium atom and two rings
give the smallest possible metallocene’, the lithocene sandwich anion, (b), two solvated
lithium atoms and a single ring give the inverted sandwich cation, (c), and solvated lithium
plus ring in the ratio 1:1 give monomeric lithium cyclopentadienyl, (d). Less important to
d-block organometallic chemistry, but nevertheless structurally interesting, are the lithium
indenyl and fluorenyl derivatives as they supply an additionally potential 1°-coordination
site. In dilithium structures with fused Cs and Cg rings this alternative is particularly
interesting.

() (d) (© (d)

FIGURE 14. Fractions from the [CpLi]y, polymer (a), a single lithium atom and two rings give the
lithocene sandwich anion (b), two solvated lithium atoms and a single ring give the inverted sandwich
cation (c) and solvated lithium plus ring in the ratio 1:1 give monomeric lithium cyclopentadienyl (d)
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1. Polymeric lithium cyclopentadienyl derivatives

In polymeric [CpLi]s’® (38), each metal is i°-sandwiched by two ecliptically arranged
Cp rings, hence a [Cp,Li]~ section shows local Ds;, symmetry at the lithium atom. The
straight single CpLi rods are ‘zipped’ together as each Cp of one rod interlocks to the
metal site of the neighboring strand (Figure 15). This dense packing is unique among the
other polymeric Cp derivatives. Although they also feature infinite (1°-Cp)—Li—(>-Cp)
aggregation, the substituents at the Cs skeleton prevent interlocking. In [LiCsH,;SiMes ],
(39), an almost straight CpLi rod is formed (Cp—Li—Cp 175°) but the silyl groups
shield the core in a helical fashion. As a consequence monosilylated Cp-lithium is
much better soluble in hydrocarbons than 38. As the substituents at the Cp ligand get
larger, the Cp—Li—Cp angle more and more deviates from 180°. The menthyl groups in
[LiCsH4Men]..®' (40) are also helically arranged but require much more room causing a
Cp-Li—Cp angle of 166° (Figure 15). To avoid that bending the even bulkier groups in
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.
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[CpLil., [LiCsH,SiMe;]..
(38) (39

[LiCsH,Menl.. [LiCsH,CH(n-Bu)NMe,]..
(40) “2)

FIGURE 15. Solid-state structures of polymeric lithium cyclopentadienyl derivatives
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[LiCsH4SiMe,F1],.%? (41) (F1 = fluorenyl, (C;3Hy)) are adjusted in a zigzag mode at both
sides of the CpLi strand. In the [Cp,Li]~ section this causes local Ds; symmetry at the
lithium atom as the Cp rings are forced in a staggered orientation. Ring substitution with
Lewis-basic groups, like Me,N capable of side-arm donation, can break the infinite CpLi
strand as one Cp-Li interaction might be substituted by a N— Li donor bond. In polymeric
[LiCsH4CH-(n-Bu)NMe,],,3* (42), each lithium atom is only n’-coordinated by a single
Cp ligand, while the second coordination site is occupied by the side-arm amino nitrogen
atom (Figure 15). Polymeric aggregation is accomplished via the side-arm. Similar struc-
tures show the polymers of [LiCsH;CH(Ph)NMe,]..* (43), [LiCsH,CH(Tol)NMe, ] %
(44) and [(THF)LiCsH,CH(C,Me)NMe, 1% (45). The structure of 44 exhibits two differ-
ent lithium environments: an 5’ /n’- and an 5?/n’-coordination. The propynyl substituent
in 45 leaves enough room for the additional coordination of a donating THF molecule
without changing the overall aggregation.

In the polymeric lithium cyclopentadienyl derivatives the Li—ring center distances
cover the range of 185 to 201 pm (Table 7). These distances are predominantly determined
by the charge concentration in the rings, at the lithium atoms and the steric demand and
shielding of the substituents at the rings. The higher the charge in the ring, the smaller the
Li—ring center distance is with a given fixed charge at the lithium atom. Obviously, this
electrostatic attraction is counterbalanced by bulky ligands. The bigger they are, the more
they prevent the metal from reaching the center of the ring. In the currently discussed
compounds each lithium atom is coordinated by two Cp anions and each Cp by two
lithium cations. Thus, in any compound with a non-one-to-one anion/cation relation, like
the lithocene anion (Figure 14b) and the inverted sandwich cation (Figure 14c), one might
expect longer average distances. Ecliptic Ds;, or staggered Ds, arrangement of the rings
has only marginal impact. As the ring—ring distance of about 400 pm is well above the
layer distance in graphite of 335 pm, there is enough room for the ring to ‘rotate’ on the
metal. Interestingly, the ecliptic distance of 197 pm in [CpLi]s (38) is still marginally
longer than the staggered distance of 196 pm in heavily substituted [LiCsH4SiMe,Fl],,
(41). At first sight the Li—ring center distance gets simultaneously smaller with decreasing
N—Li distances (i.e. rising efficiency of donor bonding) like in 43 via 42 to 44 (Table 7).
In 45, however, the lithium atom is donated by a nitrogen and an oxygen atom but
the Li—ring center distance is only 201 pm. Presumably, the propynyl substituent in-
plane to the Cp ring couples into the aromatic system and leaves it less attractive to the
lithium atom.

TABLE 7. Polymeric lithium cyclopentadienyl derivatives

n" Li---C, Li—-O, N CCDC Reference

Compound n=  n(center) code

[CpLi]e® 38 5 197 NIBSEW 78
[LiCsH4SiMes]oo 39 5 197 PAPYOU 80
[LiCsH4Men]o.? 40 5 201 NUPYEC 81
[LiCsH4SiMesFl] ¢ 41 5 196 UDIZUC 82
[LiCsH4CH(n-Bu)NMe; ] oo 42 5 192 211 BESQAR 83
[LiCsH4CH(Ph)NMe;] 43 52 198/224 241 BESQUL 83
[LiCsH4CH(Tol)NMe; oo 44 5 185 203 BERHOV 83
[(THF)LiCsH4CH(C,Me)NMe;z]o, 45 5 201 202, 218 BEQWUP 83

4Cp = cyclopentadienyl (CsHs).
bMen = menthyl (c-C¢Hy(Me)Pr-i).
Fl = fluorenyl (Cj3Hy).
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2. Molecular fractions of polymeric lithium cyclopentadienyl derivatives

[(CsDg)Liy(CsBns),13* (46) is a cut from the polymeric CpLi rod made up from two
subunits. Deaggregation is provided by the demanding substituents and 7?-coordination
of a C¢Dg solvent molecule (Figure 16). One lithium cation is sandwiched by the two
perbenzylated Cp rings in an n°-fashion. All ten benzyl groups are oriented exo relative
to that metal. Hence, one CsBns ligand offers lipophilicity and the other the basket
for the second lithium atom. This basket in the contact ion pair (CIP) is closed by
the n?-coordinated deuteriobenzene molecule. The smallest possible metallocene, the
lithocene anion [Cp,Li]~ % (47), crystallizes as a solvent-separated ion pair (SSIP) with
[PhyP]* as the cation. Although the anisotropic displacement parameters indicate some
disorder, local Ds; symmetry describes the anion best. The staggered conformation of
both rings in [(i-dicp),Li]~ (48) (i-diCp = isodicyclopentadienyl, C;oH ;)% is induced
by the anti-orientation of the bicycles to avoid steric strain (Figure 16). The cation
in this SSIP is [(12-crown-4),Li]*. The anion [(-BuCsH,),Li]~ ¥’ (49) in [Me,Ph,P]
[(z-BuCsH,),Li] shows a ring-twist of just about 90° rather than 180° in the latter. The
inverted sandwich complexes contain a single Cp ligand coordinated on both sides with
a metal each (Figure 14c). Either they are cations or contain a second deprotonated
center in the side-arm. The cation [(TMEDA),Li,CsH4;Me]* # (50) can be regarded
to be the prototype of an inverted sandwich in a SSIP. The Cs perimeter is 7°-
coordinated above and below by a (TMEDA)Li unit. The same structural motif is present
in [(TMEDA),Li,CsH,C(Me),PPh]* (51), however the ligand is a dianion. In addition to
the CsH4R ™ site there is the R,P~ site. The side-arm contains a divalent P(III) center. The
phosphorus atom donates to the upper lithium atom, indicated by the inclination of the
TMEDA chelate away from the P atom (Figure 16). The P donation in 50 is substituted by
an azaallyl n3-coordination in [(TMEDA)Li4{CsH,Si(Me),NC(Bu-t)CHSiMe;},]% (52).
Two lithium atoms are 7°/n3-sandwiched, one is nitrogen di-coordinated and the fourth
coordinates in a (TMEDA)Li unit on top of a 1°/n*-sandwich to give the Li—Cp—Li
motif. This inverted sandwich motif does not have to consist of two lithium metals. In
[(PMDETA)LiCpTICp]®! (53), the second metal is a thallium(I) atom (Figure 16). Both
metals coordinate in the 5°-mode to one common Cp ligand. While the Li—Cp(centery—T1
angle is almost straight (176°), the Cp(centery—T1—CP(centery @ngle indicates a bend at the
thallium atom (153°). The latter is almost identical to that in the bis(cyclopentadienyl)
thallate(I) anion [Cp,T1]~ °! (157°). In [(PMDETA)LiCp,Sn{N(SiMes),}]?*> (54), a
lithium and a tin(Il) atom share a single Cp ring. The angle Li—Cpcenery—Sn of 163°
indicates considerable bending at the common Cp ligand. [(THF),Li;{(CsMe),Si(Me),
(0-C2B1oH[0)}2]~ ? (55) is a remarkable example of an inverted triple-decker anion. The
cation in the SSIP is [(THF),Li]". In the center of the anion a single lithium cation is
sandwiched by two staggered CsMesR™ rings. They need to be staggered as the bulky
substituents have to avoid steric interaction. On top and below that lithocene motif an
additional lithium cation is 5°-coordinated to each ring. Furthermore, this is bonded to the
deprotonated carbon atom of the o-carboranate in the side-arm and a THF donor molecule.
The Li—Cs—Li—Cs—Li core is almost linear (Figure 16).

On average, the Li- - -Csccneery distances in the lithocene derivatives and the inverted
sandwich complexes are marginally longer because two anions compete for one
lithium cation or vice versa. As opposed to the polymeric lithium cyclopentadienyl
derivatives, here the charge relation is 2:1. While the distance is an average 191 pm
in [(C¢Dg)Li>(CsBns),] (46), a 1:1 fraction of polymeric CpLi matches the distances
found in the polymers (see Tables 7 and 8). The related distances in [Cp,Li]~ (47)
and [(i-diCp),Li]~ (48) are with 201 pm marginally longer than in [CpLi].,’® (38),
with 197 pm. In the symmetrically inverted sandwich cation [(TMEDA),Li,CsH;Me]"
(50), the Li- - -Csceneery distances are 200 pm. They can significantly be varied by other
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FIGURE 16. Molecular fractions of polymeric lithium cyclopentadienyl derivatives in the solid-state.

The cations of the lithocene anions 47 and 48 (PhyP" and [(12-crown-4),Li]", respectively) have
been omitted for clarity. With 55 the cation is [(THF)4Li]". All three are solvent-separated ion pairs.

TABLE 8. Molecular fractions of polymeric lithium cyclopentadienyl derivatives

n* Li---C, Li—-O, N CCDC Reference

Compound n= n(center) code
[(C¢Dg)Liz(CsBns)s] 46 5/2 191/248 RAQWUB 84
Lithocenes
[CpoLi] ™ 47 5 201 HESITY 85
[(i-diCp),Li] ™ 48 5 201 YEHTOU 86
[(-BuCsHy),Li]- 49 5 199 RAZPOX 87
Inverted Sandwiches
[(TMEDA),Li,CsH;Me]™ 50 5 200 209 KANNAO 88
[(TMEDA),Li,CsH4C(Me),PPh] 51 5 194/214  208/214 XALMAY 89
[(TMEDA)Li4{CsH;Si(Me),NC(Bu-¢)- 52 5/3 200/195 210 NECSAP 90
CHSiMC3 }2]
[(PMDETA)LiCpTICp] 53 5 223 223 SUMSIC 91
[(PMDETA)LiCp,Sn{N(SiMe3),}] 54 5 225 222 PESVUE 92
[(THF),Li3{(CsMe4)Si(Me),- 55 5/1  193/205 198 QOMCOK 93

(0-C3B1oHi0)}217

“Cp = cyclopentadienyl (CsHs).
bi-diCp = isodicyclopentadienyl (CioHj1).
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donor atoms. In [(TMEDA),Li,CsH,C(Me),PPh] (51), the two (TMEDA)LI- - -ring center
distances are 194 and 214 pm. The second is longer since the related lithium cation gets
additional charge density from the phosphorus donor atom in the side-arm. Thus, the
other lithium atom can get closer to receive more charge from the ring. This shift of
the metal relative to a fixed Cp environment can be studied in the mixed metal species
[(PMDETA)LICpTICp] (53) and [(PMDETA)LiCp,Sn{N(SiMes),}] (54).

The long additional (PMDETA)LI- - -Cp contact of average 224 pm causes the related
Cp- - -M contact to elongate (285 vs. 261 pm in 53 with M = Tl and 283 vs. 257 pm
in 54 with M = Sn). The inverse sandwiched ring can supply less charge density to the
heavy p-block metal. It is interesting to note that the sum of all distances is constant.
Elongation is compensated by shortening and vice versa. In [Cp,TI]~ both ring center—Tl
distances are 272 pm. Thus, the sum of 544 pm is almost identical to that in 53 (546 pm).
The same phenomenon has been described in main group chemistry: either a sulfur® or a
phosphorus® atom centrally bonded to three or four nitrogen atoms shows the same sum
of S—N or P—N bond distances. Even this covalent bonding is dominated by electrostatics
and not by hypervalent multiple bonding®®. The flexible response of the ring center—Li
distances to the charge density requirements is documented in the alternating distances in
the inverted triple-decker anion 55. A short distance of 193 pm at one side of the ring is
always combined with a longer one of 205 pm at the other side, thus the sum is constantly
398 pm (Table 8). This matches almost perfectly the sum in the lithocenes [Cp,Li]~ (47)
and [(i-diCp),Li]~ (48) of 402 pm.

3. Monomeric lithium cyclopentadienyl derivatives

In most monomeric CpLi derivatives the metal is n°-coordinated to the cyclopen-
tadienyl ligand. The second hemisphere of the metal is shielded by donor-bases. The
chelating amine TMEDA seems an excellent choice as it provides the appropriate bulk
and donor capacity to break up the polymeric aggregation of CpLi discussed previously.
As can be seen from the series [[TMEDA)LiCsHsMe]*” (56), [ TMEDA)LiCsH4(C3H;s)]*®
(57), (TMEDA)LiCsH;3(Bu-£),]% (58), [(TMEDA)LiCsH;Men]®' (59) and [(TMEDA)Li
(i-diCp)]*® (60), there is still enough room for increasingly bulky substituents at the
Cs perimeter. Sterically demanding substituents are located at the opposite side of the
metal atom. In the menthyl substituent of 59 the methyl group is at the same side as the
(TMEDA)LI group, while the larger i-Pr group is placed at the opposite side. The same is
valid for the arrangement of the CH,/(CH), bridges in the isodicyclopentadienyl ligand of
60. The first faces the metal and the sterically more demanding (CH), bridge points away
from the metal. This was already observed in the lithocene [(i-diCp),Li]~ (47). The Lewis
basicity of TMEDA is obviously high enough to supply adequate charge density: the lone-
pair at the phosphorus(IIl) center in the side-arm of [(TMEDA)LiCsH,C(Me),PMe,]%
(61) and [(TMEDA)LiCsH,C(Me),PPh,]°® (62) is not donating to the metal but twisted
to the other side of the ring to minimize steric interaction. However, the number of
donating atoms to the lithium atom above the Cs ring is not limited to two. In [(12-
crown-4)LiCp]'® (63), all four oxygen atoms of the crown ether molecule in the upper
hemisphere bind to the metal. Although not all four Li—O distances are equally long
(214 to 243 pm) this clearly proves that coordination numbers of five (1 Cp and 4 O) are
feasible (Figure 17). The crown can even be fixed as a side-arm in a Cp ansa cryptand
fashion to the Cs perimeter. In [LiCsH4(CH,),{c-N3(C2Hy)3}(Pr-i),]'%' (64), the triaza-
cyclononanyl crown is fixed with a dimethylene ansa bridge to the Cp ring. This gives
enough reach to locate the lithium atom coordinated to all three nitrogen atoms in an 7°-
position above the Cp ring (Figure 17). In [LiCs(Me);Si(Me),{c-N3(CoHy)3}(Pr-i),]12
(65), the single dimethylsilyl ansa function is too short and the lithium atom can just
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FIGURE 17. Donor-base-coordinated monomeric lithium cyclopentadienyl derivatives in the solid-
state

reach an 5?-position above a bond in the substituted Cp ring. It is interesting to note that
the metal prefers the coordination to the nitrogen atoms of the cryptand rather than the
1’ -position.

Silylation of the Cp ring provides much more solubility in hydrocarbons, both to
the starting material of CpLi and to the organometallic targets. This permits synthetic
access to metal complexes via homogeneous phase. The volatility of the silylated
products is comparable to that of the hydrogen substituted. This feature makes them
versatile starting materials in d-block chemistry?* 1%, One Li.--Cp ring center contact
in polymeric [LiCsH;SiMes]o%" (39) is substituted by the donor base TMEDA in
[(TMEDA)LiCsH,SiMe3]'™ (66).

The higher the silylation degree of the ring gets, the smaller the donor-base can be.
In the trisilylated Cs perimeter in [(THF)LiCsH,(SiMe3)3]'® (67) and [(QUIN)LiCsH,
(SiMe3)3]'% (68), even the single donor atom of THF or quinuclidine is sufficient to
get monomeric lithium cyclopentadienyl derivatives. In [(TMEDA)LiCsH,(SiMe3)3]'%
(69), both nitrogen atoms of the chelating amine coordinate to the lithium, while in
[(PMDETA)LiCsH,(SiMe3)3]'%7 (70), only two nitrogen atoms of the tripodal triamine
coordinate. Reduction of the trimethylsilyl group to the dimethylsilyl group enables pen-
tasilylation of the Cs perimeter. In [(Ph,CO)LiCs{SiHMe,}5]'%® (71), benzophenone is the
donor-base (Figure 17, Table 9).

In dilithiated polycyclic [(THF);Li,Cs{C(SiMe,)s(CH,)3}]'?° (72), one (THF)Li-group
is n’-coordinated to the central Cs ring, while a second (THF),Li-group is n*-coordinated
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TABLE 9. Monomeric lithium cyclopentadienyl derivatives
n* Li---C, Li—O, N CCDC Reference

Compound n= n(center) code
[(TMEDA)LiICsHsMe] 56 5 192 213 SIINII 97
[(TMEDA)LiICsH4(C3Hs)] 57 5 194 212 QAKPIB 98
[(TMEDA)LiICsH3(Bu-t),] 58 5 195 220 GISCEQ 99
[(TMEDA)LiCsH4Men]* 59 5 191 216 NUPYIG 81
[(TMEDA)LIi(i-diCp)] 60 5 191 215 YEHTIO 86
[(TMEDA)LiICsH4C(Me),PMe:] 61 5 192 214 QAKPOH 98
[(TMEDA)LiICsH4C(Me),PPh;] 62 5 192 213 QAKPEX 98
[(12-crown-4)LiCp]° 63 5 206 226 VITKAK 100
[LiCsH4(CH2)2{c-N3(CoH4)3}(Pr-i)2] 64 5 210 217 IBAXIS 101
[LiCs5(Me)sSi(Me),{c-N3(CyHyg)3}(Pr-i)2] 65 2 220 217 VIQGAD 102
Lithium Derivatives of Silylated Cyclopentadienyl

[(TMEDA)LiICsH4SiMes] 66 5 193 213 CEZTIK 104
[(THF)LiCsH,(SiMe3)s] 67 5 179 188 SEBHUC 105
[(QUIN)LiCsH,(SiMe3)3]1¢ 68 5 178 201 DECPOQ 106
[(TMEDA)LiCsH,(SiMes)s3] 69 5 198 219 COJRUO10 106
[(PMDETA)LiCsH,(SiMe3)3] 70 5 198 220 COJROI 107
[(Ph,CO)LiCs{SiHMe;}5] 71 5 182 182 PAVMEE 108
[(THF);Li,C5{C(SiMe;)s(CH2)3}] 72 5/3 180/216  187/194¢ GAKQIS 109
[(TMEDA)LiCsH3(SiMe;)]» 73 5/5 197 220 KIXMIN 110
[(THF);Li2{CsH(Pr-i), }{CsHa(Men)}- 74 5/5 177/195 188/201° DAHQAE 111

(SiMe,), ]
[(TMEDA)LIi,CsH4Si(Me),CHSiMes ], 75 5/1 194/208 196 NECRUI 90

“Men = menthyl (c-C¢Ho(Me)Pr-i).

bi_dicp = isodicyclopentadienyl (CjoHj).
¢Cp = cyclopentadienyl (CsHs).

4QUIN = quinuclidine (N(CH;)CH).
“Distances of the THF mono-/di-coordination.

to the other side employing a ring C—C bond and an exocyclic formal C=C dou-
ble bond (Figure 17). In the dilithiated compounds [(TMEDA)LiCsH;(SiMe;,)],''? (73)
and [(THF);Li, {CsH(Pr-i),}{CsH,(Men)}(SiMe,), ]! (74), both five-membered rings are
n’-coordinated. The dimeric dilithium complex [(TMEDA)Li,CsH,Si(Me),CHSiMes],”
(75) resembles the structural features of an inverted sandwich complex. While the sily-
lated Cp ring is n’-coordinated by a (TMEDA)Li unit on top, it is coordinated underneath
by another lithium atom o-bonded to a metalated carbon atom of the side-arm. The dimer
is generated by a center of inversion (Figure 17).

4. Lithium indenyl derivatives

In the presented lithium indenyl (InLi) derivatives the donor-base-free or -coordinated
lithium metal is always coordinated to the five-membered ring rather than to the six-
membered. This demonstrates the preference of the metal for the smaller ring. The
structure of polymeric [InLi]o''? (76) is reminiscent of that of polymeric [CpLily’®
(38). Each metal is n°-sandwiched by two ecliptically arranged indenyl rings. Interest-
ingly, the fused benzene rings are located at the same side of the single InLi strand,
although steric considerations may suggest a helical or zigzag arrangement of the anel-
lated rings. The straight InLi strands are ‘zipped’ together as each In of one rod interlocks
to the metal site of the neighboring rod (Figure 18). Ring substitution of the Cs perimeter
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FIGURE 18. Structures of lithium indenyl derivatives in the solid-state

like in [LiCoHgN(Et)CH,(C3Hs)]o '3 (77) causes bending of the Cs(center) - * -Li- - Cs(center)
angle at the lithium atom (167°) and helical arrangement of the substituents along the
[Li—Cs—Li—Cs] core.

Like in the cyclopentadienyl derivatives, addition of donor-bases facilitates
deaggregation of the infinite solid-state structures. In monomeric [(TMEDA)LiIn]'!*
(78), the (TMEDA)Li unit is n°-coordinated to the five-membered ring while in
[(THF);LiCoHsMe]'> (79), the (THF);Li-fragment is only n3-coordinated opposite
to the 1-methylindenyl ring position (Figure 18). However, in 1-borylindenyl
[c-(MeNCH,);LiCoHgB(NMe,),]''¢ (80), n’-coordination is achieved despite about the
same substitution pattern.

On average, the Li- - -Cseneery distances in the lithium indenyl derivatives are closer
to the related distances in polymeric lithium cyclopentadienyl species than to those of
monomeric CpLi molecules. Different to the Cp derivatives the negative charge is addi-
tionally delocalized in the fused benzene ring. This leaves the Cs perimeter less attractive
for the lithium cation. In donor-base-coordinated lithium indenyl monomers the Li- - - ring
center distance gets longer compared to the polymers. A donor-base-coordinated lithium
cation seems to be less polarizing and the charge density of the carbanions vanishes to
the benzene ring (Table 10).

5. Dilithium organics with fused Cs and Cg perimeters

Dianions of anellated rings can either be generated by deprotonation of the hydro-
carbons or by two-fold electron transfer’®. Both five-membered rings in the pentalene
dianion in [(DME),Li,(CgHe)]'!” (81) are n°-coordinated at both sides by the metal in

TABLE 10. Lithium indenyl derivatives

n" Li---C, Li—O, N CCDC Reference

Compound n=  n(center) code

[InLi]oo? 76 5 198 XACROI 112
[LiCoHgN(Et)CH,(C3Hs) ] 77 5 196 QAQZAJ 113
[(TMEDA)LiIn]* 78 5 200 210 INDYLI 114
[(THF);LiC9H¢Me] 79 3 232 196 SUPYEH 115
[c-(MeNCH,)3;LiCoH¢B(NMe,),] 80 5 195 222 GOSNIL 116

“In = indenyl (CoH7).
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FIGURE 19. Solid-state structures of dilithium organics with fused Cs and Cs perimeters

the (DME)Li moieties (Figure 19). Three fused five-membered rings in the acepentalene
CyoHe give the smallest curved subunit of the smallest possible fullerene C,y. Because
of the considerable strain the hydrocarbon C;oHg was predicted to be a triplet diradi-
cal in the ground state!!8. It can be stabilized by generating the closed-shell dianion.
[(DME),Li,(CjoHg)]>'"® (82) is a dimer consisting of two bowl-shaped C;gHs dianions
facing each other with their convex site. Two (DME)Li units are connected by mutual
12-DME/Li coordination and sandwiched by the bottom of the bowls. The other two
(DME)Li moieties are coordinated to the inside of the bowl. All lithium-ring contacts
are n°-coordinations. Thus, only four of the six present Cs perimeters in the dimer are
metal coordinated. Surprisingly, this induces no geometrical asymmetries in the C;oHg
skeleton. The bonding parameters in the non-coordinated rings are virtually the same
as the others. The three central C—C bonds are 140 pm long and of about the same
length as the three (H)C—C(H) bonds (141 pm). The six C—C(H) bonds, however, are on
average 5 pm longer (146 pm). The dilithium tribenzacepentalene, [(DME);Li],[C,,H,],
forms an SSIP even in the solid-state with a layered structure. There is no Li—C contact
between the dianions arranged in layers and the solvent encapsulated lithium cations in
the adjacent layer'?. This again supports the hypothesis deduced from the comparison
of cyclopentadienyl and indenyl: fused aromatic rings deplete the charge density in the
five-membered ring and leave it less attractive for the electropositive metal. In the CIP
[(DME),Li,(C;oHg)]>'"? (82), the bowl-shaped dianion is still attractive for the metal but
in the tribenzacepentalene dianion in [(DME);Li],[C5,H|,]'? the lithium cation prefers
additional solvent coordination.

The dianions in [(THF),Li,{C1sHs(Bu-1)4}1"?" (83), [(Et;0)4Liz{C1,H,(Bu-1)4}]1"?!
(84), [(TMEDA),Li,(C4H4)]'?* (85) and [Li(Ci9H;,)],'? (86) offer a potential n°- next
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to the n’-coordination site. Amazingly, both 83 and 84 crystallize in the same asymmetric
unit. Both the two (THF),Li- and the two (Et,O),Li units coordinate 1> to both five-
membered rings of the same dianion. They emulate the coordination mode of the
pentalene dianion in 81, solemnly with an inserted six-membered ring in the common
edge of the latter. In [(TMEDA),Li,(C,4H;4)] (85), the two (TMEDA),Li moieties picked
the two five-membered rings and leave none of the four Cg perimeters coordinated.
In [Li(Ci9H;1)]» (86), however, both lithium cations are sandwiched between the six-
membered rings (Figure 19). Apparently, the two anellated Cs perimeters are too close
to accommodate two metals at the same side of the dianion. To gain some space and
to reduce electrostatic repulsion the cations are shifted to the Cg rings towards the
periphery. There is still a considerable ring center—Li—ring center bent to the outside.
[(TMEDA),Li,(CoHg)]'?* (87) is a fundamental structure as it reveals that the addition
of two electrons to an otherwise planar aromatic hydrocarbon like naphthalene causes
severe puckering of the anion, although that would not cause the metal to leave the ,%-
coordination site. Obviously there is no charge accumulation involved that distinguishes
one site from the others.

The Li- - -Cscentery distances in the dilithium organics with fused Cs and C¢ perimeters in
the dianions of 81 to 85 match those already discussed in this chapter. The found 189 pm
in [(DME),Li,(CgHg)] (81), are shorter than the distances in [(DME),Li,(C;oHg)]> (82),
of 199 and 204 pm, respectively. This is mainly because of the curve shape of the latter
anion. In the planar pentalenediide both (DME)Li units got free access to both sides. In
the curved acepentanlenediide even the access to the inside of the bowl is more shielded
and the distance is elongated by 10 pm (Table 11). The approach to the bottom of the
bowl is even more difficult because of the dimeric (DME),Li, moiety. 83 and 84 allow
the direct comparison of a (THF),Li and a (Et,0),Li moiety in contact with the same
anion in the same crystal. The higher polarity of THF (1.75 u[D]) relative to Et,O (1.15
u[D]) causes shorter Li—O distances (197 and 205 pm, respectively; Table 11) and longer
Li—ring center distances. Apparently, the less polar diethyl ether provides more charge
density to the metal because the ring contact to the cation seems to be less important.
However, steric considerations might play an important role. The Li—ring distances in the
n®-coordination of [Li(CoH;;)]> (86) and [(TMEDA),Li;(CioHg)] (87) are in the range
of the already discussed metal—n’-distances. Although the move from 7> to n* causes an
average elongation of 35 pm (see 72 in Table 9 and 79 in Table 10), the shift from n> to
n°® does not lead to significant changes.

6. Lithium fluorenyl derivatives

The structure of dimeric donor-base-free lithium fluorenyl [FILi],'?* (88) is reminiscent
of [Li(Ci9H; )],'? (86), because in both structures the two present lithium cations are

TABLE 11. Dilithium organics with fused Cs and C¢ perimeters in the dianion

n" Li---C, Li—-O, N CCDC Reference

Compound n= n(center) code

[(DME),Li,(CgHg)] 81 5 189 201 DANPOX 117
[(DME),Li,(CoHg)1> 82 5 199/204 203/212 WABPEV 119
[(THF)4Li>{C1,H4(Bu-1)4}] 83 5 195 197 NEXMAE 121
[(Et;0)4Li,{C,H4(Bu-1)4}] 84 5 200 205 NEXMAE 121
[(TMEDA);Li>(Cy4H14)] 85 5 199 212 KIZPUE 122
[Li(C19Hy1)]n 86 6 195 INFLLI10 123
[(TMEDA),Li,(CoHg)] 87 6 197 211 NAPLIM 124
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sandwiched between the six-membered rings. Both Cecentery —Li—Cécentery angles of 174° in
the first and 175° in the latter indicate that the metal atoms are marginally displaced to the
outside of the anion. The different Li- - -Li distances of 586 pm in 86 and 435 pm in 88 do
not cause different angles at the lithium atoms (see Figures 19 and 20). In dilithium diflu-
orenyl [(TMEDA),Li,(diF1)]'?® (89), the two best planes of the C,3Hg units, connected in
the 9-position, intersect at an angle of 51.4° and both (TMEDA)LI units bridge the central
C—C bond. In the polymeric structure of [(THF)Li,(C 3Hs)]oo'?’ (90), a u-bridging oxy-
gen atom of the donor-base THF and the deprotonated 9-carbon atoms of the fluorenyl
dianion form a kite-shaped Li,CO four-membered ring with the THF and the fluorenyl
almost orthogonal to that ring. Those arrays are alternately turned by 180° in the Li,CO
ring plane and stacked to infinite sheets with coplanar fluorenyl substituents and THF
molecules. In addition to the C9 and O contact each lithium atom is #*-coordinated by the
fluorenyl involving C9 (Figure 20). In the polymeric diethyl ether solvate [(Et,O)LiFl],,'%®
(91), this n’-coordination is replaced by u-n'/n'-bonding of C9. This carbon atom is
coordinated by a lithium atom at each side. Each three-fold coordinated metal binds
two C9-atoms and a single diethyl ether molecule. Thus, the planes of the fluorenyl
anions intersect at an angle of about 120°. Further addition of diethyl ether to that poly-
meric structure yields molecular monomers in [(Et,O),LiF1]'* (92). Again, the lithium
atom is three-fold coordinated by a fluorenyl carbanion in the 5?-bonding mode and two
diethyl ether molecules. Two molecules of the donor-base quinuclidine shift the lithium
atom in the monomer [(QUIN),LiF1]'*° (93) to the n'/C9-position. Similar to the lithium
cyclopentadienyl derivatives, an intramolecular donor-base function can be integrated in a
side-arm in the 9-position. In the structural analogs [(Et,O)LiC;3Hg(CH,),NMe,]"3! (94)
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FIGURE 20. Solid-state structures of lithium fluorenyl derivatives
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and [(THF),LiC3Hg(CH;),NMe,]"3! (95), a dimethylene(dimethylamino) side-arm coor-
dinates the lithium atom via the nitrogen atom. In addition, one diethyl ether molecule
and two THF molecules are coordinated to the lithium atom in the first and in the latter.
While the three-fold coordinated lithium atom in 94 needs full charge density supply of
the five-membered ring in the °-position, the donation of two THF molecules in 95 facil-
itates ring slippage to the n'/C9-position. The same ring slippage is observed by keeping
the donor solvent constant but varying the substituents at the side-arm donor atom.

The otherwise identical complexes [(THF)LiC;3Hg(CH,)Si(Me),NHPr-i]'32 (96) and
[(THF)LiC,3Hg(CH,)Si(Me),NHBu-¢]'3* (97) just vary in the substituents at the
N donor atom. The less electron-releasing i-Pr group causes full n’-coordination
and the more electron-releasing 7-Bu substituent allows relaxation of the side-arm
and ring slippage to the n3-position. The side-arm in the dimetalated compound
[(THF);Li,C3Hg(CH,;)NBu-]'?® (98) is too short to promote n°-bonding (Table 12).
Both lithium atoms are bridged by the amido N-atom but only one is 1'-coordinated
to the fluorenyl carbon atom C9. The metals are terminally donated by a THF molecule
each and p-bridged by a common THF donor-base (Figure 20). The single lithium atom in
the [(THF)Li(C,3HsBNMe,),]~-anion'3* (99) is sandwiched in an ansa-fluorenyl fashion.
The ansa-connection of the two fluorenyl carbanions is provided by the diboranyl bridge
and the metal is bis-n'-coordinated by the two C9 carbon atoms. A single THF molecule
completes the planar three-fold coordination.

The average lithium—ring center distance in the fluorenyl derivatives is at the long end
of the range already discussed. The mutual 1°-coordination in dimeric [FILi], (88) gives
the shortest distance of the presented compounds (199 pm). The n°-coordination results in
longer distances of about 216—217 pm in 94 and 96. The n'-metal contact to the carbon
atom in the 9-position gives the longest distances of 231 pm on average (221 pm in 99
to 239 pm in 95). The ring slippage from the 5°-position to the n3-coordination in 94 and
95, respectively, results in an elongation by 22 pm from 217 pm in the first to 239 in
the latter. The move from 7° to n* causes an elongation of just 3 pm in 97 as compared

TABLE 12. Lithium fluorenyl derivatives

n" Li---C, Li—O, N CCDC Reference

Compound n=  n(center) code

[FILi]p* 88 6 199 GITNEC 125
Donor-base-coordinated Lithium Fluorenyl Derivatives

[(TMEDA),Li, (diF1)]” 89 uy/n? 229 207 BFLULI 126
[(THF)Liz(Cy3Hg)]oo? 920 3/1 214/217 202 VACHIR 127
[(Et,O)LiF1]o* 91 1 225 194 NUWDEO 128
[(Et,0),LiF1}* 92 2 217 190 SANNUQ 129
[(QUIN),LiF1]*¢ 93 1 233 203 FULIAO10 130
Side-arm-coordinated Lithium Fluorenyl Derivatives

[(Et,O)LiC3Hg(CH;),NMe, ] 94 5 217 189/208 RAWYET 131
[(THF),LiC;3Hg(CH;),NMe;] 95 1 239 193/206 RAWYIX 131
[(THF)LiC3Hg(CH,)Si(Me),NHPr-i] 96 5 216 189/215 NONQUC 132
[(THF)LiC,3Hg(CH,)Si(Me),NHBu-t] 97 3 219 185/216 ZUTIED 133
[(THF);Li,C3Hg(CH,)NBu-#] 98 1 237 192/206¢ NUWDIS 128
[(THF)Li(C;3HsBNMe;),]~ 929 1 221 183 YELDAU 134

“Fl = fluorenyl (C;3Ho).

bdiFl = difluorenyl (CasHis).

¢QUIN = quinuclidine (N(CH)sCH).
4Terminal/u,-THF.
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to 96. However, the polymeric structure of [(THF)Li,(Ci3Hg)]o (90) is a convincing
example that the coordination mode is not necessarily correlated to the distance: the
n’-coordination in 90 gives rise to a distance of 214 pm, thus even shorter than in the
related n°-bonding modes in this class of compounds. The two Li—C9 o-bonds of average
217 pm are comparably short (Table 12). This is even more remarkable, as one has to
consider that a single fluorenyl dianion in 90 is coordinated by four lithium cations. This
competitive 2:1 ratio of charges normally results in longer distances.

C. C¢ and C; Perimeter

In the lithium aryls two of the already introduced structure building principles are
combined: (i) the haptotropic 5°-coordination of the lithium cation to the 7 charge den-
sity of the aromatic carbanion and (ii) the Li,C, four-membered ring discussed with
donor-base-induced dimer formation. On addition of donor bases or implementation of
donating side-arms it is the sw-bonding that is given up first. It is the predetermined
breaking point of the infinite solid-state structure if molecular fractions are cut out in
the deaggregation process. The structure of donor-base-free phenyllithium [PhLi],,'*
(100) recently determined by Rietveld refinement from high-resolution synchrotron X-ray
powder data shows both bonding principles in a most lucid way (Figure 21). Two met-
alated ipso-carbon atoms of the phenyl groups form together with the lithium atoms a
Li,C, four-membered ring. Both planes of the Cq perimeters are perpendicular to that
ring (90.1°), thus none of the lithium atoms is in the plane of the carbanion. Those o-
bonded [PhLi], dimers are w-stacked to give access to the C¢ perimeter of the adjacent
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FIGURE 21. Solid-state structures of lithium phenyl derivatives
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dimer to each lithium atom. The resulting infinite [PhLi], -, bands of dimers are aligned
along the crystallographic b-axis. In the TMEDA solvate [(TMEDA)LiPh],> (25), the
Li;C, four-membered ring from the polymeric structure in 100 is retained, while the
m-bonding is substituted by (N,N)-chelation (Figure 21). Although the out-of-plane o -
bonding within a Li,C, four-membered ring is common with lithium aryls, there are
examples of in-plane o-bonding like in the tetramer [LiTip],'*® (101) (Tip = 2,4,6-tri-
i-propylphenyl). Each Li—C bond points towards the ring center of the next perpendi-
cular molecule. Four moieties arrange in a circle. The steric bulk of the Tip substituent
cannot serve as a reason why the Li,C, four-membered ring is not built in 101 because
it is found in the diethyl ether solvate [(Et,O)LiTip],'*” (102). The steric strain is only
liable for the three-fold coordination of the lithium atoms. The o-i-Pr groups shield the
lithium atoms sufficiently and there is room for just one single Et,O molecule coordinated
to each metal. Steric reduction of the ortho-substituents like in [(THF),LiMes],'*® (103)
(Mes = 2,4,6-trimethylphenyl) provides access for a second donor-base molecule. Struc-
tures of supermesityllithium are only known from co-crystallizing with other products.

In [(LiMes*)(LiPHMes*)], (Mes* = 2, 4, 6-tri-z-butylphenyl)'* (104), the structure for-
mation principle of [LiTip]s (101) is present: the Li—C bond points towards the phospho-
rus atom of the adjacent phosphanide anion. The second lithium atom at the phosphorus
atom is n°-coordinated by the Cg perimeter of the LiMes*. In light of this aggrega-
tion principle the synthesis, isolation and structural characterization of the monomer
[(THF);LiC¢HF,]'* (105) is even more remarkable, because it is both kinetically and
thermodynamically unstable. THF solvated monomers of lithium organics are particularly
thermally unstable and have very low melting points. Furthermore, fluorinated lithium
organics tend to be explosive as the formation of lithium fluoride is the thermodynami-
cally favorite reaction path. In the structure of [(THF);LiC¢HF,] (105), the lithium atom
is almost perfectly located in the plane of the C¢ perimeter but not exactly at the C—C—C
bisection. It is slightly displaced towards the hydrogen rather than towards the fluorine
atom (Figure 21). In the non-conjugated benzene dianion in [(THF),Li,Cs(SiMes)s]'*!
(106), the Cq perimeter is bent considerably along a transannular C.--C vector and the
two (THF)Li units are n*-coordinated to the same side. In [(DME)Li,CsH,(SiMes)4]'*?
(107), the ring is puckered and the two (DME)Li moieties are 1°-coordinated to both
sides of the ring. Although the 87 electron rings in 106 and 107 have to be regarded as
antiaromatic and heavily substituted, they are very attractive to the lithium cations. The
(donor-base)Li- - -C(n") center distances of 184 pm in the former and 188 pm in the latter
are remarkably short.

1. Lithium terphenyl derivatives

In terphenyl substituents both ortho-positions of a phenyl ring are substituted by aryl
groups and provide excellent shielding of the ring ipso-position. Lithium terphenyl deriva-
tives recently came to the focus of research!® as they facilitate the synthesis of molecules
with elements in either unusual oxidation states or bonding modes'**. The spherical dimer
[LiCsH3Mes;],'3® (108) consists of two moieties organized like the two units of a tennis
ball separated by the rubber imprint. The two lithium atoms of the Li,C, four-membered
ring form the metal core of the sphere (Figure 22). If a tennis ball is cut along the imprint,
the two units are pulled apart from each other, one is turned relative to the other by 90°,
shifted aside and put together again, one gets the structure of [LiC¢H3Dip,],'* (109)
(Dip = 2,6-di-i-propylphenyl). The o-bonded lithium cations are located in the plane of
the central phenyl ring and in addition n°-coordinated by one Dip substituent of the second
molecule. This last 7-coordination can even be passed over to a benzene molecule. If the
Dip substituents are replaced by Tip groups the ligand reaches even further out. The ends
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[LiCgH;Mes, 1, [LiCgH;Dip,,
(108) (109)

Vo
[(C¢Hg)LiCgH;Tip,] [(THF)(LiCgH;Ph,),]
(110) 111)

FIGURE 22. Solid-state structures of lithium terphenyl derivatives

of the single tennis ball unit are elongated by another p-i-Pr group. Now even the smaller
benzene molecule can serve as a cap to the o-bonded metal in [(CgHg)LiCsH3Tip,]'*°
(110). If the substituents at the terphenyl ligand are not so bulky and allow almost in-
plane orientation relative to the central phenyl group, the tennis ball units around the
Li, core get more slim and let a polar donor-base molecule slip in to coordinate the
core. In [(THF)(LiC¢H3Ph;),]*6 (111), a single THF molecule is coordinated to just one
lithium atom of the dinuclear metal core (Figure 22). In [(Et,O)LiC¢H3Tip,]'* (112),
the i-Pr substituents at the peripheral phenyl groups force them to align almost orthog-
onal relative to the central ring plane. The m-coordination of the benzene molecule in
110 is now substituted by a single diethyl ether molecule. As the terphenyl ligand gets
smaller in [(Et,0),LiC¢H;Ph,]1'*® (113), the wider coordination site can accommodate
two diethyl ether molecules. Substitution of the central ring in the 4-position addition-
ally to the 2- and 6-position like in [(Et,0),LiCsH,Ph3]'* (114) does not change this
motif. Exclusive substitution of the peripheral rings in the 4-position, even with poten-
tially donating methoxy side-arms, does not cause changes either: the lithium atom in
[(Et,0),LiC¢H3(CsH4sOMe), 1'% (115) is bonded to the ipso-carbon atom of the central
ring and to two diethyl ether molecules. Even naphthyl substituents in the 2- and 6-
position of the central phenyl ring in [(THF),LiCsH3;Naph,]'4¢ (116) leave a groove big
enough to slot in two THF molecules coordinated to the lithium cation.

The average Li—C(o) bond lengths in the lithium aryls span a range of 26 pm (202 to
228 pm) but the Li- - -C(n°) distances cover 42 pm (183 to 225 pm, Table 13).
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TABLE 13. Lithium phenyl derivatives
n" Li—C Li—-O, Li---Li CCDC Reference

Compound n= %o N code

[PhLi] s 100 6/1 225/228 239 PUDLUV 135
[LiTip]4* 101 6/1 186/212 LEFSEU 136
[(Et,O)LiTip]o* 102 1 223 193 242 GABHIA 137
[(THF),LiMes],” 103 1 228 204 249 GAFCAR 138
[(LiMes*)(LiPHMes™*)],¢ 104 6/1 183/209 247(P) VULPUN 139
[(THF);LiC¢HF4] 105 1 214 196 ZELDUP 140
[(THF),Li,Cs(SiMe3)¢] 106 4 184 199 KINFUI 141
[(DME)Li,C¢H,(SiMe3)4] 107 6 188 199 KODBOU 142
Lithium Terphenyl Derivatives

[LiCsH3Mes;],” 108 1 216 227 LEFSIY 136
[LiCsH3Dip,],¢ 109 6/1 201/207 TOPSUM 145
[(CeHg)LiCgH3Tipy]* 110 6/1 194/203 TOPSOG 145
[(THF)(LiC¢H3Ph,),] 11 1 212/2237 186 228 XELSIQ 146
[(Et,O)LiC¢H;3Tip, ¢ 112 1 202 185 ZUJVOP 147
[(Et,0),LiC¢H;Ph,] 113 1 211 194 HOPTUB 148
[(Et,0),LiC¢H,Ph;] 114 1 208 196 KIYSIU 149
[(Et,0),LiCgH3(CgH4;OMe),] 115 1 213 195 QASKUQ 150
[(THF),LiC¢H3Naph; ¢ 116 1 208 190 XELSOW 146

“Tip = 2,4,6-tri-i-propylphenyl, C¢Ha(Pr-i)3.
bMes = 2.,4,6-trimethylphenyl, C¢HyMes.
‘Mes* = 2,4,6-tri-t-butylphenyl, CeH,(Bu-1)3.
4Dip = 2,6-di-i-propylphenyl, C¢H3(Pr-i),.
“Naph = naphthyl, CioH5.

I Diftricoordinated lithium—C(c) bonds.

This already indicates that the latter are more easily influenced by marginal changes
in the metal coordination. Obviously, the weak interactions respond first to solid-state
structural variations and can be fine-tuned to electronic requirements. It is important to
recognize that Li- - -C(n") interaction like any other bonding force is an infinite continuum
without a determined limit. The frontiers are open and 1"-coordination naturally is a point
of constant debate?®. They may be regarded as important to organometallic chemistry as
the hydrogen bond to life science. In polymeric [PhLi]'* (100), the Li—C(c) bond
distances of 224 and 232 pm are in the same region as the Li- - -Cg ring center distances
(average 228 pm) indicating their mutual importance. Within every dimer there are four
Li—C bonds and to every dimer four Li- - -Cg ring interactions, respectively. Both distances
get considerably shorter in [LiTip];'3® (101), because each lithium cation contacts only
two carbanions as opposed to three in the latter example (Table 13). The close Li- - -Cg
ring center contact of 186 pm in 101 and the even closer one in [(LiMes*)(LiPHMes*)],'*°
(104) (183 pm) is a strong argument against the tired out ‘steric hindrance reasoning’.
The two most heavily substituted phenyl rings provide the shortest Li- - -C¢ ring center
distances, while their Li—C(o) bonds are of common length. On average, the Li—C(o)
bond length of an ipso-aryl carbon atom to a single lithium atom in the ring plane is
209 pm. In a Li,C, four-membered ring they are on average 13 pm longer. The o-bond
density needs to be shared between two metals in a four-membered ring. In most structures
of lithium aryls with a Li,C, four-membered ring the Li—C bonds are not equally long.
In [(TMEDA)LiPh], (25), they differ by 7 pm (221 vs. 228 pm), 8 pm (224 vs. 232 pm)
in [PhLi] (100), 5 pm (220 vs. 225 pm) in [(Et,O)LiTip], (102) and by 11 pm (212 vs.
223 pm) in [(THF)(LiC¢H3Ph;),] (111). Additionally, the two Cg planes are not located at
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the bisection of the Li—C—Li angle but lean simultaneously against each lithium cation.
This causes one lithium to be located closer to the best plane of the carbanion, while the
second is further off (77 out-of-plane vs. 164 pm in 25, 102 vs. 137 pm in 100, 40 vs.
185 pm in 102 and 21 vs. 153 pm in 111). The shorter bond is always found towards
the more in-plane lithium atom, while the longer involves the out-of-plane lithium cation.
The first participates more in the directed sp?> charge density of the ipso-carbon atom,
while the second more in the diffuse 7 -ring charge density at the metalated carbon atom.
However, on average the Li—C bonds in the Li,C, four-membered rings are shorter
than in the tetramers and longer than in the monomers (e.g. 232 pm in [Et,OLiPh],
(19), 226 pm in [(TMEDA)LiPh], (25) and 214 pm in [(PMDETA)LiPh] (28)). This is
commonly explained by a 4c2e bond in the tetramers, a 3c2e bond in the dimers and a
2c2e bond in the monomers!3.

2. Side-arm coordination in lithium aryls

The merely shielding function or weak n°®-coordination of the peripheral aryl groups
in the terphenyls can be replaced by Lewis-basic heteroatoms in side-arms bonded in one
or both ortho-positions to the lithiated benzene ring. If the donor atom is attractive to the
metal and in the right proximity, this usually generates single or dual side-arm coordinated
lithium organics. In the first there is still room for donor solvent coordination but in the
second class there is hardly any solvent required to give soluble molecules. In both cases
the dimer with a central Li,C, four-membered ring is the favorite state of aggregation.

A single methoxy group in the ortho-position to the ipso-carbon atom in [(TMEDA)
{(LiC¢H,OMe),},1"' (117), however, causes a completely different and rather atypical
structure: it refers back to the building principle of the donor-base-coordinated deltahedra
discussed in Section II.B. Seven of the eight present C, carbon atoms cap a Li; face of
the tetramers, while their methoxy oxygen atoms coordinate an apical position. A single
TMEDA molecule connects the two tetramers N-coordinating to different molecules. The
lithium atoms show rather asymmetrical coordination. In one tetrameric unit one metal
is non-, the second mono- and the third tri-coordinated by the methoxy groups. In the
second deltahedron a single carbanion is located above the metal edge. The deprotonated
carbon atom and the donating oxygen atom coordinate the metals of that edge. One of the
remaining two apexes is coordinated by one, the other by two oxygen atoms (Figure 23).
The methoxy oxygen atoms are partially able to replace the diethyl ether molecules in
[(Et;O)LiPh]4*” (19) with gross structure retention. With the #-BuS group this idea seems
not to work. Although the lithium atoms in [(Me,S)LiPh];*® (20) are S-coordinated by
solvent molecules, the pendent side-arms in [(TMEDA)LiC¢H;SBu-t]4,'3? (118) are not
involved in donation and the Li,C, four-membered rings are merely linked via TMEDA
molecules leaving the lithium atom tri-coordinated.

The vast majority of the structures in this class of compounds form dimers. In the cen-
trosymmetrical species the metals and their coordination sphere are generated via a center
of inversion in the middle of the Li---Li vector. As a consequence both metals show
the same coordination number. [(THF)LiC¢H4(c-NC4HgNMe)],'33 (119) belongs to this
group of dimers. Another type is rather common: both lithium atoms are located at a two-
fold axis. One lithium atom is coordinated by both side-arms and the other by donor
solvent molecules. In [(TMEDA){LiCsH4(CH,NMe,)}»1"** (120), both lithium atoms
show their favorite four-fold coordination as the (N, N)-chelating TMEDA molecule
provides two nitrogen donor atoms, but they might also differ in coordination number.
In [(Et,0){LiCsH,(Me),(CH,NMe,)},]'>* (121), a single Et,O molecule is coordinated
exclusively to one metal. Since this is a member of the Li,C, ring it remains tri-
coordinated, while the second is bonded to both side-arms and four-fold coordinated
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FIGURE 23. Solid-state structures of lithium phenyl derivatives with single donating side-arm coor-
dination

(Figure 23). Substitution of the aminomethyl by a hydrazinyl side-arm in [(TMEDA)
{LiCgH4,N(Me)NMe,}]'> (122) furnishes virtually the same result. Extension of the side-
arm and addition of another donor center allows total wrap-up of the metal without the aid
of any additional donor molecule. The complex [LiCsH,{(CH,N(Me)(CH,),NMe,}],'°
(123) already contains an inbuilt TMEDA molecule (Figure 23). The side-arm in [(Et,O)-
LiCgH,C(O)N(Pr-i),1,"7 (124) offers the choice of i-Pr,N or C=0 donation. Obviously,
the latter is more attractive as both lithium atoms in the centrosymmetric dimer are O-
donated. The amino nitrogen atom shows planar environment. This does not necessarily
imply that the lithium atom always picks the harder donor because the steric demand
almost discriminates the nitrogen atom. Softer centers are very well suitable for side-arm
donation. The (dimethylamino)methyl side-arm might be replaced by a (dimethylphos-
phino)methyl group to give [(Et,0)LiC¢H4(CH,PMe;)],'3® (125), with Li—P donor bonds.
The phosphorus atom in the Ph,P unit of ortho-metalated triphenylphosphane [(Et,O)-
LiCgH,4PPh,],'* (126) might not reach the lithium atom because the bite is too restricted.
If a potential donor center is added to the phosphorus atom this accesses the metal. In
[(Et;0){LiC¢H4P(Ph),NSiMe;},]'®° (127), the methylene linker of the classic Me,NCH,
side-arm is substituted by a Ph,P group and the donor is the P=NSiMe; imino nitrogen
atom. In the resulting dimer one lithium atom is four-fold coordinated by the two carbon
atoms and both imino side-arms, while the second bounds a diethyl ether molecule in
addition to the two carbon atoms (Figure 23).

In dual side-arm coordinating complexes, no solvent is required to fill the sphere of the
metal atom as both donor atoms are involved in metal donation. The effect of the length of
the side-arm can be studied in detail in the structural series of [LiC¢H3(NMe,)»15'¢! (128),
[LiC6H3(NM62)(CH2NM62)]2162 (129) and [LiC6H3(CH2NEt2)2]2163 (130) In the first the
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donor atoms are directly bonded to the ring and hardly reach for the lithium atoms in
the common dimeric arrangement with a Li,C, four-membered ring with the usual acute
Li—C—Li angle. The way out is the formation of a trimer with long distances between
the lithium atoms (308 vs. 243 pm usually in this class of dimers) to facilitate wide
Li—C—Li angles and dual N-coordination (Figure 24). Elongation of only one side-arm
in 129 already generates the dimer, although the shorter reach of the Me,N compared to
the Me,NCH, side-arm causes a considerable bend of the ring towards the involved metal.
The bend is relaxed when both side-arms are elongated in 130 and the usual dimer with
dual side-arm coordination and the acute angle at the C(ipso) carbon atom in the Li,C,
four-membered ring is facilitated. This predominant structural class is further substanti-
ated by the complexes of [LiCsH(CH,NMe,)41,'%* (131), [LiCsH,(Ph)(CH,NMe;),],'%
(132) and [LiC¢H3{CH(Me)NMe,},1,'% (133). They all feature the Li,C, four-membered
ring with the acute Li—C—Li angle. Neither substitution of the meta-positions with further
side-arms (131) nor of the para-position with a phenyl group (132) nor of the methylene
linker with a methyl group (133) will alter the structural type. Even the N donor atoms
in the Me,NCH, side-arms can be substituted by the much softer phosphorus atoms. The
structure of [LiC¢H3;(CH,PMe»),1,'%” (134) shows the same dimer but with four Li—P
rather than Li—N contacts. Even Li—F can be utilized for the side-arm coordination
with retention of this dimeric lead structure. The lithium atoms in thermally unstable

[LiC¢H3(NMe,), 15 [LiC¢H;3(NMe,)(CH,NMe,)1, [LiC¢H3(CH,NEY,), 1,
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FIGURE 24. Solid-state structures of lithium phenyl derivatives with dual donating side-arm coor-
dination
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[(Et;0)LiCgH,(CF3)3],'%® (135) are side-arm coordinated by a single fluorine atom of the
F;C groups in the ortho-ring positions (Figure 24). The additional diethyl ether coordi-
nation at each metal is required because a fluorine atom does not supply the same steric
shield as a Me,N or Me,P group. The Li—F contacts already indicate the favorite reaction
channel to form lithium fluoride and explain why 135 is reasonably explosive at ambi-
ent temperatures. In this light it is even more remarkable that no Li—F contacts were
detected in [(THF);LiC¢HF4]'*" (105). Like the directly ring-bonded Me,N groups, the
fluorine atom is relatively hard to reach for the lithium atom. Even against entropy the
coordination of three THF molecules is favored relative to potential Li—F contacts.

On average, the Li—C distances in lithium phenyl derivatives with donating side-arm
coordination are longer than in other lithium aryls (222 vs. 214 pm). Here Li- - -C(n")
contacts cannot be detected because the lithium cation prefers intramolecular side-arm
coordination rather than intermolecular m-interactions. This is reflected by the longer
Li—C bonds: in the competition for the charge density the side-arm donor is a more
serious rival to the anionic carbon atom than the soft and easy to polarize 7 -density. The
directed charge of the close-by donors makes the carbon atoms more dispensable for the
lithium cation. The E—Li (E = N, O) bond lengths involving the side-arm donor centers
do not differ significantly from those of Lewis-basic solvent molecules (Table 14). It is
interesting to note that the phosphane P—Li donor bond is about 20 pm longer than the
phosphanide P—Li bond (e.g. 262 pm in 125 and 266 pm in 134 compared to 247 pm in
the lithium supermesitylphosphanide in 104). An analogous observation in the systems
amine/amide and ether/alkoxide has been discussed in Section IL.B.

TABLE 14. Lithium phenyl derivatives with donating side-arm coordination

Li—C Li-O, N Li---Li CCDC Refe-
Compound (P) or (F) code rence

Single Side-arm Coordination

[(TMEDA){(LiCcH4OMe)4}5] 117 230 195, 214 264  GANBAY 151
[(TMEDA)LiCsH4SBu-] 118 222 216 246 FOWDEA 152
[(THF)LiCsH4(c-NC4HsNMe)l, 119 221 194, 206 242 LEDQUG 153

[(TMEDA){LiC¢Hs(CH;NMe,)},] 120 2179224 207¢/217 246  TEQPEK 154
[(ELO){LiCsHo(Me)2(CH,NMey)}o] 121 2249216 196,206 237  RISPOY 155

[(TMEDA){LiCsH4sN(Me)NMe,}] 122 21147228 2077217 239  RISPUE 155
[LiCsH4{CH,N(Me)(CH»)oNMe,}], 123 223 214 244  POMLAE 156
[(Et0)LiC¢H4C(O)N(Pr-i), 1o 124 224 19441204 248 QOGBAP 157
[(Et,0)LiCcH4(CH2PMe3) ]2 125 222 195,262(P) 241 QODTUY 158
[(Et0)LiC¢H4PPh; ], 126 220 191 243 KOPCOH 159

[(Et,0){LiC¢H4P(Ph),NSiMes },] 127 23047213 190, 203 240  SUPTAY 160

Dual Side-arm Coordination

[LiC¢H3(NMes), 15 128 217 212 308 KARMUL 161
[LiCsH3(NMe,)(CH,NMe,)] 129 222 207 248 JUKDAU 162
[LiC¢H3(CH,NEG)» ] 130 223 217 248 REDNOD 163
[LiC¢H(CH,NMe,)41 131 221 211 240  FISWEJ 164
[LiCeHa(Ph)(CH,NMe»), 1 132 219 213 242  NAMBUY 165
[LiCsH3{CH(Me)NMe,}» 1 133 224 212 248 POYBUA 166
[LiC¢H3(CH,PMe») 1 134 225 266(P) 240 YESVEX 167
[(Et;0)LiCHa(CF3)3 1 135 226 197,225(F) 255 JEIDIL 168

“Distances at the side-arm coordinated lithium atom.
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Although shorter Li—F distances were detected in molecular lithium fluorosilylamides
(190 pm in [LiFSi(Bu-t);NBu-t],'%, 185 and 209 pm in [(THF)LiFSi(Bu-t),N
Bu-7],'7°) and -phosphanides (190 pm in [(THF),LiFSi(Bu-t),PPh]'’!), the distances in
135 of 225 pm on average are comparable to those found in [(THF),LiFN(C¢Fs)SiBu-
1] (227 and 239 pm) and in [(THF),Li{FSi(Bu-#),}N]'"* (212 and 220 pm). There can
be no doubt about the contribution of this interaction to the stabilization of the dimer in
[(Et;O)LiCgH,(CF3)3],'%® 135. The acute angle at the ipso-carbon atom brings the two
lithium atoms in close proximity.

The average Li- - -Li distance in the dimers is 244 pm, thus matching the related distance
in the donor-base-free tetramers and the shorter Li- - -Li distances of the donor-base-free
hexamers (see Tables 1, 2 and 14). This proves that there is no substantial difference
between the formation of dimers, tetramers or hexamers.

3. Lithium naphthyl derivatives

In principle, the lithium naphthyl derivatives do not differ from their Cq aryl analogs.
[(TMEDA)LiNaph],'* (136) is reminiscent of [(TMEDA)LiPh],* (25) (see Figures 21
and 25). Both form dimers with a Li,C, four-membered ring. Intramolecular side-arm
coordination can be employed by introduction of a donor center in the 8-position of the
naphthyl C,, ring. This position gives about the same distances to the lithium cation in the
1-position as the Me,NCH, group in the ortho-position in lithium aryls. However, there is
an important difference: the donor-base in the 8-position will force the lithium cation into
the plane of the anion. This can be seen with [(THF)C,0HsOMel,'”> (137) (Figure 25).
The metal is (C, O) chelated in the Cj( plane. The deprotonated carbon atom of a second
moiety provides the dimeric link. A single THF molecule is coordinated to complete
the coordination sphere of the metal. All main geometrical features are similar to those
already discussed (Table 15). [(THF)LiC;oHsNMe,],'7® (138) shows virtually the same
structure, although the lithium is further dislocated from the best plane of the anion. The
most pronounced displacement from that plane exhibits [(THF)LiCoHsC(O)N(Pr-i),],"’
(139) as a rotation about the C8—C(O)N(Pr-i), bond removes the donating oxygen and,
as a consequence, the lithium atom out of the plane.

4. Non-planar carbanions with a Cg perimeter and the C; perimeter

Naturally, the concept of intramolecular coordination in lithium chemistry via side-arm
complexation is not limited to aromatic planar aryls. Like the metalation of cyclohexane

[(TMEDA)LiNaph], [(THF)C,,HsOMel,
(136) 137

FIGURE 25. Solid-state structures of lithium naphthyl derivatives
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TABLE 15. Lithium naphthyl derivatives

Compound Li—-C Li-O, N Li---Li CCDC code Reference
[(TMEDA)LiNaph],* 136 223 226 257 HIGQUJ 174
[(THF)C,oHsOMe], 137 220 202b/195 239 QESQUA 175
[(THF)LiCgH¢NMe, ]» 138 221 193, 210 234 QOYZOT 176
[(THF)LiC;gH¢C(O)N(Pr-i),], 139 228 1977197 262 QOGBET 157

“Naph = naphthyl, C;oH7.
bDistance of the oxygen atom in the side-arm.

Li
. '|N
[LiC¢HgN(Me)(CH,);NMe, |, [(TMEDA)Li-c-C¢H4(SiMes),]
(140) (141)
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[(C;Hg)Liy-c-(CgMe,){BN(SiMe;), },CcHMe,] [(TMEDA)Li-bicyclo-CgHy]

(142) (143)

FIGURE 26. Solid-state structures of lithium organics with a non-planar Cg¢ perimeter and a Cy
perimeter

to give [c-HexLi]s** (7), metalation of cyclohexene is feasible. [LiCsHsN(Me)(CH,)s-
NMe;],!"” (140) contains a bifunctional long side-arm. It is flexible enough to keep the
metal in the plane of the C4 moiety. In-plane coordination yields n?-coordination to the
formal C=C double bond while o -bonding is generated via dimerization. An almost planar
Li,C4N; eight-membered ring is built (Figure 26). In the merely disilylated cyclohexenyl
derivative [(TMEDA)Li-c-C¢H;(SiMe3),]'7® (141), the (TMEDA)Li unit is out-of-plane
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TABLE 16. Lithium organics with a non-planar Cg perimeter or a C; perimeter in the anion

n" Li---C, Li—-N CCDC Reference
Compound n= n(center) code
[LiCgHgN(Me)(CH;)3;NMes |, 140 2/1 220/220 207 CIYDUJ 177
[(TMEDA)Li-c-C¢H7(SiMe3),] 141 3 207 213 GOTDIC 178
[(C7Hg)Liz-c-(CeMey)- 142 6/5/2  194/185/215 SIKBAP 179
{BN(SiMe3), },C¢HMe4] 213 (sol.)
Cy Perimeter
[(TMEDA)Li-bicyclo-CgHg] 143 3/2 2157232 218 FAGCAR 180

n’-coordinated to the anion. Diborylidenation of the Cy perimeter provides access to the
cyclohexadienylidene dianion in [(C;Hg)Lis-c-(CsMey){BN(SiMe3),},CsHMey]'7 (142).
The two lithium atoms are sandwiched in different ways: the first is reminiscent of the
metal in ansa-metallocenes’, although the ligands consist of six-membered rings, the
second to bind metal arene complexes. The first is sandwiched between the boron bonded
aromatic C¢Me,H and the puckered C¢MesH, substituents with an n°-coordination to the
first (Li- - -Co(centery 194 pm) and an n3-contact to the latter (Li- - -C3(centery 215 pm). The
ansa-link is provided from a boron atom. The second is sandwiched by the 7°-bonded
puckered ring (Li- - -Cscenery 185 pm) and an n®-bonded toluene molecule (Li- - -Cé(center)
213 pm, Figure 26 and Table 16).

The bicyclooctadienyl ligand in [(TMEDA )Li-bicyclo-CgHy]'® (143) is coordinated to
the (TMEDA)Li unit via an n3-coordination of the allyl residue and an n? side-on coor-
dination of the double bond (Figure 26). The first contact is 215 pm, while the distance
of 232 pm to the center of the double bond is considerably longer (Table 16).

D. Lithium Organics with Heterocyclic Perimeters

Starting from the CsRs™ cyclopentadienyl anion containing 6 electrons in the aromatic
ring, one CR ring member can isoelectronically be replaced either by a ER, ring member
(E =B, Al Ga, In), a E'R ring member (E' = Si, Ge, Sn, Pb) or a divalent group 15
element E” (E” = N, P, As, Sb, Bi). Replacement by a ER group or by a divalent group
14 element E’ will increase the charge of the ring to two. Replacement by a E"R group or
a group 16 element reduces the charge to zero. To generate an anion those rings usually
have to be deprotonated.

1. Containing a group 13 element

All of the group 13 elements containing heterocycles presented here enclose charge-
increasing BR groups in a five- or six-membered ring. As the BR group contributes
one electron less than the CR group the CsHs~ is converted to a dianion in the
replacement of CR by BR. The aromatic neutral C¢R¢ perimeter is converted to a
CsBR¢ ™ monoanion. The charge-increasing BR group is either substituted with an organic
group (R = alkyl or aryl) or an amino substituent (R = NR;,). Thus, the structure
of [((TMEDA),Li,CsHsB(NEt,)]'8! (144) is reminiscent of monomeric lithium indenyl
[(TMEDA)LiIn]"'* (78) (see Figure 18), but the planar CgH¢B dianion is °-coordinated
by two (TMEDA)Li moieties above and below the five-membered C4B ring like in
the inverted sandwich cation [(TMEDA),Li,CsHsMe]* 3¢ (50). The amino substituent
at the boron atom can be employed in side-arm donation as can be seen in the
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structure of [(TMEDA)Li,C4H,;B(NEt,)],'8 (145). It goes back to the structure of
[(TMEDA),Li,CsH4C(Me),PPh]® (51), where one charge is located in the Cp ring and the
second at the divalent phosphorus(IIT) atom (see Figures 16 and 27). In 145, the structural
motif is the inverted sandwich of a single hetero-Cp ring with two lithium cations above
and below. One of the metal cations is coordinated to the donor-base TMEDA, the second
by the Et,N substituent at the boron atom of the other molecule in the dimer (Figure 27).
Replacement of two CR ring members by charge-increasing BR groups generates a
trianon. In [(Et,0),Li;C3B,(Me),(CsHMes),{C(SiMes),}1'%* (146), two lithium cations
are 1°/n3-coordinated to the C3B, five-membered ring. One is additionally bonding
a single diethyl ether molecule and the second is coordinated by the carbon atom
of a remote trimethylsilyl group akin to the Li—Cp interactions already discussed in
Section II.A. The third lithium cation in a (Et,O)Li moiety slots in between two ipso-
carbon atoms of the B-bonded Mes groups in an 5?-bonding mode above the B—B ring
bond (Figure 27). [(Et,0),Li,C;,BHs(Me);Mes]'®* (147) features the 9-position of the
fluorenyl anion C;3Hy~ substituted by a charge-increasing BR group. Rather than in the
structure of [(THF)Li,(C13Hg)]s > (90) (see Figure 20), containing the fluorenyl dianion,
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[(E,0),Li,C;,BHs(Me);Mes], [(TMEDA)LiC;BNH,- [(TMEDA)LiCyBH;-
(Me)(SiMe;),] (NMe,)(Me)CMe,]
(148) (149) (152)

FIGURE 27. Solid-state structures of lithium organics with heterocyclic perimeters containing boron
as a group 13 element
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in the boron derivative (147), both (Et,O)Li units are 1° /n°-coordinated to the central C,B
five-membered ring. In fluorenyl derivatives this is only facilitated by side-arm donation
(e.g. in 94).

The structure of 147, however, can be regarded as the diethyl ether induced
deaggregation product of dimeric [(Et,0),Li,C;,BHs(Me);Mes],'%* (148). Aggregation
occurs via dual sandwiching of two lithium cations already discussed in [FILi],'%
(88). However, while 7°/n°-coordination was found in the latter, in 148 »°/n°-
coordination is predominant. The first is interchelated in the 7°/n°-mode between
the dianions, the second in the 5°/n3-fashion, involving the outer BC, moiety of
one dianion. The two remaining (Et;O)Li units both coordinate 1’ above and below
the dimer (Figure 27). Hence, four of the six present metal—ring interactions are 7°-
interactions. In [(TMEDA)LiC;BNH,(Me)(SiMe;),]'® (149), two CR ring members
in Cp are either replaced by a charge-increasing BR group and a charge-decreasing
NR group leaving the central C3BN ring monoanionic. The structure resembles the
geometrical features of the silylated Cp derivatives [(TMEDA)LiCsH;SiMe;]'* (66) and
[(TMEDA)LiCsH,(SiMe3)3]'% (69). The (TMEDA)Li unit in all three examples is 7°-
coordinated to the ring. The same is valid in [(TMEDA)LiC,B,NH;(Bu-1)3]'%¢ (150).
Three CR ring members in Cp were either replaced by a charge-increasing BR group,
charge-precise BR, group and charge-decreasing NR group leaving the C,B,N four-
membered ring anionic. As opposed to the last example with the ring-bonded atoms almost
in the plane of the anion, now the ring is considerably puckered and the fert-carbon atom
of the B(H)Bu-¢ unit is considerably displaced from that plane. [(TMEDA)LiCyBH;N
(Pr-i),]'%” (151) and [(TMEDA)LiCyBH;(NMe,)(Me)CMe,]'$® (152) contain a charge-
increasing BR group in an otherwise neutral C¢R¢ six-membered ring. Unlike the six-
membered rings of the C;gHg?~ dianion in [(TMEDA),Li,(CoHs)]'** (87), the CsB
rings in both heterocyclic structures are almost ideally planar and rather symmetrically
n’-coordinated. The Li---Cs ring center distances towards the polyanions in 144 to
148 (Table 17) are on average considerably shorter than the related distances in the
inverted sandwich structures of Section III.B.2 (Table 8). Two (donor-base)Li units do
not need to compete for the single charge of a single Cs perimeter. The related
distances towards the heterocyclic monoanions in 149 and 150 compare very well
to those of substituted monomeric Cp derivatives (Table 9). The different distances
in both compounds (196 pm in 149 and 206 pm in 150) reflect the increasing steric
shielding of 150 vs. 149, but also the higher charge concentration in the five-membered
ring of [(TMEDA)LiC;BNH,(Me)(SiMes),] (149). The two trimethylsilyl groups are
more electron-releasing than the three ¢-Bu groups in 150. The Li---Cg ring center
distances in 151 and 152 of 197 and 190 pm, respectively, match the related distances in
[(TMEDA),Li,(C;oHg)]'?* (87) and in substituted phenyl derivatives (see Tables 11, 13
and 17). A typical Li- - -B distance of an n’-coordinated (donor-base)Li unit can be found
in 144 (235 pm) and 147 (224 pm). However, those distances span a relatively wide range
of 222 pm (donor-base-free lithium cation to the trianion of 146) to 271 pm (peripheral
n*-coordinated lithium cation in 148, Table 17).

2. Containing a heavier group 14 element

In the lithium organics with heterocyclic perimeters containing a heavier group 14
element discussed here, one CR ring member of the cyclopentadienyl CsRs™ is charge-
increasingly replaced by the group 14 metal silicon or germanium. Hence, the Cs~
monoanionic perimeter is converted into a C4Si?>~ or C4Ge?~ perimeter coordinated to
two lithium cations. In the structure of [(THF)sLi,C4SiPh4]'®° (153), one (THF);Li unit
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TABLE 17. Lithium organics with heterocyclic perimeters containing boron as a group 13 element

n" Li---Ar Li---B, N CCDC  Refe-

Compound n= (center) code rence
[(TMEDA),Li,CgHgB(NEt,)] 144 5 193 235 PELGES 181
[(TMEDA)Li,C4;H4B(NEt,)], 145 5 180/187¢ 228/234¢ SIJWIR 182

[(E,0);Li3C3B2(Me)a(CsHMes)2- 146 5/5/2 170/178/210  229°/222/227¢ CINCAD 183
{C(SiMes),}]

[(Et,0),Li,C,BHs(Me);Mes]? 147 5 179 224 TIZX1) 184

[(Et,0),Li,C,BHs(Me);Mes],? 148 6/5/3 196/188/216 227-271 TIZXOP 184

[(TMEDA)LiC3;BNH;(Me)- 149 5 196 238/226 VADLIV 185
(SiMe3);]

[(TMEDA)LiC,B,NH;3(Bu-)3] 150 5 206 268/231/228 ZUFZI) 186

[(TMEDA)LiCyBH;N(Pr-i),] 151 6 197 259 DOBJAF 187

[(TMEDA)LiCyBH7(NMe,)- 152 6 190 248 SEQTUD 188
(Me)CMe;]

“Terminal (TMEDA)Li moiety.

bTerminal n° (Et,O)Li moiety.

“n? (Et,O)Li moiety.

IMes = (2,4,6-trimethyl)phenyl, C¢HaMes.

is terminally o-bonded to the silicon atom in the ring, while one (THF),Li moiety is -
bonded in the n’-coordination mode to the five-membered ring (Figure 28). The Li- - -C4Si
ring center distance of 197 pm (Table 18) matches analogous distances in lithium
cyclopentadienyl derivatives (see Table 8). The Li—Si o-bond length of 267 pm matches
distances found in lithium silanides (e.g. 264 and 267 pm in [(THF);LiSi(SiMes);]'*
and 256 pm in dilithium silandiides''). In the first of the heavier homologues
[(dioxane)sLi,CsGePhs]oo '*° (154) and [(dioxane);Li,CsGePhy]s'* (155), a (dioxane);Li
unit is o-bonded to the germanium atom in the ring and a (dioxane),Li moiety is
n°-bonded to the five-membered ring. In the latter both (dioxane),Li-motifs adopt the
n’°-coordination. Further aggregation in both structures is achieved by dioxane bridging.
The Li- - -C4Ge ring center distances of 197 pm are identical to that of the silicon derivative
153. The Li—Ge o-bond length of 261 pm differs not significantly from the values
found in [(THF);LiGe(SiMe;);]'*? with 267 pm and in [(PMDETA)LiGe(SiMe3)3]'%? with
265 pm.

Each C4Ge?" ring in the polymeric structure of [(TMEDA)Li,C4GeEt],,'* (156)
is coordinated by three lithium cations. A (TMEDA)Li unit is terminally »’-bonded
(189 pm) and one lithium cation is Li—Ge o-bonded (269 pm). The latter is n°-located
above the ring of the adjacent anion (198 pm; Figure 28, Table 18). In [(TMEDA),Li,Cs-
GeH,Ph,]'* (157), both (TMEDA)Li moieties are n°-located above and below the ring
(206 pm). In the most remarkable structure of [(TMEDA)(THF)Li,(C4GeEt,);]'> (158),
one lithium cation is sandwiched by two C,Ge™ rings, connected by a third C4Ge hetero-
cycle to give a Ge; chain. The Li- - -C4Ge ring center distances of 192 and 205 pm frame
the 201 pm found in [Cp,Li]~ % (47). The germanium atom in the ring with the longer Li
ring center distance is additionally o-bonded to a (TMEDA/THF)Li moiety (Li—Ge bond
length 272 pm). This decreases the charge density in the ring and leaves it less attractive
to the sandwiched metal.

3. Containing a group 15 element

One CR ring member in the CsRs™ cyclopentadienyl anion can be replaced isoelec-
tronically charge precise by a divalent group 15 element E (E =N, P, As, Sb, Bi).
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[(THF)sLi,C,SiPh,] [(TMEDA)Li,C,GeEt,]..
(153) (156)
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[(TMEDA),Li,CyGeH,Ph,] [(TMEDA)(THF)L12(C4GeEt4)3]
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FIGURE 28. Solid-state structures of lithium organics with heterocyclic perimeters containing a
heavier group 14 element

TABLE 18. Lithium organics with heterocyclic perimeters containing heavier group 14 elements

n"  Li---Ar Li---Si, Ge CCDC Refe-
Compound n=  (center) code rence
[(THF)sLi;C4SiPhy] 153 5 197 260/267(0) ZUBWOI 189
[(dioxane)4Li;C4GePhy]oo 154 5 197 264/261(0) NACTOA 189
[(dioxane);Li,C4GePhy]oo 155 5 197 271 NACTIU 189
[(TMEDA)Li,C4GeEts]oo 156 5 1899/198° 2689/258”/269(c) WOKYOK 193
[(TMEDA),Li,CsGeH4Ph;] 157 5 206 271 QINTIQ 194
[(TMEDA)(THF)Li,(C4GeEts);] 158 5/1  192/205 273/272(0) ZOHWUO 195

4(TMEDA)Li moiety.
bGe-bonded n°-distance.

Replacement by a ER group will decrease the charge of the ring to give heterocycles
like pyrroles, indoles or phospholes. To generate carbanions of the latter they usually
need to be metalated in the 2-position, next to the heteroatom. Upon donor-base addi-
tion, those derivatives give rise to a Li,C, four-membered ring already discussed in
Section II.C. The shape of the Li,C, ring is reminiscent of the geometrical features pre-
sented with the lithium phenyl derivatives in Section III.C. Two examples of this class of
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compounds are [(TMEDA)LiC4NH;3Ph],!%® (159) and [(THF),LiCsNH,(Me)I],'7 (160).
[(THF)LiC4NH,(c-CgHy)14'°® (161) can be regarded as a tetrakis-lithium calix(4)pyrrole
with the four pyrrole rings connected via the same carbon atom of four cyclohexyl
rings (Figure 29). The pyrrole rings are not arranged in-plane like in haem systems but
oriented almost orthogonal in a cyclic zigzag fashion. This facilitates joint o-N and
n°-coordination of the (THF)Li unit to the heteroaromatic ring. The almost identical dis-
tances of 204 pm for the first and 206 pm for the second interaction substantiate their
mutual importance as a structure-determining contribution already discussed with the
lithium phenyl derivatives in Section III.C. In the monomeric lithium phospholyl com-
plex [(TMEDA)LiC4PMe4]™ (162), the (TMEDA)Li-building block is n’-coordinated to
the C4P~ perimeter (Figure 29). The Li- - - n° ring center distance of 204 pm is marginally
longer than the distances found in lithium cyclopentadienyl derivatives (see Tables 9 and
19) but compares well to the related values in [(toluene)LiC3P,(Bu-7);LiSi(SiMes)3]*%
(163). The central C3P,™ ring is n’-coordinated by a (Me;Si);SiLi moiety (202 pm) and
a (toluene)Li unit (199 pm).

bfh Si [
5
&

[(THF)LiC,NH(c-C¢H, )], [(TMEDA)LIiC,PMe,] [(toluene)LiC3P,(Bu-f);LiSi(SiMes);]
(161) (162) (163)

FIGURE 29. Solid-state structures of lithium organics with heterocyclic perimeters containing a
group 15 element

TABLE 19. Lithium organics with heterocyclic perimeters containing group 15 elements

n" Li---Ar Li---E CCDC Reference

Compound n= (center) E=N, P, As code

[(TMEDA)LiC4NH;Ph], 159 1 219 FATPEV 196
[(THF),LiCgNH4(Me)I], 160 1 224 HAJHEF 197
[(THF)LiC4NH; (c-C¢Hjp)]ls 161 5 206 239/204(0) QOVGUD 198
[(TMEDA)LiC4PMe,] 162 5 204 253 JAZNAZ 199
[(toluene)LiC;P,(Bu-1)3— 163 5 1997/202F 257%/251¢ TECTUQ 200

LiSi(SiMe3)s]
[(TMEDA)LiC4AsMe4] 164 5 207 260 JOCSEZ 201

ap%-Coordinated toluene.
b(Me3Si); SiLi moiety.
¢(Toluene)Li moiety.
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As expected, the Li—Si bond in 163 is considerably shorter than in
[(THF);LiSi(SiMes3)3]'®® (252 vs. 264 pm in the latter) because the diphospholyl ring
supplies not as much charge density as three THF donor-base molecules. The distance of
the lithium cation to the ring center of the toluene molecule is 218 pm, significantly longer
than the distance of the lithium cation to the benzene center in [(CgHg)LiCsH3Tipy]'*
(110) of 194 pm. Apparently, the diphospholyl ring supplies more charge density
than the o-bonded sp? hybridized carbon atom in 110. The lithium arsolyl complex
[(TMEDA)LiC4AsMe4]*°! (164) is isostructural to 162 (Figure 29).

4. Containing a group 16 element

Replacement of a single CR ring member in the CsRs~ cyclopentadienyl anion by a
group 16 element reduces the charge of the ring to zero and gives heterocycles like thio-
phene, selenophene or benzothiophene. They need to be metalated to generate carbanions.
Lithium methylthiophenyl [(Et,0)LiC,SH,Me],?°> (165) forms a solvated tetrahedron
reminiscent of the molecular architectures discussed in Section II.B. The deprotonated
carbon atoms in the 2-position cap a Li; face of the tetramer each (Figure 30). Every
ring-sulfur atom points towards an apical lithium cation, donating charge density like the
Li- - -Cg interactions discussed earlier. The average Li- - -Li distances of 273 pm fall at the
long end of the range covered by the donor-base-coordinated tetrahedra (see Tables 3 and
20). Like in [(THF)LiC=CBu-¢],* (21) and [(TMHDA),LiC=CPh].,* (22), the charge
of the carbanions is delocalized from the C, and therefore not as distinctly supplied to
the metal core as with sp® hybridized carbanions. Thus, the positive charge at the lithium
cations is higher, resulting in stronger repulsion.

With chelating donor bases [(TMEDA)LiC4SH3],? (166) and [(TMEDA)LiCgSH;s],?%*
(167), adopt the dimeric structure with a Li,C, four-membered ring known from
lithium phenyl derivatives discussed in Section III.C. Even another analogy is present:
the side-arm coordination concept can successfully be transferred for the heterocyclic
carbanions. The well-known (dimethylamino)methyl side-arm occurs in the thiophenyl
derivative [(TMEDA)Li,{C4SH,(CH,NMe,)},1** (168), equally to the phenyl derivative
[(Et;O){LiCsH,(Me),(CH,NMe,)},] (121), to give a dimer with a lithium exclusively
side-arm and donor-base-coordinated, respectively (see Figures 23 and 30). The related
distances are very similar (see Tables 14 and 20).
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[(E,0)LiC,SH,Mel, [(TMEDA)LIC,SH;], [(TMEDA)Li, { C,SH,(CH,NMe,)},]
(165) (166) (168)

FIGURE 30. Solid-state structures of lithium organics with heterocyclic perimeters containing sulfur
as a group 16 element
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TABLE 20. Lithium organics with heterocyclic perimeters containing group 16 elements

Li---Ar Li—-O, N Li---Li CCDC code Reference

Compound (Center)

[(Et,O)LiC4SH,Me]4 165  226/229 202, 300(S)* 273 HIGTEW 202

[(TMEDA)LiC4SH3], 166 221 216 258 JUJXER 203

[(TMEDA)LiCsSHs], 167 221 216 264 KASHIV 204

[(TMEDA)Li;{C4SH,- 168  217°/221 206° /213 251 LEDSES 205
(CH2NMey)}»]

“Sulfur as the analogue to Cg.
bSide-arm coordinated lithium atom.

IV. ALKYLLITHIUMS
A. R3;C-Metalated Derivatives

As deprotonation and C—C bond formation reagents, lithium organic compounds ousted
the Grignard reagents from their leading position a long time ago. There are various rea-
sons for their triumphant advance. In situ generation of lithium organics is straightforward
and involves normally just commercially available products like n-BuLi, #-BuLi, MeLi
or i-Pr,NLi (LDA). Compared to the Grignard reagents the temperature window for the
reaction is wider. Normally, just cooling to dry ice temperatures and warming to room
temperature is sufficient. Compared to that it seems much more difficult to explore the
various reaction pathways involved in the Schlenk equilibrium of the Grignard reagents
and find the right conditions. In general, lithium organics are soluble even in non-polar
hydrocarbons once they are coordinated by donor bases. This facilitates reactions in homo-
geneous phase.

Although the regioselectivity of lithium organics is very good already, the improve-
ment of their conformational stability at the metalated stereogenic center is currently a
flourishing area of research?®.

1. Alkyl-, aryl- and silyl-substituted lithium organics

The field of R3;C lithium organic structures is wide and we will concentrate on those
with alkyl-, aryl- and silyl-substituted anions. Heteroatom-substituted lithium organics
will just be mentioned briefly.

The structures of the basic allyllithium derivatives [(PMDETA)LiC3Hs]*"7 (169) and
[(TMEDA)LiC3H;3(SiMes),]%%® (170) already exhibit one of the major problems in lithium
organic stereochemistry: although anticipated with the allyl systems, lithium organics
also tend to generate a planar environment at the central metalated carbon atom. Stereo-
information is lost as the access of the electrophile in solution is equally likely from both
sides of the carbanion, provided that the complex is a solvent-separated ion pair in solution.
In donating solvents epimerization is promoted. In the solid-state, however, one side of the
allyl anion is n*-coordinated to the lithium metal (Figure 31). In d-block metal allyls this
bonding mode is frequently found. Even against steric considerations the Li- - - 5’ center
distance in the silylated derivative (170) is much shorter than in the hydrogen derivative
(195 vs. 220 pm; Table 21). Again, this shows the predominant electron-releasing abil-
ity of silyl groups and proves higher charge concentration in the Cs-backbone of 170
compared to 169. In [(TMEDA),Li,C(Ph)(Bu-n)CHPh]?® (171), both adjacent carban-
ionic centers show planar environment and the (TMEDA)Li moieties are n*-coordinated
to both sides of the dianion, employing the deprotonated carbon atoms, the phenyl ipso-
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FIGURE 31. Solid-state structures of lithium organics with alkyl-, aryl- and silyl-substituted lithium
organics

TABLE 21. Rj3;C-metalated species (R = alkyl, aryl, silyl)

Compound n Li-C Li—O, N CCDC code Reference
[(PMDETA)LiC3Hs] 169 3 220 217 FOBHAF 207
[(TMEDA)LiC3H3(SiMe3)] 170 3 195 208 SUCKAC 208
[(TMEDA),Li,C(Ph)(Bu-n)CHPh] 171 4/4 201 215 GINVEE 209
[(DME),Li,C(Ph)(SiMe3)C(SiMes),] 172 6/3 185/194 206°/196 KUWWAA 210
[(THF),Li{c-C(SiMe;),(CH>)»},] 173 206 187 YOSTAB 211
[(Et;0),Li, {C(SiHMe;)1}>] 174 213 191 NIHDOX 212
[(THF),Li;{C(SiMe3),},] 175 211 185 JAMSEV 213

4p%-Coordinated (TMEDA)Li moiety.

and the ortho-atom (Figure 31). The Li---n* center distance of 201 pm (Table 21) is
comparable to those distances in lithium organics with cyclic C4 perimeters discussed in
Section IIL.A. It is interesting to note that the phenyl ring not involved in conjugation
aligns almost perpendicular to the n*-coordinated array. Like the latter, the structure of
[(DME),Li,C(Ph)(SiMe3)C(SiMe3),]?'° (172) contains two adjacent deprotonated carbon
atoms. The first is dual, the second single-silylated. Hence, one can anticipate that both
carbon atoms are sufficiently electron-rich.

However, the indication of charge accumulation is only marginal, because both C,
carbon atoms show virtually planar environments. By inspection of the metal coordination
it becomes obvious where the charge is located. One (TMEDA)Li unit is 1%-coordinated
to the neighboring phenyl group (185 pm) and the second n*-bonded (194 pm, Table 21)
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involving both carbanionic centers and the ipso-carbon atom of the phenyl ring. Hence,
via conjugation the charge density at the carbanionic C atoms is depleted and transferred
to the phenyl ring which gets attractive for both lithium cations. Tetrasubstituted silicon
atoms adjacent to the carbanionic centers preclude conjugation. Thus, both lithium atoms
in [(THF),Liz{c-C(SiMe,),(CHa)o 21! (173), [(Et;0):Lin{C(SiHMe),}2]*" (174) and
[(THF),Li,{C(SiMe3),},]*'* (175) are coordinated to the two negatively charged carbon
atoms in the 1,2-dianions (Figure 31). The charge is not engaged in multiple bonding
because the central C—C bond is considerably longer than the standard C(sp®)—C(sp?)
bond length.

The delocalization of charge in correlation to the donor-base and the aggrega-
tion can be studied in the series of benzyllithium derivatives [(THF),LiBn].,>'* (176),
[{z-Bu(Me)O}LiBn],,?"3 (177) and [(PMDETA)LiBn]*'® (178). Two diethyl ether mole-
cules donating to the lithium atom cause metal contact at both sides of the carbanion.
In the resulting polymer the phenyl groups point in opposite directions. The donor-base
t-BuOMe in 177 causes a shift of the metal into an n>-position towards the ipso-carbon
atom, but changes neither the aggregation (Figure 31) nor the H,C—C(ipso) bond length
(142 pm in 176 and 141 pm in 177). It is only the use of the donor-base PMDETA to
give monomeric 178. As anticipated, the Li—C bond gets shorter (Table 22). The charge
concentration at the terminal carbon atom elongates the H,C—C(ipso) bond to 150 pm in
178 and the hydrogen atoms are not located in the mean plane of the carbanion. How-
ever, the metalated carbon should not be regarded as sp? hybridized, because the C—C—Li
angle is almost 90° indicating some m-interaction. In the metalated tetramethylbiphenyl
[(PMDETA)LiCH,(C,Hg)Mes 1?7 (179), this interaction can be ruled out, because the
(ipso)C—CH,—-Li angle is closer to the anticipated ideal tetrahedral angle. In dilithiated
2,2’ -dimethylbiphenyl [(TMEDA)Li;(CH,),(C,Hsg)]oo2'® (180), the bidentate donor-base
TMEDA causes the polymeric aggregation at each metalated group akin to 176 and
177. In dimetalated 1,1’-dimethylnaphthyl [(TMEDA),Li;(CH,),(CoHg),]*"7 (181), one
(TMEDA)LI unit is fixed to both H,C groups (Li—C 213 and 223 pm, respectively),
while the second is ‘back-side’ coordinated to the H,CLi unit (236 pm), like the already
discussed ‘long-range’ interaction in the solid-state structure of [MeLi]}&o 1).

In the dimeric dilithium terphenyl complex [(Et,0),LisCsH;3{(CsHz(Me)
Bu-1)(CsH3(CH,)Bu-1)},]*" (182), the lithium atoms are employed in the benzylic 7°-
coordination although there are plenty of C¢ perimeters close-by. The charge is definitely
concentrated at the H,C group because the carbon atom bridges two lithium atoms each
(221 and 216 pm; Table 22).

TABLE 22. H;,(Ar)C-metalated species

Compound Li—C Li—O, N CCDC code Reference
H,(Ar)C—Li

[(THF),LiBn]s 176 233 198 WALQEF 214
[{t-Bu(Me)O}LiBn] 177 225 193 ZUZTAP 215
[(PMDETA)LiBn] 178 215 210 IGOFAL 216
[(PMDETA)LiICH,(C,,H¢)Mes] 179 214 212 GIMPIB 217
[(TMEDA)LIi,(CH;)»(C2Hg) ] 180 230 216 CEVZAE 218
[(TMEDA),Li,(CH;)»(CoHg)-] 181 2139/2239/236°  2259/207° GIMPOH 217
[(Et,0),Li4CeH3{(CsH3(Me)Bu-1)- 182  221¢/216°/206 191 MOBRAW 219

(CeH3(CH2)Bu-1)},]

“(TMEDA)LI unit coordinated to both H,C-groups.
b(TMEDA)LI unit ‘back-side’ coordinated just to one H,C-group.
“o-Bonded Li.
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As pointed out earlier, the substitution with silyl groups increases the charge den-
sity and makes the carbanion more attractive for the lithium cation even against
steric strain. In lithium (trimethylsilyl)benzylide [(TMEDA)LiCH(Ph)SiMe;]**° (183),
only the bidentate donor-base TMEDA is required to get the monomeric com-
plex (PMDETA in 178). The Li---Cjeneery distance is 14 pm shorter than in [{z-
Bu(Me)O}LiBn], (177) (Table 23). In dilithiated [(TMEDA ), Li,{(CH(SiMe3)),CsH4}]1**!
(184) and [(TMEDA),Li,{(CH(SiMe3)),C,Hg}]*'® (185), the disilylated analog to 180,
the charge is localized at the metalated benzylic carbon atom. Neither aggregation nor
additional 73-coordination is found in their structures. In [LiCH(Ph)(CoHsMe,)132%* (186),
an indanylidene substituent is bonded to the benzylic carbon atom instead of a silyl group.
Now the formal double bond and the n*-moiety of the benzyl are providing the link in
the trimer (Figure 31).

2. Heteroaryl-substituted lithium organics

The delocalization of the charge density can be promoted considerably if heteroaryl
substituents like 2-pyridyl (Py) are connected directly to the metalated carbon atom.
This virtually converts the carbanion to an amide and employs the concept of
the side-arm donation, discussed in Section III.C.2. The methylpicolyl anion in the
dimer [(TMEDA)LiCH,(CsNH;Me)],?** (187) is mutually H,C—Li- and (Py)N—>Li-
coordinated (Figure 32). This explains the rather long Li—C bonds of 235 pm. Instead,
the Li—N bond distances of 208 pm are half-way between those found in donor-base
complexes and lithium amides®>~>. The hydrogen atoms at the picolylic carbon atom
indicate planar environment although the lithium atom is not shifted to the n*-position.
This is achieved when the donor-base is changed to diethyl ether and the deprotonated
carbon atom is silylated in [(Et,O)LiCH(SiMe;)Py],?** (188). The complex dimerizes via
mutual 73-sandwiching of the diethyl ether coordinated lithium cation. The Li. - -azaallyl
center distance of 205 pm (Table 24) already indicates strong interaction, but is even
shortened when a molecule of the starting material is employed as a donor-base to the
metalated species in [{(Me;Si),CHPy}LiC(SiMes),Py]?** (189). Here the Li- - -azaallyl
center distance is just 192 pm and the (Py)N— Li donor bond length 201 pm. Addition of
TMEDA gives [(TMEDA)LiC(SiMe3),Py]??* (190), with retention of the Li- - - n3-azaallyl
interaction. In [(PMDETA)LiCH(SiMe;)(CsNH3;Me)]*® (191), exclusively a (Py)N—Li
donor bond (205 pm) is observed (Figure 32). The C-bonded hydrogen atom and the
silicon atom at the carbanionic atom are located in the plane of the pyridyl ring. The
structure emulates all geometric features of an amide.

Charge delocalization can also be promoted by multiple aryl substitution at the metal-
ated carbon atom. A lucid example is the Ph;C™ trityl anion. The central carbon atoms
in [(TMEDA)LiCPh3]??® (192) and [(Et,0),LiCPh3]"*7 (193) show almost ideal planar
environment. The three phenyl groups cannot all be arranged in a coplanar fashion due to

TABLE 23. H(R)(Ar)C-metalated species

Compound Li—C Li-N  CCDC code  Reference
H(R)(Ar)C—Li

[(TMEDA)LiICH(Ph)SiMes] 183 211 205 JILPUP 220
[(TMEDA),Li>{(CH(SiMe3))>CeHa}] 184 214 206 DAZSOM 221
[(TMEDA),Li,{(CH(SiMe3)),Ci,Hg}] 185 220 207 CEVZEI 218
[LiCH(Ph)(CoHsMe4) 13 186  213%/237 VULSOK 219

“o-Bonded Li.
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[(PMDETA)LiCH(SiMe;)(CsNH;Me)]
(187) 191)

Superposition-plot of the Ph;C- and Ph,PyC- [(THF),LiCHPy,]
anions in 193 and 194 (196)

FIGURE 32. Solid-state structures of lithium organics with heteroaryl-substituted lithium organics

TABLE 24. Heteroaryl-substituted lithium organics

Compound n Li—-C Li—O, N CCDC code Reference
[(TMEDA)LiCH,(CsNH3Me)l, 187 235 208/224¢ CUPVAK 223
[(Et,O)LiCH(SiMe3)Py],” 188 3 205 191, 204 COXTOY 224
[{(Mes3Si),CHPy}LiC(SiMes),Py]? 189 3 192 201 COXTEO 224
[(TMEDA)LiC(SiMes),Py1l® 190 3 205 211 COXTIS 224
[(PMDETA)LiICH(SiMe3;)(CsNH3Me)] 191 205¢/218 XETLIR 225
[(TMEDA)LiCPh;] 192 223 208 TPMLIE 226
[(Et,0),LiCPh;] 193 231 193 GABHEW 137
[(Et,0),LiCPh,Py]” 194 326/245¢ 197 YANREK 228
[(H,CPy,)LiCHPy;] 195 197/ /206 YIFJEC 229
[(THF),LiCHPy5] 196 198, 197 SUMSOI 230

4(TMEDA)LI unit.

bPy = 2-pyridyl, CsNH,.

“Ring-N-bonded (PMDETA)Li moiety.

4Li. . -C distance to the central carbon atom.

¢Next non-bonded distance to the carbon atom of an ortho-CH-group.
/ Average Li—N distance in the anion.

steric hindrance of the ortho-hydrogen atoms. The ‘windmill’ conformation is a reasonable
compromise between steric strain and total conjugation. Although this conformation is
virtually the same in all alkali metal trityl complexes, only lithium coordinates the central
carbon atom (Li—C 223 pm in 192 and 231 pm in 193).
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With increasing mass, the heavier metals become more and more shifted to the cen-
ter of a single phenyl ring??’. Subtraction of the lithium from the central carbon atom
is facilitated by introduction of a single pyridyl ring instead of a phenyl. Like in the
examples just discussed, the lithium cation in [(Et,0),LiCPh,Py]*?® (194) is coordinated
to the ring nitrogen atom ((Py)N—Li 197 pm). The Li—C distance to the central carbon
atom of 326 pm is too long to be considered an interaction. The closest Li-. - -C distance
of 245 pm is found to the ortho-CH group opposite the ring nitrogen atom. Certainly,
this is just caused by steric strain. A superposition plot of the Ph;C and Ph,PyC anions
in 193 and 194 elucidates the totally different positions of the metal cations relative to
the anions (Figure 32). Likewise, the lithium cations in the dipyridylmethyl structures
of [(H,CPy,)LiCHPy,]**° (195) and [(THF),LiCHPy,]**® (196) exhibit no Li—C con-
tact at all. Lithium is exclusively coordinated to both ring nitrogen atoms of the anion.
The pyridyl rings are arranged coplanar, indicating total conjugation. As anticipated, the
(Py)N—Li donor bonds from the starting material in 195, that serves as a donor-base, are
about 10 pm longer than the (Py)N—Li donor bonds from the anion (197 vs. 206 pm;
Table 24). As suggested by 195 and 196, the dipyridylmethyl anion attained the right
shape and coordination facility to generate lithium lithiates.

3. Lithiates

Two anions coordinated to a single lithium cation in a solvent-separated ion pair (SSIP)
generates a lithiate. Although the name might suggest negative charge at the lithium, it
is important to note that the lithium cation remains electropositive. It is just part of a
complex anion. Replacement of the H,CPy, donor molecule in [(H,CPy,)LiCHPy,]**°
(195) and the two THF molecules in [(THF),LiCHPy,]?*° (196) by another N-coordinated
chelating Py,C anion will give rise to a lithium-containing anion. The related SSIPs
are [Li(12-crown-4),] [Li(CHPy,),]~ 2" (197) and [(THF)sNa] [Li(CHPy,),]~ 2** (198).
Because of the highly solvated sodium cation, the latter sodium lithiate is thermally
instable (Figure 33). The Li—N distances are not different from the related distances in the
previous section. Firstly synthesized, however, were the lithium lithiates by employment
of the bulky tris(trimethylsilyl)methyl (Me;Si);C anion. Two of them coordinate linearly
a single lithium cation (Figure 33).

A A

o
|

The lithiate anion from the SSIP The lithiate anion from the SSIP
[(THF)gNa] [Li(CHPy,),] [(TMEDA),Li] [Li{ C(SiMe3)3},]
(197) (201)

FIGURE 33. Solid-state structures of lithium lithiate anions
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The SSIPs are [(THF),Li] [Li{C(SiMes)s}2]*! (199), [{(PMDETA)Li},CI] [Li{C-
(SiMes)3}1%%  (200), [(TMEDA),Li] [Li{C(SiMe3)3},]?** (201) and [(THF);Li]
[Li{C(SiMe3)3},]** (202). The most common cation in this class of com-
pounds is the single lithium cation chelated by two TMEDA molecules
like in [(TMEDA),Li] [Li{C(SiMes),Si(Me),Ph)}]~ 2 (203) and [(TMEDA),Li]
[Li{C(SiMe3),Si(Me),CH,},]~ 2*¢ (204). The Li—C bond lengths in the latter lithiates
span the relatively narrow range from 212 pm to 219 pm (Table 25).

4. Enantiomerically pure lithium organics

As pointed out earlier, the improvement of the conformational stability at the metalated
stereogenic center in lithium organics is currently a flourishing area of research?®. The
determination and retention of the absolute configuration of the metalated carbon center is
of vital interest for the development of new stereoselective synthetic strategies. However,
to date there are only a few enantiomerically pure lithium organics investigated in the
solid-state. In [((—)-sparteine)LiCH(SiMe;)Py]**’ (205), [((—)-sparteine)LiCoHgBu-n]>*®
(206) and [((—)-sparteine)LiC3H3Ph,]?*° (207), chirality is just induced by employment
of the enantiomerically pure donor-base (—)-sparteine. Although they contain a prochi-
ral trigonal planar metalated carbon atom in their meso-forms, they crystallize in chiral
space groups (Table 26). In 205, the ((—)-sparteine)Li unit coordinates in the n3-mode
to the azaallyl system (197 pm). In 206, it n*-coordinates the five-membered ring of the
1-butyl-substituted indenyl substituent. Due to the two donor atoms, the Li- - -ring cen-
ter distance of 211 pm falls at the long end of the range of equivalent values in lithium
indenyl derivatives discussed in Section IIL.B.4 (see Tables 26 and 10). The Li- - - n° center
distance of 205 pm in 207 is longer than that of 205 because a C; moiety is less attrac-
tive than a C,N backbone. The structures of [((—)-sparteine)LiC;H3(SiMe;) {OC(O)N
(Pr-i),}1** (208), [((—)-sparteine)LiC3H3(Ph)N{C(O)OBu-t)}CsH,OMe]**! (209) and
[((—)-sparteine) LICH(Ph)N(Me)C(O)Bu-¢]**? (210) already highlight a successful strategy
to get conformational stability at the stereogenic carbon atom in the solid-state: a carbonyl
side-arm is employed to coordinate the metal and to fix it at one side of the RC* center.
The metalated carbon atom shows a considerable pyramidal environment in 208 (Li—C
221 pm; Figure 34; Table 26) but the ((—)-sparteine)Li moiety is n*-coordinated (236 pm)
to the anion in 209. The Li—C distance to the central carbon atom of the RR’HC*-anion in

TABLE 25. Lithiates

Compound Li—C Li—O, N CCDC code Reference
[Li(CHPy;),]~ ¢ 197 2374,201 SUMSUO 230
[Li(CHPy,),]~? 198 200 SUMTAV 230
[Li{C(SiMe3)3}2]~ € 199 217 189 BUTXUJ 231
[Li{C(SiMes3)3}]~ ¢ 200 212 218 DONYAG 232
[Li{C(SiMe3)3},]" ¢ 201 216 195 PEYLIO 233
[Li{C(SiMe3)3},]1~/ 202 217 209 LONYES 234
[Li{C(SiMe3),Si(Me),Ph)}]~¢ 203 219 213 ICUNID 235
[Li{C(SiMe3),Si(Me),CH,},]~ ¢ 204 216 212 ZIWZUA10 236

4[Li(12-crown-4),]" is the cation.
P[(THF)gNa]™ is the cation.
¢[(THF)4Li]™ is the cation.
4[{(PMDETA)Li},Cl]* is the cation.
¢[(TMEDA),Li]* is the cation.
T[(THF)3Li]" is the cation.
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TABLE 26. Enantiomerically pure lithium organics

n Li-C Li—O, N space CCDC Reference
Compound group code

[((—)-sparteine)LiCH(SiMe3)Py] 205 3 197 200 P2,2,2, SEWMEM 237

[((—)-sparteine)LiCoHgBu-n] 206 5 211 212 P2,2,2, SUPYIL 238

[((—)-sparteine)LiC3H3Ph; ] 207 3 205 201 P1 WUKPOH 239

[((—)-sparteine)LiC3H3(SiMe;) 208 221 190, 205 P1 SIZBUY 240
{OC(O)N(Pr-i)2}]

[((—)-sparteine)LiC3H3 (Ph)- 209 3 236 192, 212 P2;2;2; JANKAK 241
N{C(0O)OBu-t)}C¢H4OMe]

[((—)-sparteine) LiCH(Ph)- 210 215 189, 206 P2;2,2;, HAJHAB 242
N(Me)C(O)Bu-t]

[LiC,H, (Ph){C(Ph)-pyrrolidine- 211 240 187, 213 P2;2,2; SIKBUJ 243
CH2 OMC} ] 2

[(DABCO)LiCH(Ph)Si(Me),- 212 228 200, 212 P2, 244
CH;-pyrrolidine-CH,OMe]

[LiCH(Ph)Si(Me),CH,- 213 2 22747248 195, 218 P3, AGILEH 245
pyrrolidine-CH,OMe; ] oo

[(TMEDA){LiCH(Ph)Si(Me),- 214 3 240 200, 218 P2;2,2; 244

CH,;-pyrrolidine-CH, OMe}, |

“o-Bonded.

210 is only 215 pm. A much more capable side-arm to fix the conformation at the meta-
lated stereogenic center is the pyrrolidine-N,O substituent, because it got two donor atoms
to coordinate the lithium cation. The dimer [LiC,H,(Ph){C(Ph)-pyrrolidine-CH,OMe}],?*?
(211) crystallizes in the chiral space group P2,2,2,. The efficiency of this substituent can
even be improved when it is connected via a Me,Si group to the stereogenic center.
The silicon atom provides the necessary charge density to the carbanionic center and
prevents conjugation. The (DABCO)Li moiety is only enantioselectively coordinated to
one side of the benzyl anion in [(DABCO)LiCH(Ph)Si(Me),CH,-pyrrolidine-CH,OMe]***
(212), although the Li—C bond of 228 pm is fairly long (Figure 34). The enantioselec-
tivity seems to be quite invariant towards donor-base addition, because the donor-base-
free product [LiCH(Ph)Si(Me),CH,-pyrrolidine-CH,OMe;]+,?* (213) and the TMEDA-
bridged molecules in [(TMEDA){LiCH(Ph)Si(Me),CH,-pyrrolidine-CH,0Me},]** (214)
show the same conformational stability in the solid-state. 213 crystallizes in the space
group P3, with a helical arrangement employing an additional 5>-contact to the C; perime-
ter of the benzyl anion.

5. Silyl-substituted lithium organics

The electron-releasing facility and the steric bulk of bis- or tris(trimethylsilyl)methyl
was employed successfully in various areas of organometallic chemistry?*6-248_ The silyl
groups supply the metalated carbon atom with sufficient charge density. The polymeric
structure of [LiCH(SiMes);]o.2*° (215) is a rare example of two-fold coordinated lithium
in a polymeric strand (Figure 35). The silyl groups supply enough solubility despite the
fact that no donor-base is coordinated to the lithium. The Li—C distance of 219 pm
is only marginally elongated, although two lithium cations compete for the charge
density of a single (Me3Si),CH anion (Table 27). In the monomeric PMDETA complex
[(PMDETA)LiCH(SiMe3),]*° (216), the bond is shortened by only 6 pm. The shape of the
anion can easily be modified by introducing various substituents apart from methyl. The
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[((—)-sparteine)LiCoHgBu-n] [((—)-sparteine)LiC3H3(Ph)-
N{C(0)OBu-1)}C4¢H,OMe]
(206) (209)

[LiC,H,»(Ph){ C(Ph)-pyrrolidine-CH,OMe}], [(DABCO)LiCH(Ph)Si(Me,)CH,-pyrrolidine-CH,OMe]
(211) (212)

FIGURE 34. Solid-state structures of enantiomerically pure lithium organics

(PhMe,Si),CH anion in [LiCH(Si(Me),Ph),],%*! (217) seems to be a remarkable example,
since it emulates the features discussed with the terphenyl ligands (see Figures 22 and
35) in Section III.C.1. The dimer consists of two moieties organized like the two units
of a tennis ball, separated by the rubber imprint and shielding the metal core to the
outside. From merely steric considerations one might expect the phenyl groups to point
away from the lithium atoms at the metalated carbon atom, but from the discussion
of weak interactions it is clear that even the relatively hard lithium cation requires
metal m-contacts. However, total encapsulation of the lithium metal with three silicon-
bonded phenyl groups is not accomplished in [(THF)LiC(Si(Me),Ph);]**? (218). Only
two phenyl groups face the metal, while the third points away in the other direction. The
lithium is just coordinated to a single THF donor-base molecule. The bis(trimethylsilyl)
ketone in [{(Me3Si),CO}LiC(SiMe3);]** (219) seems to be a very original donor,
because once it is coordinated to the (Me3Si);CLi anion it leaves the lithium cation
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[LiCH(SiMe3),].. [(PMDETA)LiCH(SiMe;),] [LiCH(Si(Me),Ph),],
(215) (216) (217)
slii ﬂn.bGe
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[(THF)LiC(SiMes),- [(THF),LiC(SiMes),- [(THF),LiC(GeMes),-
Si(Me),Py] Si(Me),NMe, | {Si(Bu-),F}]
(220) (221) (223)

FIGURE 35. Solid-state structures of lithium organics with silyl-substituted lithium organics

TABLE 27. Silyl-substituted lithium organics

Compound Li—C Li—-O, N CCDC code Reference
[LiCH(SiMe3)2 ]oo 215 219 CIMVUP 249
[(PMDETA)LiICH(SiMe3),] 216 213 225 BIYXOW 250
[LiCH(Si(Me),Ph),]» 217 219 NOXLIV 251
[(THF)LiC(Si(Me),Ph);] 218 212 185 CATZAY 252
[{(Me3Si),CO}LiC(SiMe3)3] 219 213 184 LONYIW 234
[(THF)LiC(SiMes),Si(Me),Py] 220 214 187, 204 XARZUL 253
[(THF),LiC(SiMe3),Si(Me),NMe; ] 221 229 198, 216 HOPPOR 254
[(PMDETA)LiCH(SiMe3)(PMe,)] 222 221 220 JEBGEC 255
[(THF),LiC(GeMes), {Si(Bu-t),F}] 223 222 196 TATFAV 256

two-fold coordinated. Of course, modifications of the periphery of the trisilylmethyl anion
allows introduction of side-arm coordinating groups. In [(THF)LiC(SiMe3),Si(Me),Py]*>
(220), the intramolecular (Py)N—Li donation discussed in Section IV.A.2. is applied
to silylated anions. The lithium cation is in-plane coordinated by the ring-nitrogen
atom (Figure 35). A dimethylamino side-arm coordinates as well as can be seen in
the complex [(THF),LiC(SiMes),Si(Me);NMe,]** (221). In the latter the N—Li donor
bond is longer (216 vs. 204 pm in the first; Table 27) because the bite is more limited.
The dimethylphosphane side-arm in [(PMDETA)LiCH(SiMe;)(PMe,)]*> (222) shows no
coordination to the metal, probably because of the tridentate donor-base PMDETA. In
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the last example presented here, a potential fluorine side-arm is in close proximity to the
lithium atom in [(THF),LiC(GeMe;),{Si(Bu-1),F}]>® (223), but the distance of 333 pm
is too long to be considered an interaction.

6. Heteroatom-substituted lithium organics

Obviously, the structures of heteroatom-substituted lithium organics would fill another
chapter of this book. The building principles of the enolates’’ and enamines are most
interesting, but as they predominantly build Li—O and Li—N rings, stacks and cages
and hardly show any Li—C bond, they were not regarded as an issue in this chapter.
Nevertheless, there are still lots of interesting compounds with a heteroatom next to a
lithiated carbon atom. In [(THF);Li,(CH,NPh,),]%*’ (224), a Li,C, four-membered ring
similar to those discussed in Section III.C without any contact of the metal to the nitrogen
atom is formed (Figure 36). Similarly, the metalated phosphane [(TMEDA)LiCH,PPh,]**®
(225) gives a monomer with a lithium cation exclusively bonded to the metalated H,C
group and no P—Li donor bond. The same phosphanide crystallizes even with the same
donor-base in a different space group to give a cyclic dimer with Li—C and P—Li bonds
in [(TMEDA)LiCH,PPh,],>° (226) (Figure 36). The same phenomenon was observed
with metalated sulfur organic compounds. [(TMEDA)LiCH,SMe],%% (227) forms Li,C,
four-membered rings without any S—Li bonds. In [(THF)LiCH,SMe].,?' (228), they
are further aggregated via C,S,Li, six-membered rings with S—Li donor bonds already
detected in [(TMEDA)LiCH,SPh],?* (229). As anticipated, the donor-base PMDETA
generates a monomer with no lithium—sulfur contact in [(PMDETA)LiCH,SPh]?%? (230).
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[(THF)Li,CH,S(NBu-1),],  [(THF)Liy(C,SH,)S(NBu-1),], [(TMEDA),Li,CH,S(NBu-1);]
(231) (234) (235)

FIGURE 36. Solid-state structures of heteroatom-substituted lithium organics
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The dianionic methylene diimidosulfites CR,S(NR),2~ can be regarded to be
the carba/imido analogues of SO;2~. Thus, they are sulfur(IV) ylides. Like Wittig
ylides, they might be employed in C-C coupling reactions. The structures of
[(THF)Li,CH,S(NBu-#),1,2% (231), [(Et,0)Li,CH,S(NSiMe;)(NBu-1)],%%* (232) and
[(THF)Li,C(Et)(Me)S(NBu-1),1,2%3 (233) reveal two distorted SN,C,Li; cubes with a
common C,Li, face (Figure 36). Like in the basic lithium organics discussed in Section 1II,
a Lij triangle is formed at the diagonal cut of each cube. This metal triangle is p3-
bridged by a carbanionic R,C group. The average Li—C bonds (Table 28) are about
10 pm longer than the related distances in the donor-base-coordinated tetrahedra (Table 3),
because the tripodal S(CR,)(NR),?~ dianion governs the correlated Li---Li distances.
[(THF)Liy(C4SH,)S(NBu-1),],2%* (234) is the first example of a dianionic S(VI)-B-ylide.
The structure differs considerably from the face-connected cubes of the sulfur(IV)-«-ylides
231 to 233. Both tripodal S(CR,)(NR),>~ dianions face each other with their concave sites
in a staggered conformation. The metal core consists of two edge-connected Lij triangles
resulting from a Liy tetrahedron with a broken edge. Both triangles are p;-capped by
a metalated thiophenyl carbon atom (Figure 36). [(TMEDA),Li,CH,S(NBu-#);]*® (235)
is the first structurally characterized dianionic sulfur(VI)-ylide. The sulfur atom shows
a distorted tetrahedral geometry bonding three imido groups and one methylene moiety
(Figure 36). The two lithium atoms bridge two opposite edges of the SN;C tetrahedron.
The Li—C bond length shows the typical value of 213 pm. The most remarkable structural
feature involves the bonding and orientation of the CH, group. The S—C bond length of
173 pm is short compared to the average value in the H;CS(NBu-#);~ anion of 179 pm.
However, this bond shortening upon deprotonation should not be attributed to S=C double
bonding in the sulfur ylenic mesomeric form?2°.

TABLE 28. Heteroatom-substituted lithium organics

Compound Li—-C Li—O, N Li---Li CCDC  Refe-

code rence
[(THF)3Li,(CH,;NPh;),] 224 217%/224° 194%/198” 242 SUQRIF 257
[(TMEDA)LiICH,PPh;] 225 215 214 KAYFIZ 258
[(TMEDA)LiICH,PPh; ], 226 217 214 RIFKAS 259
[(TMEDA)LiCH,SMe], 227 224 215 246 CEPLEO 260
[(THF)LiCH,SMe] 228 224 198 250 RURKUK 261
[(TMEDA)LiCH,SPh], 229 213 214 374 CEPLAK 260
[(PMDETA)LiCH,SPh] 230 215 213 WIZGER 262
[(THF)Li,CH,S(NBu-¢); 1> 231 178¢ 194, 1554 265 QUCWAM 263
[(Et,O)Li,CH,S(NSiMe3)- 232 1974-¢ 196, 1554 266 IHUYAL 264

(NBu-1)],
[(THF)Li,C(Et)(Me)S(NBu-7),], 233 1994-¢ 201, 1304 265 QUCVUF 263
[(THF)Liy(C4SH)S(NBu-1),], 234 168%¢/1744 196, 130¢ 254 to 339 IHUXUE 264
and 1557/191

[(TMEDA),Li,CH,S(NBu-#);] 235 213 197/2221 NEVKUU 265

“(THF)Li moiety.
b(THF),Li unit.

¢ u3-Coordinated.

4 115-Coordinated.
¢Central Li- - -Li vector.
fTMEDA nitrogen atom.
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B. R,C- and RC-Metalated Derivatives

In this section we present lithiated R,C and RC species, hence lithium organics
in which only two substituents or one group is bonded to the metalated center.
Thus, normally there is a high degree of delocalization of the charge density along
a conjugated system. Like the cyclic delocalized anions, this species contain various
attractive coordination sites for the lithium cation. [(Et,O)LiC(CH,)CsH;Me,1,%7 (236)
and [(z-BuOMe)LiC(CH,)C¢H;Me,1,%7 (237) provide a C=C double bond and a Cg
perimeter next to the metalated carbon atom, but the lithium cation is exclusively
coordinated to the C, atom. Both structures show a Li,C, four-membered ring with
a pendent C=C double bond. Obviously, t-BuOMe is a better donor-base than Et,0O,
because in 237 shorter Li—O and longer Li—C bonds are found compared to 236.
In the dimetalated butadiene derivatives [(TMEDA),Li,Cs(Me),(SiMe3),]%%® (238) and
[(DME),Li,C4Phy]*% (239), exclusively the deprotonated carbon atoms show Li—C
contacts. Both (donor-base)Li moieties bridge the 1- and 4-position of the dianion
(Figure 37). As opposed to [(Et,0),LiC(Ph)CCPh,]?’° (240), the extended m-system is
not involved in metal coordination. In the latter the (Et,O),Li residue is n3-coordinated
above the center of an almost linear C; chain (Figure 37). Introduction of an methoxy
side-arm shifts the lithium atom from the middle position to the terminal position of the
C3 chain in [(Et,0)LiC(CCPh,)CsH;OMe]?*”° (241). A particularly interesting molecule is
[(THF),Li,C4(Bu-1),],"' (242): the conjugated system is extended to four carbon atoms.
Two linear C, units can arrange parallel because the terminal #-Bu substituents are bent
to the outside. The C, rods are connected by four lithium atoms. Two (THF)Li moieties
bridge the aligned anions via o-bonds (average Li—C 217 pm) and two bridge the rods
via mutual r-bonding above and below the terminal C=C double bond, respectively
(Figure 37). Heteroatom substitution at a dimetalated carbon center normally precludes
conjugation and promotes charge accumulation. [Li,C{P(Ph),NSiMe;},],>">2"3 (243 and
244) is a rare example of 1,1’-dianion and the structure was independently determined
twice. The two C-bonded phosphorus atoms concentrate the charge at the carbanionic
center. The two imino side-arms arrange the four lithium atoms in the dimer to give a Li4
four-membered ring. The four edges are p,-N-bridged. The C- - - Liy ring center distance
of 168 pm in 243 and 167 pm in 244 is remarkably short (Table 29).

Two RC-metalated compounds were discussed earlier in Section II.B, because
[(THF)LiC=CBu-],* (21) and [(TMHDA),(LiC=CPh);]..>° (22) form donor-base-
coordinated tetramers. In dimeric [(TMPDA)LiC=CPh],>’* (245), a Li,C, four-membered
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[(DME),Li,C,Ph,] [(Et,0),LiC(Ph)CCPh,] [(THF),Li,C,(Bu-1),],
(239) (240) (242)

FIGURE 37. Solid-state structures of lithiated R,C and RC species
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TABLE 29. Lithiated R,C and RC species

Li—C Li—-O, N CCDC Reference

Compound code

Lithiated R,C species

[(Et0)LiC(CH;,)CsHsMe; 1n 236 21